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PREFACE TO TWELFTH EDITION 

This Handbook is a revision of the Procedure 
Handbook of Arc Welding Design and Practice that 
was first published by The Lincoln Electric 
Company in 1933. 

The reason for the publication of this Handbook 
by a company engaged in the manufacture and sale 
of welding equipment and welding consumables is 
many-faceted. Foremost is the fact that The Lincoln 
Electric Company wants its customers - and the 
customers of other suppliers - to use arc welding 
efficiently. Secondly, Lincoln is a full-service com- 
pany, expending effort on arc-welding education 
and training as a corporate function secondary only 
to its research and manufacturing function. Some of 
the readers of this volume became acquainted with 
Lincoln first as trainees in a Lincoln welding class or 
as management representatives attending a Lincoln 
welding seminar. The publications of The Lincoln 
Electric Company and of The James F. Lincoln Arc 
Welding Foundation have been recognized educa- 
tional tools in the welding industry since the 1920’s. 

:;:, Over the years, the Handbook has been revised 
$:eleven times, 
&nted. 

and more than 500,000 copies were 
When it became apparent that recent 

@dvances in arc welding made updating by the usual 
sirevision procedure too unwieldy both editorially 
%nd mechanically, the decision was made to follow a 
ipfferent format. 
i!:i:::; The present Handbook makes no pretense of 
&eing a complete or scholarly work. Its text is dir- 
zected toward those people who have day-by-day 
&working interest in arc welding -to the supervisory 
‘!%nd management personnel of fabrication shops and 
:&eel erection firms; to weldors and welding opera- 
,:.ors; to engineers and designers; and to owners of 
welding shops. The editorial aim has been to be 

‘practical - to present information that is usable to 
‘~those on the job. With this practical aim, however, 
attempt has been made to prevent “writing down” 
to the beginner level, while simultaneously making 
the text as understandable as possible to the 
inexperienced. 

Hopefully, the designer and engineer will find 
the contents of the Handbook a “bridge” between 
the handbooks of engineering and design and the 
realities of production. Also, hopefully, the Hand- 
book will be an orientation reference to the research 
technologist - useful in its description of existing 
commercial practice. 

It will be noted that the cost factor in arc weld- 
ing is woven through the text. The emphasis is 
believed to be a necessity in a volume that stresses 
practicality. Similarly, the reader may detect a 
slighting or minimization of discussion on the more 
exotic aspects of arc-welding technology. Here, 

Cievaand, Ohio 44117 
June, 1973 

again, the reason is one of practicality - making the 
volume of greatest interest and usefulness to the 
greatest number of readers. 

Those readers acquainted with the editions of 
the original Handbook may note a condensation of 
design material. It was felt that adequate treatment 
of design can no longer be covered in a handbook 
that emphasizes welding processes and procedures. 
Furthermore, design information has become so vol- 
uminous that it can only be handled properly in 
works devoted entirely to design -which works ex- 
ist and are readily available. Thus, the four sections 
on design in this Handbook are structured to be 
minimal - are for bridging the gap between the de- 
signer and the shop, while giving shop personnel a 
good undersfanding of how design affects their 
work. 

The format also has been changed. The larger 
size permits larger type in the tables and figures, and 
the narrower columns make the Handbook more 
readable. The change in size is believed to be 
congruent with the trend of standardization in the 
size of reference volumes. 

Much of the information in this Handbook has 
been obtained from the Lincoln Electric Company 
engineering laboratories, field engineers, and areas of 
experience of other personnel. The Handbook also 
draws heavily on the experience and publications of 
other companies, technical societies, industrial and 
governmental organizations, and individual tech- 
nologists. Many of the tables and figures are repro- 
ductions from other publications. To all those who 
made possible the accumulation of information and 
data, The Lincoln Electric Company acknowledges a 
debt of gratitude. 

To illustrate various points and practices dis- 
cussed, the editors also have alluded to actual 
experiences of Lincoln customers without revealing 
their identities. To these anonymous contributors, 
thanks are also extended. 

The Lincoln Electric Company will appreciate 
having called to its attention a.ny errors that have 
escaped the editors and invites correspondence on 
subjects about which the reader may have questions 
or comments. 

The information contained in this Handbook 
represents that developed by experience. In its use, 
however, The Lincoln Electric Company or its 
subsidiaries can assume no responsibility. The results 
obtained in joining metals by arc welding depend 
upon the individual circumstances and individual 
applications, as well as the recommended pro- 
cedures. The Handbook is a guide; the user is 
responsible for how he applies that guide. 

THE LINCOLN ELECTRIC COMPANY 
Richard s. salJo. lvlanoeer o,Edueolionol services 
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Historical Development 
of Fusion Joining 

For centuries, the only method man had for 
metallurgically joining metals was forge welding, a 
crude and cumbersome blacksmith-type operation in 
which heated metals were pounded or rammed 
together until they fused. Then, within the span of a 
few years prior to 1900. three new processes came 
into existence. Arc welding and resistance welding 
were developed in the late 1880’s and put to work 
in industry a few years later. Oxyacetylene welding 
was developed during the same period, and was first 
used industriany in the early 1900’s. 

No one knows when man first learned to use 
forge welding. Few implements of iron or steel can 
survive corrosion over hundreds of years, so there 
remains little direct evidence of early attempts at 
the fusion joining of metals. 

The working and hardening steel - advanced 
,arts that doubtless took centuries to evolve - were 
commonly practiced 30 centuries ago in Greece. But 
primitive tribes on different continents, and with no 
apparent means of communication, developed the 
same basic methods for smelting, shaping, and treat- 
ing iron. Thus, the principles of welding probably 
were discovered, lost, and rediscovered repeatedly 
by ancient peoples. 

By the time of the Renaissance, craftsmen were 
highly skilled in forge welding. Parts to be joined 
were shaped and then heated in a forge or furnace 
before being hammered, rolled, or pressed together. 
Vannoccio Biringuccio’s Pyrotechnic, published in 
Venice in 1540, contains several references to such 
operations. Biringuccio was obviously intrigued by 
the process, for he wrote, “This seems to me an 
ingenious thing, little used, but of great usefulness.” 

For many centuries thereafter, ordinary fire 
remained the principal source of heat for welding. 
The traveling tinker, a familiar figure on the dusty 
roads of the countryside, carried with him a small 
charcoal furnace for heating his irons. During this 
era, tinsmiths and other workers in metal often used 
the heat of burning gases to braze and solder. 

Forge welding of iron developed into a recog 
nized industry. But the joining of large, heavy pieces 
required great skill and much labor, for they could 

be brought to the required temperature only if a fire 
were maintained around them. When the two parts 
were hot enough, they were forced together by 
various means, and were often hung from cranes for 
this operation. The ends were struck repeated11 with 
a sledge hammer while the heat was maintained. 
Then the work was withdrawn from the fire and 
finished on an anvil. Forge welding is still practiced 
to some extent today, but to a very limited degree. 

Of the three new processes developed just prior 
to the Twentieth Century, arc welding has emerged 
as the most widely used and commercially import- 
ant method. There is evidence that a Professor G. 
Lichtenberg may have joined metals by electric 
fusion as early as 1782 in Germany, but most 
accounts trace the history of electric welding back 
to the discovery of the electric arc by Sir Humphrey 
Davy. In 1801, while experimenting with the infant 
science of electricity, Davy discovered that an arc 
could be created with a high-voltage electric circuit 
by bringing the two terminals near each other. This 
arc, which cast a bright light and gave off consider- 
able heat, could be struck and maintained at will, 
and its length .and intensity could be varied within 
limits determined by the circuit voltage and by the 
type of terminals used. Davy demonstrated the arc 
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at the Royal Institute of England in 1808, where his 
discovery aroused a great deal of interest. For many 
years, however, it remained a scientific plaything; 
there appeared to be no practical use for the 
phenomenon. In fact, Davy did not apply the term 
“arc” to his discovery until 20 years later. 

After the discovery of the arc, the first person 
known to intentionally join metals by electric weld- 
ing was an Englishman named Wilde. In the early 
1860’s he melted together small pieces of iron, and, 
in 1865, he was granted a patent on his process - 
the first patent relating to electric welding. 

The electric arc, however, remained of scientific 
interest only until 1881, when the carbon-arc street 
lamp was introduced. Shortly thereafter, the electric 
furnace made its appearance in England. One of the 
earliest was installed in 1886 for the production of 
aluminum alloys. This particular application of the 
electric arc was an important step in the early 
development of the aluminum industry. 

NEW WELDING METHODS ARE PUT TO WORK 

Probably the first attempt to use the intense 
heat of the carbon arc for welding was m,ade in 1881 
when Auguste de Meritens used a carbon electrode 
to arc weld lead storage-battery plates. In this 
experiment, De Meritens connected the work to the 
positive pole of a current source and attached a 
carbon rod to the negative pole in such a manner 
that t.he distance between the rod and plate could be 
controlled. Some of the heat developed was lost to 
the surrounding air, but enough reached the plate to 
fuse the lead and join the parts. Other early efforts 

with arc welding employed carbon electrodes 
arranged similarly to the positions of electrodes in 
an arc lamp. The heat of the arc was deflected 
against the work by magnetic fields or by a jet of 
compressed air. 

Two other scientists, Nikolas de Benardos and 
Stanislav Olszewski, were interested in the De 
Meritens process and experimented with it. In 1885, 
they were issued a British patent for a welding 
process employing carbon electrodes. Benardos, a 
Russian, also filed for a patent in his homeland. His 
application described a process in which the work 
was connected to a negative pole, and the carbon 
rod was fastened to the positive pole of a DC circuit. 
The rod was not fixed as in De Meritens method, 
but was fitted with an insulated handle so that it 
could be manipulated by hand. This process was 
patented in 1887. Thus, Benardos is generally 
credited as the holder of the first patent on arc 
welding. 

Benardos’ carbon-arc process was put to work 
on a limited scale in England soon after it was 
developed. In 188’7, a shop was using it to make 
tanks, casks, and iron garden furniture. In the 
1890’s, another English shop was welding wrought 
iron pipe up to a foot in diameter. In the United 
States, the Baldwin Locomotive Works established a 
shop in 1892, where carbon-arc welding was used 
extensively for locomotive maintenance. But, in 
general, acceptance of the carbon-arc process was 
slow, because the procedures used at that time intro- 
duced particles of carbon into the weld metal. These 
particles made the joint hard and brittle. 

Two years after Benardos’ patent was granted, 
another Russian, N.G. Slavianoff, announced a 

12,984. Benardos, N. de, and OLSZEWSKI, S. Oct. 28. Amended. 

Coating. - Relates to a 
method of and apparatus for 
working metals in various 
ways by electricity, including 
a method of applying a fused 
metallic coating for ornamen- 
tal or other purposes. A 
voltaic arc is formed by the 
approach of carbon to the part 
of the metal operated upon, 
the carbon usually forming the 
positive pole and the metal the 
other pole. The carbon, which 
may be solid or hollow, is 
fixed in an apparatus, one 
form of which is shown in the Copy of a British welding patent issued in 1885, 

Figure. The frame A, having a jointed lever B to lower the carbon C, is insulated and supported on the plate 
01 held in the hand. The frame may have wheels running on rails. The work may be supported on an insulated 
plate electrically connected. Layers of metal are formed by holding an insulated stick of metal in the 
electric arc. A coloured glass screen is provided to protect the eyes of the workmen. 
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process in which t.he carbon electrode was replaced 
by a metal rod. .-\fter an arc was struck, the rod 
gradually melted and added fused metal tc the weld. 
!n the same year - ISSO. unaware of Slavianoff’s 
work, Charles Coffin was grant,ed a U.S. patent on a 
similar m&al-arc welding process. (Coffin later 
became president of General Electric Company.) 

The met,al-arc process simultaneously developed 
by Coffin? and Slavianoff represented a giant step 
forward, for the metal electrode supplied not only 
fusing heat,. but also added additional filler metal 
necessary for the joint. In the carbon-arc process, 
filler met~al was supplied by escess metal along the 
weld line or by a metal rod held in the weldor’s 
hand. Despite this advance in the technology, 
commercial application of the metal-arc process in 
the following years was slow because satisfactory 
metal electrodes were not available. 

COMMERC:aL APC WELDING COMES TO 
AMERICP 

Two German weldors who had been working on 
the metal-arc process in Europe came to the United 
States in 1907. They formed the Siemund-Wienzell 
Electric Welding Company and patented a metal-arc 
welding method. A short time later, another German 
concern, Enderlein Electric Welding Company, also 
started operations in the United States. Then a bit 
of intrigue was attempted. It is reported that Ender- 
lein offered to insure the validity of the Siemund- 
Wienzell patent by violating it, then putting up a 
weak defense when Siemund-Wienzell sued. The 
condition was that the two companies then share 
the patent rights. Siemund-Wienzell refused the 
proposal. So when Enderlein began using the 
process, the firm was promptly and sincerely sued. 

In the suit, the patent holders were completely 

Fig. l-2. A portable arc welder of the early twentie5 

Fig. 14. An early machine for welding the longitudinal seam I” a hot 
water tank with an automatic carbon-arc welding head. 

confounded when Enderlein introduced a copy of 
iiie Mechanics Handbook, published in England in 
1888. This handbook contained a woodcut unmis- 
takably showing a shop using the meta!.arc process, 
and its publication date was before any patents had 
been issued. This revelation cast doubt on the 
validity of any patents on the process, and, by so 
doing, opened the field of metal-arc welding in the 
United States. 

By 1917, there were four well-established manu- 
facturers of arc-welding equipment in the United 
States. One of these was The Lincoln Electric 
Company, which today is the world’s largest 
producer of arc-welding equipment. Lincoln began 
experimenting with welding in 1902, and introduced 
its first machines in 1912. 

ELECTRODES-THE KEY TO PROGRESS 

In the early work with met,al-arc welding, it was 
apparent that the limiting factor was the electrode. 
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The earliest electrodes were bare wire of Norway or 
Swedish iron. which produced brittle, weak welds. 
The arcs often overheated the weld metal, and the 
metal deposited by t,he electrode was embrittled by 
reaction with the air. In an attempt to overcome 
these difficulties. researchers developed a number of 
electrodes that were lightly coated with various 
organic or mineral materials. Oscar Kjeilborg, of 
Sweden, who received a patent in 1907, is credited 
with being one of the pioneer developers of covered 
electrodes. 

The coverings developed during this time, how- 
ever, did more to stabilize the arc than to shield or 
purify the weld metal. It was not until 1912, when 
Strohmenger obtained a U.S. patent fov ? heavily 
covered electrode, that industry had an ,4ectrode 
capable of producing weld metal with good mech- 
anical properties. The early covered electrodes, how- 
ever. were slow in gaining acceptance because of 
their cost. The covering process required expensive 
production operations, involving the application of 
asbestos wrappings, fine aluminum wire, and tither 
materials. 

THE IMPETUS ONWARD -WORLD WAR I 

The first major increase in the use of welding 
occurred during World War I. The sudden need for 

large numbers of transport ships was a contributing 
factor. At t,he onset of the war, ships were built by 
the relatively slow process of riveting. Government 
officials realized that faster manufacturing methods 
were needed, and an Emergency Fleet Corporation 
was set up to find improved shipbuilding methods. 
Professor Comfort Adams of Harvard was asked to 
appoint a committee to investigate the problem, and 
in July 1917 the first committee meeting was held. 

Many members of this committee were of the 
opinion that the key to increased production would 
be found in resistance welding, a process that had 
been invented in 1886 by Professor Elihu Thomson, 
a member of the committee. To gather background 
information, the committee visited England, where 
shipbuilders were using welding to some extent. 
There the committee discovered that it was arc, not 
resistance, welding that the British were using. 
England had been forced by gas shortages to curtail 
gas welding, and was using arc welding with both 
bare and covered metallic electrodes to produce 
bombs, mines, and torpedoes. The British had gone 
so far as to start construction of a ship with an 
all-welded hull. 

The American committee returned as propo- 
nents of the arc-welding method. The various 
supporters of gas and resistance welding, however, 
would not accept their findings at face value, and 
the argumentation that developed got into such 
subjects as the relative merits of carbon and metal 

Fig. 1.4. This building waserected in 1928. using arc welding and bare-wire electrodes. 
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electrodes. covered and bare-metal electrodes, and 
direct and alternating current. 

During this discussion, a dramatic incident pub- 
licized the capabilities of arc welding. German ships 
interned in New York Harbor at the outbreak of the 
war had been scuttled by their crews so that the 
vessels could not be used in the Allied war effort. 
Damage was so extensive that revolutionary repair 
processes were clearly needed if the ships were to be 
put back into service without long delay. The Navy 
called in welding experts from two railroad com- 
panies, and these men recommended that repairs be 
made by arc welding. Most of the damaged compo- 
nents were subsequently repaired by this process, 
and the ships were rapidly returned to service. The 
potential of the process was clearly established. 

In Europe, about the same time, an all-welded 
cross-channel barge had been put in service. Also, 
the British launched their all-welded ship, the 
Fulagar, in 1320. Arc welding, thus, became an 
accepted process for shipbuilding. 

The first application of arc welding to aircraft 
also occurred during World War I. Anthony Fokker, 
the Dutch airplane manufacturer, used the process 
to produce fuselages for some German fighter 
planes. 

THE ERA OF SLOW GROWTH 

In the years immediately following the war, 
applications for arc welding did not increase appreci- 
ably. In 1919, a patent was granted for a paper- 
covered electrode that did not leave a slag coating 
on the joint, yet produced a tough, ductile weld. 
This welding electrode, was used in 1925 to fabri- 
cate heavy pressure vessels for oil refineries. A 
three-span, 500-ft, all-welded bridge was erected in 
1923 in Toronto, Canada. About this time, manu- 
facturers began to use arc welding increasingly for 

building storage tanks for fuel oil, gasoline. and 
petroleum distillates. An early appliczation of large 
proportions *as the construction of a million-gallon 
standpipe that stood 125 feet high. 

In 1928, the steel framework for the Upper 
Carnegie Building in Cleveland, Ohio, was erected, 
using arc welding in a joint effort by The Austin 
Company and The Lincoln Electric Company. 
Construction of this building hrought out several 
important advances in construction techniques. No 
connection angles or plates were used at inter- 
sections, as commonly required with riveted 
assembly. Since welded lattice joists were used, 
piping could be concealed between floors. The 
building was 60 ft by I?9 ft and four stories high. 
The 115 tons of steel required was estimated to be 
15% less than required for a riveted design. A factor 
contributing to this savings was the use of contin- 
iious beams, which permitted lighter beams and 
1:olumns with no sacrifice in strength or rigidity. 

In the 1920’s. manufacturers were also using arc 
welding in the production of sheet-steel fabrications, 
such as blower fans, air conduits, housings for 
machinery, and bases for machine tools. Foreseeing 
the potentials, the arc-welding industry began 
advocating the conversion of cast-iron parts to 
welded assemblies. 

In 1927, the development of an extrusion 
process for applying a covering to the metal core 
substantially lowered the cost of covered electrodes. 
These lower-cost electrodes proved to be one of the 
most significant developments in the evolution of 
arc welding. The extrusion process permitted 
varying the composition of the electrode covering to 
give desirable operating characteristics and meet 
specific application requirements. The shielded-arc 
electrode with its deoxidizers and protective gases 
and slag became feasible. 

~--s.~_. 4 
Fig. l-6. An allhwlded naval vessel that won a major award in a design 
competition in 1932. 
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YEARS OF RAPID ADVANCE 
The applications for arc welding grew rapidly 

aft,er 1929, and. ‘3~ iirc onset of World War II, the 
process was becoming t,he dnmizant welding 
method. Prior Tao 1929, the largest undertaking 
involving welding was the construction of a 5-ft 
diameter, go-mile pipe!ine for carrying water to 
cities east, of San Francisco Bay. It was estimated 
that this pipeline would have leaked enough water 
to supply a city of 10,000 if riveted construction 
had been ::se d. Leakage was minimal with welding. 

In the 1930’s, welding became increasingly 
important in shipbuilding. The U.S. Navy, which 
had contributed much to welding research, turned 
to t,he process for practical reasons after the London 
Naval Treaty of 1930. This treaty imposed limits on 
the gross tonnages of the major navies of the world, 
and, thereaft,er, the Navy often found welding 
advantageous to minimize weight and thereby maxi- 
mize the firepower permitted by the tonnage restric- 
tion. For the same reason, the Germans used arc 
welding in their pocket battleships, three of which 
were launched from 1931 to 1934. To utilize arc 
welding, the Germans developed a method 
applicable to armor plate. 

In 1930, the first all-welded merchant ship was 
built in Charleston, South Carolina. This ship was 
the forerunner of the thousands of all-welded ships 
that were to be produced during World War II. Also 
in the 1930’s, the U.S. Army became interested in 

Fig. 1.8. Two allbvelded steel presses in an automotive plant. Manu- 
factured by Clearing Maclrine Corporation. Chicago. Illinois. Capacity 
1Oll tons. (Aprii 1939). 

welding, and a considerable amount of ordnance 
equipment was redesigned at the Watertown Arsenal 
for production by welding. 

About 1935, improved AC welders were becom- 
ing available. These welders offered certain advant- 
ages, but AC arcs often proved difficult to maintain. 
To overcome this difficulty, producers of electrodes 
developed coverings that ionized more easily and, 
thus, stabilized the arc. Also during this decade, 
more stainless steels came into use in metalworking. 
These materials were relatively difficult to weld 
because hydrogen in the electrode coverings often 
caused porosity in the weld. Low-hydrogen elec- 
trode coverings were developed to overcome this 
difficulty. Then, in the early 1940’s, it was dis- 
covered that these low-hydrogen electrodes also 
provided good welds in armor plate. Stainless-steel 
coverings were applied to low-alloy steel electrodes 
to further improve the quality of welded joints in 
armor plate. 

During the 1930’s, numerous attempts were 
made to bring some degree of mechanization with 
good shielding to the arc-welding processes. The 
early attempts at automatic welding were made with 
continuously fed bare wire, with no shielding other 
than a thin slag flux that was sometimes “painted” 
on the workpiece. Shielding for automatic carbon- 
arc welding was provided by passing a flux- 
impregnated paper string near the arc as it traveled 
along the seam. Then; in 1932, an innovation was 
introduced. A heavy layer of flux was placed on the 
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seam ahead of the carbon electrode. The h,eat of the 
arc melted the flux into a slag, which provided 
,shielding. The development proved successful, and 

;,,penstocks for the TVA project and water conduit 
,-for the Los Angeles Water ‘Authority were welded 
!&by this process. 
& Use of a granular flux with a continuously fed 
@iare steel electrode led to development in 1935 of 
&be submerged-arc process, which found its first 
$&ajor use in pipe fabrication and shipbuilding. A 
@521-ft tanker was fabricated by this process in 1936. 
f&y 1940, the submerged-arc process was well accep 
&ed, but had proved practical primarily on steel plate 
&over l/4-in. thick. About 1942, the process was 
@mproved to accommodate stock down to 3132-m. 
c, thick, and, thus. become feasible for automotive use 

and for general metal fabrication. 
‘, Hand-held, semiautomatic guns were developed 

,’ for the submerged-arc process in 1946. Voltage and 
‘current were controlled automatically, so that weld 
quality was uniform and results did not vary with 
the skill of the operator. Multiple arcs were intro- 
duced in 1948, primarily for manufacturing pipe 
with l/4 to l/2-in. walls in diameters from 18 to 36 
inches. Subsequent improvements in submerged-arc 
welding have been mainly in the areas of improved 
fluxes and more sophisticated welding equipment 
and controls. 

One problem that continued to defy solution 
was the joining of the reactive metals aluminum and 
magnesium. Neither the submerged-arc process nor 
covered elect,rodes provided enough shielding to 
adequately protect these metals from atmospheric 
contamination. To overcome this difficulty, welding 
engineers began to use bottled inert gases as shield- 
ing agents in the ea\.ly 1930’s: Later in that decade, 
successful gas-shielded processes powered by DC 
began to emerge from the aircraft industry in 

response to a specific need to weld magnesium. 
The first gas-shielded process employed a tung- 

sten electrode and helium shielding gas, and became 
known as the tungsten-arc or tungsten inert-gas 
(TIG) process. Initially, direct current and a positive 
electrode were used. It was found, however, that the 
tungsten electrode tended to overheat and transfer 
particles of tungsten to the weld unless a low cur- 
rent were used. Researchers then discovered that 
overheating could be avoided by making the elec- 
trode negative. This change proved satisfactory for 
welding stainless steel, but still was not suitable for 
magnesium or aluminum. The next development was 
the use of AC with a high-frequency, high-voltage 
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Fig. 1.11. Smooth clean lines. withour outside stiffeners. carry ramp 
“n shark) radius curve. 

current superimposed over the basic welding current 
to stabilize the arc. This proved to be the solution to 
the problem of making good welded joints in alum;- 
num and magnesium. In 1953, the tungsten-arc 
process was modified by directing the arc through a 
nozzle, and the resulting method became known as 
the plasma-arc process. 

POSTWAR DEVELOPMENTS CONTINUE 

The tungsten-arc process proved unsatisfactory 
for welding thick sections of highly conductive 
materials because the workpieces tended to act as 
heat sinks. To overcome this difficulty, a consum- 
able metal electrode was substituted for the noncon- 
sumable tungsten electrode. The resulting process, 
announced in 1946, became known as gas metal-arc, 
metal-inert-gas, or MIG welding. It proved successful 
for welding aluminum, and was subsequemly 
adapted for other nonferrous materials and for stain- 
less and mild steels. About this time, studies showed 
that a more stable arc could be obtained by using 
gas mixtures instead of pure helium or argon. 

An important development in manual covered- 
electrode welding also occurred in this era - namely 
the use of iron powder in electrode coverings. One 
benefit of iron powder in the covering was a faster 
deposition rate and, thus, greater welding speed. 
Another was that the weldor could simply drag the 
electrode along the seam without trying to hold it a 
fixed distance from the work. Thus, less skill was 

required, and proper welding technique could more 
easily be taught to beginners. The disadvantage of 
the iron powder in the covering was the high mann- 
facturing cost. However, by 1953, advances in 
manufacturing technology and electrode design 
resulted in cost reductions that made possible the 
marketing of iron-powder electrodes at acceptable 
prices. T:re use of iron-powder electrodes became 
widespread. 

As the TIG and MIG processes gained accept- 
ance in the early 1950’s, users found that shielding 
gases based on argon or helium were often too 
costly. To lower the material cost of the processes, 
researchers turned to one of the early developments 
in arc welding, using carbon dioxide gas as a shield- 
ing agent. John C. Lincoln, founder of The Lincoln 
Electric Company, had applied for a patent on this 
idea in 1918. Refinements in both the process and 
equipment for welding steel using carbon dioxide as 
a shielding gas resulted in a low-cost process. This 
was immediately adopted by automotive shops and 
other metalworking plants for applications where 
the quality of the weld was not exceedingly critical. 

One of the most significant developments of the 
period was the Innershield@ process, introduced by 
Lincoln Electric in 1958 for the welding of steel. 
Prior to its development, self-shielded processes 
derived protective gases from the decomposition of 
chemical coverings on the electrode. One could 
envision possibilities in mechanization with the 

Fig. l-12. Eight-ton transmission housing 
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Fig. 1.13. Giant bridge girders for Mississippi River crossing between 
Dresbach, Minnezoia. and Onalaska, Wisconsin. fabricated by Allied 

‘, Structural Steel. 

$ covered electrode if it could be fed to the arc from a 
k:,; continuous coil. The coverings of such electrodes, 
;@ however, tended to crack if wound into a coil, and 
$, also there was no practical way to feed electric cur- 
$,, rent to a covered continuous electrode. Therefore, 
z,:’ self-shielded electrodes as constituted could not be 
‘it, used with automatic or semiautomatic processes. 

The Innershield process, also referred to as the 
self-shielded, flux-cored arc-welding process, solved 
the problem by incorporating the fluxing and 
shielding materials inside tubular filler-metal wire. 
The result was a self-shielded electrode that could be 
coiled and used with high-speed automatic and semi- 
automatic equipment. Some of the carbon dioxide- 
shielded processes also began to employ a fluxed- 
cored electrode at this time. The concept of a 
tubular electrode to contain processing ingredients 
had been employed prior to 1958, but limited to 
electroties for surfacing applications. 

In 1961, Lincoln Electric introduced an Inner- 
shield electrode that provided exceptionally high 
deposition rates. This electrode - referred to as a 
“fast-fill” electrode - is widely used in semiauto- 
matic welding. Because heat input with the fast-fill 
electrode was considerably less than required by 
older types, the automatically fed electrode holders, 
or welding “guns,” developed for its use did not 
require water cooling and, thus, were lightweight 
and easy to manipulate. The electrode produced 
welds that had good resistance to cracking and oper- 
ational characteristics that lessened the amount of 
care required to fit up workpieces prior to welding. 

When first introduced, the fast-fill electrode was 
limited to single-pass welds in the flat or horizontal 
positions. By 1962, fast-fill electrodes were available 
for multiple-pass welds. Thick plates could thus be 
welded at high deposition rates. In 1967, an all- 
position electrode was introduced that considerably 
broadened the application of the process. The 
American Welding Society has written specifications 
for flux-cored electrodes. These specifications 
include both self-shielded electrodes and electrodes 
requiring gas shielding. 

As the arc-welding processes reached a high level 
of development in the 1960’s, research emphasis 
shifted somewhat. That reliable welds could be 
produced was unquestionable, but there was some 
difficulty in determining whether a given weld made 
in the plant or field met the metallurgical standards 
for its particular application. Considerable attention 
was therefore focused on nondestructive testing - 

Fig. 1-14. Splicing a column during the erection of a building in Los 
Angeles, using the semiautomatic self~shielded. flux~cared arc~welding 
p’“C*SS. 
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particularly ultrasonic, radiation, magnetic-particle, 
and dye-penetrant techniques. 

Researchers also exerted considerable effort on 
the development of exotic joining methods, such as 
laser welding and electron-beam welding - processes 
that use electricity but do not employ an arc. 
Although the newer processes do produce welds that 
were not previously possible, their limitations 

restrict their use to relatively few specialized 
applications. 

Arc welding continues to serve as the primary 
means of metal joining. The flash, smoke, and 
sputter that emanated from the early European 
laboratories produced one of the most important 
processes of modern industry. 

Fig. 1-15. Model of the First Nctiunal tank Bui!diq in Chicago. ;I structure 
that typifies the esthetic features achiwable through welded designs 
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Properties of Materials 

The mechanical and physical properties of 
materials determine their applicability in the design 
of a product. In the design of weldments, the prop- 
erties of primary concern are those that indicate the 
behavior of metallic materials under various condi- 
tion of loading. These properties are determined in 
testing laboratories, where standardized procedures 
and equipment are used to gather data. 

MECHANICAL PROPERTIES 
Mechanical properties of metals are those that 

reveal the elastic and inelastic behavior when force is 
applied. They are: 

ultimate tensile strength 

yield strength 

elongation 

modulus of elasticity 

compressive strength 

shear strength 

fatigue strength 

impact strength 

hardness 

All except fatigue and impact strength are deter- 
mined by steadily applied or static loads. Fatigue 
and impact are determined by pulsating and 
dynamic loads, respectively. 

Tensile Properties 
In the standard tensile test, the machined and 

smoothly finished metal specimen is marked with a 
centerpunch at two points 2 in. apart, as shown in 
Fig. 1-16. The specimen is placed in a tensile-testing 
machine (Fig. l-17), and an axial load is applied by 
raising the upper jaw at a slow, constant rate while 
the lower jaw remains stationary. 

As the pulling progresses, the specimen elongates 
at a. uniform rate that is proportional to the rate at 
which the load or pulling force increases. The load 
divided by the cross-sectional area of the specimen 
within the gage marks at the beginning of the test 

Original distance 
r betwe;; points ~ 

\ 

/ 

6 2-l/2”+ 
i” final distance or 25% 

elongation in 2” 
Fig. l-16. Tensile test specimen before and after testing to failure. 
showing maximum elongation. 

Fig. 1-17. A typical tensile-testing machine. This machine develoPs 
the data for the stress-strain diagram. 
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Fig. l-18. A stress-strain diagram for mild steel. The critical portion of 
the curve is shown magnified. 

represents the unit stress or the resistance of the 
material to the pulling or tensile force. The stress (0) 
is expressed in pounds per square inch, psi. The 
elongation of the specimen represents the strain (e) 
induced in the material and is expressed in inches 
per inch of length, in./in. Stress and strain are 
plotted in a diagram shown in a simplified form in 
Fig. 1-18. 

The proportional relationship of load to elonga- 
tion, or of stress to strain, continues until a point is 
reached where the elongation begins to increase at a 
faster rate. This point, beyond which the elongation 
of the specimen no longer is proportional to the 
loading, is the proportional elastic limit of the 
material. When the load is removed before this 
point., the specimen returns to its original length and 
diameter. 

Movement of the testing-machine jaw beyond 
the elastic limit causes a permanent elongation or 
deformation of the specimen. In the case of low or 
medium-carbon steels, a point is reached beyond 
which the metal stretches briefly without an 
increase in load. This is the yield point. The unit 
stress at the yield point is considered to be the 
material’s tensile yield strength (oY). 

Beyond the material’s elastic limit, continued 
pulling causes the specimen to neck down across its 
diameter. This action is accompanied by a further 
acceleration of axial elongation, which is now 
largely confined to the relatively short neckeddown 
section. 

The pulling eventually reaches a maximum 
value, and then falls off rapidly, with little addi- 
tional elongation of the specimen before fracture 

occurs. In fracturing, the specimen breaks in two 
w!thin the necked-down portion. The maximum pul- 
ling load in pounds, divided by the original cross 
section in square inches, is the material’s ultimate 
tensile strength (o,, ). 

The standard tensile test specimen is shown in 
Fig. 1-19. (See ASTM E 8 for other sizys of round 
specimens.) The standard test specimen for testing a 
welded joint transverse to the weld ls shown in Fig. 
l-20. 

dimensions shown are for threaded ends. 

Fig. l-19. A standard tensile lest specimen. The threaded endsmay be 
changed to fit the testing machine. 

Ductility and Elasticity 
The two halves of the fractured specimen are 

next fitted together as closely as possible, and the 
distance between the two punch marks is measured 
(Fig. 1-16). The increase in length gives the elonga- 
tion of the specimen in 2 in. and is usually expressed 
as a percentage. The diameter at the point of frac- 
ture is measured and the area calculated. The reduc- 
tion from the original area is calculated. The reduc- 
tion in area is expressed as a percentage. Both the 

These edges may Weld reinforcement 
shall be machined 

W = l-1/2” i 0.01”. if t 
does not exceed 1”. 
W = 1” f 0.01”. if t 
exceeds 1” 

This section machined, 
preferably by milling 

Fig. 1.20. A standard tensile test specimen for fransvers8 test Of a 
welded joint. 
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iii, Fig. l-21. Typtcal stress-strain curves within the elastic limit of several 
g:,, materials. 
;:q 
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fig;;, 
@ elongation percentage and the reduction in area 
&, percentage are measures of ductility. 
‘!)T:;f; In the design of most structural members, it is 
$: essential to keep the loading stresses within the 
i; ‘~ ,elastic range. If the elastic limit (very ciose to the 
” material’s yield strength) is exceeded, permanent 

deformation takes place due to plastic flow. When 
this happens, the material is strain-hardened and, 
thereafter, has a higher effective elastic limit and 
higher yield strength. 

Under the same stress, materials stretch different 
amounts. The modulus of elasticity (E) of a material 
simplifies the comparison of its stiffness ,with that of 
another material. This property is the ratio of the 
stress to the strain within the elastic range. 

Stress 0 
Strain E 

= Modulus of elasticity E 

On a stress-strain diagram, the modulus of elas- 
ticity is represented visually by the straight portion 
of the curve where the stress is directly proportional 
to the strain. The steeper the curve, the higher the 
modulus of elasticity and the stiffer the material. 
(See Fig. 1-21.) 

Any steel has a modulus of elasticity in tension 
of~approximately ~36~miIlion psi. The American Iron 
and Steel Institute uses a more conservative value of 
29 million psi for the modulus of elasticity of steel. 
The modulus of elasticity will vary for other metals. 
Steel, however, has the highest value for any 

commerciaI!y available metal used in the structural 
field. 

Compressive Strength 
In general design practice, it is assumed that the 

compressive strength of steel is equal to its tensile 
strength. This practice is also adhered to in some 
rigid-design calculations, where the modulus of elas- 
ticity of the material in tension is used even though 
the loading is compressive. 

The actual ultimate compressive strength of steel 
is somewhat greater than the ultimate tensile 
strength. Variations in compressive values are parti- 
ally dependent on the condition of the steel. The 
compressive strength of an annealed steel is closer to 
its tensile strength than would be the case with a 
cold-worked steel. There is even greater variation 
between the compressive and tensile strengths of 
cast iron and nonferrous metals. 

The compressive test is conducted in a manner 
similar to that for tensile properties. A short speci- 
men is subjected to a compressive load, and the ulti- 
mate compressive strength is reached when the 
specimen fails by crushing. 

Shear Strength 
There is no recognized standard method for 

testing the shear strength of a material. Fortunately, 
pure shear loads are seldom encountered in struc- 
tural members, but shear stresses frequently develop 
as a byproduct of principal stresses or the 
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Fig. l-22. Farigue tes results are plotted to develop a O-N diagram; 
mess vs. the number of cycle?, before failure. 
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Upper pull head 

Lower pull head 
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WILSON FATIGUE TESTING MACHINE 

Fig. 1-23. Typical machine for fatigue IeSTinQ with a pubting axis 

application of transverse forces. 
The ultimate shear strength (7) can be obtained 

by the actual shearing of the metal, usually in a 
punch-and-die setup, using a ram moving slowly at a 
constant rate. The maximum load required to punch 
through is observed and is used to calculate the 
ultimate shear strength. 

Since this is a tedious procedure, the ultimate 
shear strength, is generally assumed to be 3/4 the 
ultimate tensile strength for most structural steels. 

Fatigue 
When the load on the member is constantly 

varying, is repeated at relatively high frequency, or 
constitutes a complete reversal of stresses with each 
operating cycle, the material’s fatigue strength must 
be substituted for ultimate tensile where called for 
by design formulas. 

Under high load, the variable or fatigue mode of 
loading reduces the material’s effective ultimate 
strength as the number of cycles increases. At a 

given high stress, the material has a definite service 
life expressed in “N” cycles of operation. 

A series of identical specimens are tested, each 
under a specific load expressed as unit stress. The 
unit stress is plotted for each specimen against the 
number of cycles before failure. The result is a o-N 
diagram. (See Fig. l-22.) 

The endurance limit is the maximum stress to 
which the material can be subjected for an indefinite 
service life. Although the standards vary for various 
types of members and different industries, it is 
common practice to accept the assumption that 
carrying a certain load for several million cycles of 
stress reversals indicates that the load can be carried 
for an indefinite time. Theoretically, the load on the 
test specimen (Fig. l-23) should be the same type as 
the load on the proposed member. 

Since the geometry of the member, the presence 
of local areas of high stress concentration, and the 
condition of the material have considerable influ- 
ence on the real fatigue strength, prototypes of the 
member or its section would give the most reliable 
information as test specimens. However, this is not 
always practical. The volume “Design of Welded 
Structures,” by Omer W. Blodgett, gives a detailed 
discussion of fatigue and may be helpful in apprais- 
ing endurance limits when test data or handbook 
values are not available. 

Local areas of high stress concentration are 
caused by stress raisers. These are notches, grooves, 
cracks, tool marks, sharp inside corners, or any 
other sudden changes in the cross section of the 
member, as illustrated in Fig. l-24. Stress raisers can 
drastically reduce the fatigue life of a member. 

Marks in ground 
rurface=SR 

Metal porosity=% 

6 D 
Unit strain (E) 

Fig. l-24. Examples of stress raisers (SRI that lower the fatigue 
St‘e”Qth. 

Fig. l-25. The stress&rain diagram for determining the modulus of 
resilience and the toughness in terms of ultimate energy resls%mce. 



Impact Strength 
Impact strength is the ability of a metal to 

absorb the energy of a load rapidly applied to the 
member. A metal may have good tensile strength 
and good ductility under static loading, yet fracture 
if subjected to a high-velocity blow. 

The two most important properties that indicate 
the material’s resistance to impact loading are 
obtained from the stress-strain diagram. (See Fig. 
l-25.) First is the modulus of resilience (u), which is 
a measure of how well the material absorbs energy 
when not stressed above the elastic limit or yield 
point. It indicates the material’s resistance to 
deformation from impact loading. The modulus of 
resilience (u) is the triangular area OBA under the 
stress-strain curve, having its apex at the elastic 
limit. For practicality, let the yield strength (uY) be 
the altitude of the right triangle and the resultant 
strain (sY ) be the base. Then 

u = OY EY 
2 

OY E =+ Ey =- 
E 

z 
u OY =- 

2E 

where E is modulus of elasticity 

oY is yield strength 

EY is yield strain 

U is modulus of resilience 
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Fig. I-27. Typical curves for the two types of impact test specimens 
using the same steel. There is no reliable method to convert V notch 
data to keyhole values or vice versa. 

Since the absorption of energy is actually a 
volumetric property, modulus of resilience is 
expressed in in.-lb/in.3 

When impact loading exceeds the elastic limit 
(or yield strength) of the material, it calls for tough- 
ness in the material rather than resilience. Tough- 
ness, the ability of the metal to resist fracture under 
impact loading, is indicated by its ultimate energy 
resistance (u, ). This is a measure of how well the 
material absorbs energy without fracture. The ulti- 
mate energy resistance (u, ) is the total area OACD 
under the stress-strain curve. 

Tests developed for determining the impact 
strength of metals often give misleading results. 

Fig. l-26. Charpy impact test specimens showing the method of holding the specimen and applying the load. Two types of 
Charpy specimens are shown. The upper is V notch and the lower is keyhole notch. 
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Nearly all testing is done with notched specimens. 
Such tests give results that more accurately describe 
notch toughness. The two standard tests are Izod 
and Charpy. In recent years, the Charpy has been 
replacing the Izod. 

In the Charpy test for notch impact strength, 
there are two types of commonly used specimens, 
those prepared with the keyhole notch and those 
with the V notch. Other types of specimens less 
commonly used are described in ASTM Standard E 
23. The test specimen (Fig. l-26) is placed on an 
anvil, and a heavy pendulum, which swings from a 
standard height, strikes the specimen on the side 
opposite the notch. The testing machine indicates 
the amount of energy in ft-lb required to fracture 
the specimen. This is a measure of the notch impact 
strength. Some steels exhibit a considerable loss of 
notch impact strength at low temperatures, and, for 
this reason, tests are made at different temperatures 
to get the type of information shown in Fig. l-27. 

Hardness 
Hardness, as related to metals, is the ability of 

the material to resist indentation or penetration. 
Two common methods of measuring hardness (Fig. 
l-28) are Brine11 and Rockwell. Both methods use a 
penetrometer with either a hard sphere or a sharp 
diamond point. The penetrometer is applied to the 
material under a standardized load, the load 

Fig. I-28. Brinell hardness tester on left measures hardness by the 
amount of penetration into the metal made by a hard sphere. The 
Rockwell tester on the right uses either a hard sphere or a sharp 
diamond point. depending on the hardness of the mate&l. 

removed, and the penetration measured. A numer- 
ical value is assigned to the amount of penetration. 
Another method, Shore Scleroscope, measures the 
height of rebound of a diamond-tipped hammer 
when dropped a certain distance. Harder materials 
cause a higher rebound. 

A conversion table appears in Section 16 for the 
hardness numbers of Brine11 and Rockwell. This 
table is reasonably accurate, but has certain 
limitations. (For limitations, see ASTM Standard E 
140.) 

PHYSICAL PROPERTIES 

Physical properties of metals are those other 
than mechanical and chemical that describe the 
nature of the metal. They are: 

density 

electrical conductivity 

thermal conductivity 

thermal expansion 

melting point 

Density 
Density of a material is the weight per unit 

volume. The density of metals is important to the 
designer, but more important to the weldor is the 
density of gases. Shielding around the arc is more 
efficient with a gas with high density. 

Electrical Conductivity 
Elec:rtcal conductivity is the efficiency of a 

material in conducting electrical current. Silver and 
copper have relatively high electrical conductivities 
compared to other metals, silver being slightly 
higher than copper. The conductivity of electrolytic 
tough pitch copper (ETP) is 101% of the Inter- 
national Annealed Copper Standard (IACS). Other 
metals compare as follows: 

Aluminum (99.99% pure) 65% 

Aluminum alloy 5052 35 

Mild steel 15 

Stainless steel type 400 3 

Stainless steel type 300 2.5 

Thermal Conductivity 
The rate at which heat flows through a material 

is called thermal conductivity. The difference in 
thermal conductivity between iron and copper can 
be demonstrated by the arrangement shown in Fig. 
l-29. Because the thermal conductivity of copper is 



Fig. 1.29. Torch starts heating both the copper bar and the iron bar at 
the same time. The match in contact with the copper bar ignites first 
because of the higher thermal conductivity of copper. 

TABLE I-1. THERMAL CONDUCTWilY OF METALS 
/ 

Metal 

Aluminum EC 199.45%) 

Aluminum 1100 

Aluminum 6061 

Aluminum casting 43 

Copper ETP 

Red brass (15% Znl 

Cupro.Nickel (30% Nil 

: Nickel (99.95361 

MOW.1 

lnconel 

Silver 

Pure iron 

Steel (0.23% C. 0.64% Mnl 

Stainless steel (Type 410) 

Stainless steel (Type 304) 

Manganese steel 114% Mnl 

near mom temperat”re 
callcm2/cm/oC/sec 

0.57 - 

0.53 

0.41 

0.34 

0.93 

0.38 

0.070 

0.22 

0.062 

0.036 

1 .o 

0.18 

0.12 

0.057 

0.036 

0.032 

Data from ASM l+endbook “.,I. 1 

TABLE 1-2. COEFFI 
THERMAL EXPANSION 1 

6.5 

16.3 
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about five times that of iron, the match in contact 
with the copper ignites fist. 

The thermal conductivity of some of the com- 
mon metals is shown in Table 1-1. The high thermal 
conductivity of copper explains why copper is a 
good material for backup bars. This also explains 
why copper must be welded with a high heat input 
or preheat in order to obtain a satisfactory weld. 

Thermal Expansion 
Most metals expand when heated. The change in 

length is expressed as the coefficient of linear 
expansion and in English units is inches per inch per 
degree F (in./inJ°F). At room temperature, the 
coefficient for steel is .0000065 in./in./OF, usually 
expressed 6.5 x 1V6 in./in./oF. 

Coefficients for thermal expansion are not con- 
stant throughout the entire temperature range - for 
example, from room temperature to the melting 
point. For this reason, the handbooks give a coeffi- 
cient within a definite temperature range. 

Metals with a high coefficient of expansion 
present more warping problems, especially if the 
thermal conductivity is low. The thermal coefficient 
of linear expansion for several metals is given in 
Table 1-2. 

Melting Point 
A pure metal has a definite melting point that is 

the same temperature as its freezing point. Alloys 
and mixtures of metals start to melt at one tempera- 
ture (solidus), but the melting is not completed until 
a higher temperature (liquidus) is re:ched. 

Arc welding a metal with a low melting point or 
low solidus requires less heat input and more 
accurate control of the process to prevent burning 
through, especially if the metal is thin. Melting 
points of some common metals and other 
temperatures of interest are shown in Fig. l-30. 

:NTS OF LINEAR 
SOME METALS AT 66°F 

Data from ASM Handbook “a,. 1 
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Fig. l-30. Melting points of some metals and other temperatures of 
interest. 



Arc welding is one of several fusion processes for 
joining metals. By the application of intense heat, 
metal at the joint between two parts is melted and 
caused to intermix - directly or, more commonly, 
with an intermediate molten filler metal. Upon cool- 
ing and solidification, a metallurgical bond results. 
Since the joining is by intermixture of the substance 
of one part with the substance of the other part, 
with or without an intermediate of like substance, 
the final weldment has the potential for exhibiting 
at the joint the same strength properties as the metal 

‘of the parts. This is in sharp contrast to nonfusion 
,processes of joining - such as soldering, brazing, or 
adhesive bonding - in which the mechanical and 
physical properties of the base materials cannot be 

‘; duplicated at the joint. 
In arc welding, the intense heat needed to melt 

‘metal is produced by an electric arc. The arc is 
‘, formed between the work to be welded and an elec- 
,‘trode that is manually or mechanically moved along 
the joint (or the work may be moved under a 
stationary electrode). The electrode may be a 
carbon or tungsten rod, the sole purpose of which is 
to carry the current and sustain the electric arc 
between its tip and the workpiece. Or, it may be a 
specially prepared rod or wire that not only con- 
ducts the current and sustains the arc but also melts 
and supplies filler metal to the joint. If the electrode 
is a carbon or tungsten rod and the joint requires 
added metal for fill, that metal is supplied by a 
separately applied filler-metal rod or wire. Most 
welding in the manufacture of steel products where 
filler metal is required, however, is accomplished 
with the second type of electrodes - those that 
supply filler metal as well as providing the 
conductor for carrying electric current. 

BASIC WELDING CIRCUIT 

The basic arc-welding circuit is illustrated in Fig. 
1-31. An AC or DC power source. fitted with what- 
ever controls may be needed, is connected by a 
ground cable to the workpiece and by a “hot” cable 
to an electrode holder of some type, which makes 
electrical contact with the welding electrode. When 
the circuit is energized and the electrode tip touched 
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,- Welding machine AC or DC 
dower source and controls 

Electrode holder 7 

\Work cable 

Electrode cable 

Fig. 1-31. The basic arc-welding circuit. 

to the grounded workpiece, and then withdrawn and 
held close to the spot of contact, an arc is created 
across the gap. The arc produces a temperature of 
about 6500°F at the tip of the electrode, a tempera- 
ture more than adequate for melting most metals. 
The heat produced melts the base metal in the 
vicinity of the arc and any filler metal supplied by 
the electrode or by a separately introduced rod or 
wire. A common pool of molten metal is produced, 
called a “crater.” This crater solidifies behind the 
electrode as it is moved along the joint being 
welded. The result is a fusion bond and the metal- 
lurgical unification of the workpieces. 

ARC SHlELDlNG 

Use of the heat of an electric arc to join metals, 
however, requires more than the moving of the elec- 
trode in respect to the weld joint. Metals at high 
temperatures are reactive chemically with the main 
constituents of air - oxygen and nitrogen. Should 
the metal in the molten pool come in contact with 
air, oxides and nitrides would be formed, which 
upon solidification of the molten pool would 
destroy the strength properties of the weld joint. 
For this reason, the various arc-welding processes 
provide some means for covering the arc and the 
molten pool with a protective shield of gas, vapor, 
or slag. This is referred to as arc shielding, and such 
shielding may be accomplished by various tech- 
niques, such as the use of a vapor-generating cover- 
ing on filler-metal-type electrodes, the covering of 
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the arc and molten pool with a separately applied 
inert gas or a granular flux, or the use of materials 
within the core of tubular electrodes that generate 
shielding vapors. 

Whatever the shielding method, the intent is to 
provide a blanket of gas, vapor, or slag that prevents 
or minimizes contact of the molten metal with air. 
The shielding method also affects the stability and 
other characteristics of the arc. When the shielding is 
produced by an electrode covering, by electrode 
core substances, or by separately applied granular 
flux, a fluxing or metal-improving function is 
usually also provided. Thus, the core materials in a 
flux-cored electrode may supply a deoxidizing fuhc- 
tion as well as a shielding function, and in sub- 
merged-arc welding the granular flux applied to the 
joint ahead of the arc may add alloying elements to 
the molten pool as well as shielding it and the arc. 

Extruded L- 
E lectro ‘de 

/- 

Gaseous shield 

rkr~ stream 

Fig. I-32. HOW the arc and imolten pool are shielded by a gaseous 
blanke? developed by the vaporization and chemical breakdown oi 
the extruded covering on the electrode when stick4ectrode welding. 
Fluxing material in the electrode coveting reacts with unwanted sub- 
stances in the molten pool. tying them up chemically and forming a 
sl?c that crusts over the hot solidified metal, The slag. in turn. pro. 
tects the hot metal from reaction with the air while it is cooling. 

Figure 1-32 illustrates the shielding of the weld- 
ing arc and molten pool with a covered “stick” 
electrode - the type of electrode used in most 
manual arc welding. The extruded covering on the 
filler metal rod, under the heat of the arc, generates 
a gaseous shield that prevents air from contacting 
the molten metal. It also supplies ingredients that 
react with deleterious substances on the metals, such 
as oxides and salts, and ties these substances up 
chemically in a slag that, being lighter than the weld 
metal, arises to the top of the pool and crusts over 
the newly solidified metal. This slag, even after 
solidification, has a protective function; it minimizes 
contact of the very hot solidified metal with air 

until the temperature lowers to a point where 
reaction of the metal with air is lessened. 

While the main function of the arc is to supply 
heat, it has other functions that are important to the 
success of arc-welding processes. It can be adjusted 
or controlled to transfer molten metal from the 
electrode to the work, to remove surface films, and 
to bring about complex gas-slag-metal reactions and 
various metallurgical changes. The arc, itself, is a 
very complex phenomenon, which has been inten- 
sively studied. In-depth understanding of the physics 
of the arc is of little value to the weldor, but some 
knowledge of its general characteristics can be 
useful. 

NATURE OF THE ARC 

An arc is an electric current flowing between’ 
two electrodes through an ionized column of gas, 
called a “plasma.” The space between the two elec- 
trodes - or in arc welding, the space between the 
electrode and the work - can be divided into three 
areas of heat generation: the cathode, the anode, 
and the arc plasma. 

Anode 

u + + - 
Positive + - 

gas + 1 T - Electrons 
ions + - (current) 

+ -- 

l-l 

The welding arc is characterized as a high- 
current, low-voltage arc that requires a high concen- 
tration of electrons to carry the current. Negative 
electrons are emitted from the cathode and flow - 
along with the negative ions of the plasma -to the 
positive anode. Positive ions flow in the reverse 
direction. A negative ion is am atom that has picked 
up one or more electrons beyond the number 
needed to balance the positive charge on its nucleus 
- thus the negative charge. A positive ion is an atom 
that has lost one or more electrons - thus the 
positive charge. However, just as in a solid conduc- 
tor, the principal flow of current in the arc is by 
electron travel. 



Heat is generated in the cathode area mostly by 
the positive ions striking the surface of the cathode. 
Heat at the anode is generated mostly by the elec- 
trons. These have been accelerated as they pass 
through the plasma by the arc voltage, and they give 
up their energy as heat when striking the anode. 

The plasma, or arc column, is a mixture of 
neutral and excited gas atoms. In the central column 
of the plasma, electrons, atoms, and ions are in 
accelerated motion and constantly colliding. The 
hottest part of the plasma is the central column, 
where the motion is most intense. The outer portion 
or the arc flame is somewhat cooler and consists of 
recombining gas molecules that were disassociated in 
the central column. 

The distribution of heat or voltage drop in the 
three heat zones can be changed. Changing the arc 
length has the greatest effect on the arc plasma. 
Changing the shielding gas can change the heat 
balance between the anode and cathode. The 
addition of potassium salts to the plasma reduces 

“the arc voltage because of increased ionization. 
The difference in the heat generated between 

,;,‘the anode and cathode can determine how certain 
1 types of arcs are used. For example, when TIG weld- . 
: mg aluminum using argon gas; the electrode as a 
,,dathode (negative) can use about 10 times more cur- 
rent without melting than when used as an anode 
,(positive). This indicates the anode generates more 

: heat than the cathode. The submerged-arc welding 
process generates more heat at the cathode rather 
than the anode, as evidenced by the higher melt-off 
rate when the electrode is negative. The same is also 
true for EXXlO stick-electrode welding. 

In welding, the arc not only provides the heat 
needed to melt the electrode and the base metal but 
under certain conditions must also supply the means 
to transport the molten metal from the tip of the 
el,ectrode to the work. Several mechanisms for metal 
transfer exist. In one the molten drop of metal 
touches the molten metal in the crater and transfer 
is by surface tension. In another, the drop is ejected 
from the molten metal at the electrode tip by an 
electric pinch. It is ejected at high speed and retains 
this speed unless slowed by gravitational forces. It 
may be accelerated by the plasma as in the case of a 
pinched plasma arc. These forces are the ones that 
transfer the molten metal in overhead welding. In 
flat welding, gravity also is a significant force in 
metal transfer. 

If the electrode is consumable, the tip melts 
under the heat of the arc and molten droplets are 
detached and transported to the work through the 
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arc column. Any arc-welding system in which the 
electrode is melted off to become part of the weld is 
described as “metal-arc.” If the electrode is refrac- 
tory - carbon or tungsten - there are no molten 
droplets to be forced across the gap and onto the 
work. Filler metal is melted into the joint from a 
separate rod or wire. 

More of the heat developed by the arc ends up 
in the weld pool with consumable electrodes than 
with nonconsumable electrodes, with the result that 
higher thermal efficiencies and narrower heat- 
affected zones are obtained. Typical thermal effici- 
encies for metal-arc welding are in the range from 75 
to 80 percent; for welding with nonconsumable 
electrodes, 50 to 60 percent. 

Since there must be an ionized path to conduct 
electricity across a gap, the mere switching on of the 
welding current with a cold electrode posed over the 
work will not start the arc. The arc must first be 
“ignited.” This is accomplished either by supplying 
an initial voltage high enough to cause a discharge or 
by touching the electrode to the work and then 
withdrawing it as the contact area becomes heated. 
High-frequency spark discharges are frequently used 
for igniting gas-shielded arcs, but the most common 
method of striking an arc is the touch-and-withdraw 
method. 

Arc welding may be done with either AC or DC 
current and with the electrode either positive or 
negative. The choice of current and polarity depends 
on the process, the type of electrode, the arc atmos- 
phere, and the metal being welded. Whatever the 
current, it must be controlled to satisfy the variables 
- amperage and voltage - which are specified by 
the welding procedures. 

OVERCOMING CURRENT LIMITATIONS 

The objective in commercial welding is to get 
the job done as fast as possible so as to lessen the 
time costs of skilled workers. One way to speed the 
welding process would be to raise the current - use 
a higher amperage - since the faster electrical 
energy can be induced in the weld joint, the faster 
will be the welding rate. 

With manual stick-electrode welding, however, 
there is a practical limit to the current. The covered 
electrodes are from 9 to 18-in. long, and, if the cur- 
rent is raised too high, electrical resistance heating 
within the unused length of electrode will become 
so great that the covering overheats and “breaks 
down” - the covering ingredients react with each 
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other or oxidize ard do not function properly at the 
arc. Also, the hot core wire increases the melt-off 
rate and the arc characteristics change. The mech- 
anics of stick..electrode welding is such that elec- 
trical contact with the electrode cannot be made 
immediately above the arc - a technique that would 
circumvent much of the resistance heating. 

Not until semiautomatic guns and automatic 
welding heads, which are fed by continuous elec- 
trode wires, were developed was there a way of 
solving the resistance-heating problem and, thus, 
making feasible the use of high currents to speed the 
welding process. In such guns and heads, electrical 
contact with the electrode is made close to the arc. 
The length between the tip of the electrode and the 
point of electrical contact is, then, inadequate for 
enough resistance heating to take place to overheat 
the electrode in advance of the arc, even with cur- 
rents two or three times those usable with 
stick-electrode welding. 

This solving of the “point-of-contact” problem 
and circumventing the effects of resistance heating 
in the electrode was a breakthrough that substanti- 
ally lowered welding costs and increased the use of 
arc welding in industrial metals joining. In fact, 
through the ingenuity of welding equipment manu- 
facturers, the resistance-heating effect has been put 
to work constructively in a technique known as 
long-stickout welding. Here, the length of electrode 

between the point of electrical contact in the weld- 
ing gun or bead and the arc is adjusted so that 
resista,nce heating almost - but not quite - over- 
heats ,the protruding electrode. Thus, when a point 
on the electrode reaches the arc, the metal at that 
point is about ready to melt. Thus, less arc heat is 
required to melt it - and, because of this, still 
higher welding speeds are possible. 

The subsequent sections on arc-welding 
processes will elaborate on the significance of point- 
of-contact and the long-stickout principle of arc 
welding. 

EFFECTS OF ARC ON METAL PROPERTfES 
In subsequent sections, also, the effects of the 

heat of the welding arc on the metallurgy and 
mechanical properties of weld metal and adjacent 
base will be discussed. A point to bear in mind is 
that what takes place immediately under the weld- 
ing arc is similar to what takes place in an electrical 
furnace for the production of metals. Electrical- 
furnace steels are premium grades; weld metal from 
steel electrodes is newly prepared “electric-furnace” 
steel and also premium grade. Properly executed 
welds; are almost always superior in mechanical 
properties to the metals they join. In no other 
metals-joining process is the joint customarily 
stronger than the metals joined. 
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INTRODUCTION 
The engineer who has the responsibility for 

designing a machine part or structural member as a 
steel weldment frequently operates under a severe 
handicap. Although he has a mechanical background 
:+nd academic training in engineering materials and 
;components, it is unlikely that he has adequate 
itnformation about the specific factors that enter 
$nto welded design. He needs to know how to use 
‘steel efficiently, how to build stiffness into a beam, 
ihow to design for torsional resistance, what weld 
ifjoints best suit his purpose, etc. He also needs many 
j$ther bits of practical information - few of which 
$re taught in engineering schools or found in 
,!$extbooks. 

The art of welded steel design has been evolving 
gradually, with all the errors that normally accom- 
pany an evolutionary process. One of the earlier 
mistakes in the design of steel weldments - and a 
,mistake repeatedly mad& by the novice - is the 
copying of the over-all shape and appearance of the 
casting a weldment is to replace. Much effort and 
material can be wasted in the useless attempt to 
duplicate every flare and offset of the casting. The 
designer and the management to which he reports 
should understand that steel weldments are different 
from castings, and should look different. There is no 
point in shaping a weldment, so that it exhibits the 
protrusions, the separate legs, brackets and housings, 
and the frills of the casting. A modern steel weld- 
ment is an integrated, functional unit that acquires 
an appearance of its own. 

When the change is made from a casting to a 
weldment, both appearance and function are usually 
improved, since welded design involves the more 
conservative and strategic use of materials. But the 
motivating force for such a change is usually produc- 
tion cost - the desire to fabricate the machine, part, 
or structure more economically, thus enabling its 

The Systems Approach 
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price to meet the competitive demands of the mar- 
ket. Cost, therefore, must be considered at every 
step in the design, and the designer must think not 
only about the obvious production costs, but about 
all the incidentals from the selection of materials 
and methods of fabrication down to the final inspec- 
tion of the finished product and preparation for 
shipment. 

The ability of welded design to make possible 
products of superior function and appearance at re- 
duced costs arises largely from four advances in 
fabricating and welding techniques. These are: 

1. Machine flame-cutting equipment t,hat pro- 
duces smoothly cut edges, and machines for 
shearing thicker plate than could formerly 
be cut. 

2. Improved welding electrodes and processes 
that produce quality welds at high speed. 

3. Heavy brakes, which enable the greater use 
of formed plate, resulting in lower costs, 
smoother corners, and, because fewer parts 
are involved, reduced assembly time. 

4. Welding positioners which permit more 
welds to be made ln the downhand flat posi- 
tion, resulting in smoother and lower-cost 
welds. 

The use of these advances puts weldments in a 
favorable light when design changes are considered, 
whereas, a few decades ago cost restricted the 
amount of attention weldments received. 

GENERAL CONSIDERATIONS 

A weldment design program starts with a recog- 
nition of a need. The need may be for improving an 
existing product or for building an ertirely new 
product, using the most advanced design and fabri- 
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cation techniques. In any event, many factors must 
be taken into account before a design is finalized. 
These considerations involve asking numerous 
questions and doing considerable research into the 
various areas of marketing, engineering, and 
production. 

Analysis of Present Design 
Insofar as possible, when designing an entirely 

new machine or structural unit, an attempt should 
be made to gain information about competitive 
products whose markets the new product is aimed 
to capture. If, say, a new machine is to replace an 
older model, the good points and the deficiencies of 
the predecessor machine should be understood. The 
following questions can help in reaching the proper 
decision: 

What do customers and the sales force say about 
the older machine? 

What has been its history of failures? 

What features should be retained or added? 

What suggestions for improvements have been 
made? 

Was the old model overdesigned? 

Determination of Load Conditions 
The work the machine is intended to do, or the 

forces that a structural assembly must sustain, and 
the conditions of service that might cause overload 
should be ascertained. From such information, the 
load on individual members can be determined. As a 
starting point for calculating loading, the designer 
may find one or more of the following methods 
useful: 

From the motor horsepower and speed, deter- 
mine the torque in inch-pounds on a shaft or 
revolving part. 

Calculate the force in pounds on machine mem- 
bers created by the dead weight of parts. 

Calculate the load on members of a hoist or lift 
truck hack from the load required to tilt the 
machine. 

Use the maximum strength of critical cab!es on a 
shovel or ditch digger that have proved satisfac- 
tory in service, to work back to the loads on 
machine members. 

Consider the force required to shear a critical 
pin as an indicat.ion of maximum loading on the 
machine. 

If a satisfactory starting point cannot be found, 

design for an assumed load and adjust from ex- 
perience and tests; at least the design will be well 
proportioned. 

Major Design Factors 
In developing his design, the designer thinks 

constantly about how decisions will affect produc- 
tion, manufacturing costs, performance, appearance 
and customer acceptance. Many factors far removed 
from engineering considerations per se become 
major design factors. Some of these are listed below, 
along with other relevant rules: 

The design should satisfy strength and stiffness 
requirements. Overdesigning is a waste of 
materials and runs up production and shipping 
costs. 

The safety factor may be unrealistically high as 
indicated by past experience. 

Good appearance has value, but only in areas 
that are exposed to view. The print could 
specify the welds that are critical in respect to 
appearance. 

Deep and symmetrical sections resist bending 
efficiently. 

Welding the ends of beams rigid to supports 
increases strength and stiffness. 

The proper use of stiffeners will provide rigidity 
at minimum weight of material,, 

Use closed tubular sections or diagonal bracing 
for torsion resistance. A closed t:.lbular section 
may be many times better than an open section. 

Specify nonpremium grades of steel wherever 
possible. Higher carbon and alloy steels require 
preheating, and frequently postheating, which 
are added cost items. 

Use standard rolled sections wherever possible. 

Use standard plate and bar sizes for their 
economy and availability. 

Provide maintenance accessibility in the design; 
do not bury a bearing support or other critical 
wear point in a closed-box weldment. 

Consider the use of standard index tables, way 
units, heads, and columns. 

Layout 
To the designer familiar only with castings: tlil? 

laying out of a weldment for production may seem 
complex because of the many choices possible. 
Variety in the possibilities for layout, however, is 
one of the advantages of welded design; opportunl- 



ties for savings are presented. Certain general 
pointers for effective layout may be set forth: 

Design for easy handling of materials and for 
inexpensive tooling. 

Check with the shop for ideas that can con- 
tribute to cost savings. 

Check the tolerances with the shop. The shop 
may not be able to hold them, and close toler- 
ances and fits may serve no useful purpose. 

Plan the layout to minimize the numb3 of 
pieces. This will reduce assembly time and tl? 
amount of welding. 

;;, 

Lay out parts so as to minimize scrap. 

If possible, modify the shape and size of scrap 
cutouts, so that such material may be used for 
pads, stiffeners, gear blanks and other parts. 
If a standard rolled section is not available or 
suitable, consider forming the desired section 
from blanks flame-cut from plate. It is also 

f,j, possible to use long flat bar stock welded 

$a: together, or to place a special order for a 
8;;~; ,’ 
$$ rolled-to-shape section. 
gft; (6,: 
I@ 

In making heavy rings, consider the cutting of 
by nesting segments from plate to eliminate 
i;$#;;:j ,,~ excessive scrap. 
j2-g 
f!,:,:! plate preparation 
I?,,;, Flame cutting, shearing, sawing, punch-press 
!‘:“,; blanking, nibbling, and lathe cutoff are methods for 

cutting blanks from stock material. The decision 
,’ relating to method will depend on the equipment 

available and relative costs. It will be influenced, 
however, by the quality of the edge for fitup and 
whether the method also provides a bevel in the case 
of groove joints. Experience has suggested the 
following pointers: 

Dimensioning of the blank ma!, require stock 
allowance for subsequent edge preparation. 
Not all welds are continuous. This must be 
borne in mind when proposing to prepare the 
edge and cut the blank simultaneously. 
Select the type of cutting torch that will allow 
the cut to be made in one pass. For single-bevel 
or single-V plate preparation, use a single torch; 
for double-bevel or double-V, a multiple torch. 

When a plate planer is available, weld metal costs 
can be reduced with thick plate by making J or 
U-groove preparations. 

Consider arc gouging, flame gouging, or chipping 
for back-pass preparations. 
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Forming and Special Sections 
Forming can greatly reduce the cost of a weld- 

ment by eliminating welds and, often, machining 
operations. Thickness of materials, over-all dimen- 
sions, production volume, tolerances, and cost 
influence the choice of forming methods. The 
suggestions below should be useful in making 
decisions: 

Create a corner by bending or forming rather 
than by welding from two pieces. 

Roll a ring instead of cutting from plate in order 
to effect possible savings. 
Form round or square tubes or rings instead of 
buying commercial tubing if savings could be 
effected. 

Put bends in flat plate to increase stiffness. 

Use press indentations in plate to act as ribs, 
instead of using stiffeners to reduce vibration. 

Use corrugated sheet for extra stiffness. 

The design problem and cost of manufacture 
may be simplified by incorporat,ing a steel cast- 
ing or forging into the weldment for a 
complicated section. 

Use a small amount of hardsurfacing alloy 
applied by welding, rather than using expensive 
material throughout the section. 

Welded Joint Design 
The type of joint should he selected primarily 

on the basis of load requirements. Once the type is 
selected, however, variables in design and layout can 
substantially affect costs. (See Section &.2.) 
Generally, the following rules apply: 

Select the joint requiring the least amount of 
weld filler metal. 

Where possible, eliminate bevel joints by using 
automatic submerged-arc welding, which has a 
deep-penetration arc characteristic. 

Use minimum root opening and included angle 
in order to reduce the amount of filler metal 
required. 
On thick plate, use double-grooves instead of 
single-groove joints to reduce the amount of 
weld metal. 

Use a single weld where possible to join three 
parts. 

Minimize the convexity of fillet welds; a 45O flat 
fillet, very slight!y convex, is the most eco- 
nomical and reliable shape. 
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Avoid joints that create extremely deep grooves. 

Design the joint for easy accessibility for 
welding. 

Size and Amount of Weld 
Overwelding is a common error of both design 

and production. Control begins with design, but 
must be carried throughout the assembly and weld- 
ing operations. The following are basic guides: 

Be sure to use the proper amount of welding - 
not too much and not too little. Excessive weld 
size is costly. 

Specify that only the needed amount of weld 
should be deposited. The allowable limits used 
by the designer include the safety factor. 

The leg size of fillet welds is especially import- 
ant, since the amount of weld required increases 
as the square of the increase in leg size. 

For equivalent strength, longer fillet welds 
having a smaller leg size are less costly than 
heavy intermittent welds. 
Sometimes, especially under light-load or 
no-load conditions, cost, can be reduced by using 
intermittent fillet welds in place of a continuous 
weld of the same leg size. 

To derive maximum advantage from automatic 
welding, it may be better to convert several 
short welds into one continuous weld. 

Place the weld in the section with the least 
thickness, and determir.e the weld size according 
to the thinner plate. 

Place the weld on the shortest seam. If there is a 
cutout section, place tlne welded seam at the cut- 
out in order to save on the length of welding. On 
the other hand, in automatic welding it may be 
better to place the joint away from the cutout 
area to permit the making of one continuous 
weld. 

Stiffeners or diaphragms do not need much 
welding; reduce the weld leg size or length of 
weld if possible. 

Keeping the amount of welding to a minimum 
reduces distortion and internal stress and, there- 
fore, the need and cost for stress relieving and 
straightening. 

Use of Subassemblies 
In visualizing assembly procedures, the designer 

should break the weldment down into subassemblies 
in several ways to determine which will offer cost 

savings. The following are points to note: 

Subassemblies spread the work out; more men 
can work on the job simultaneously. 

Usually, subassemblies provide better access for 
welding. 

The possibility of distortion or residual stresses 
in the finished weldment is reduced when the 
weldment is built from subassemblies. 

Machining to close tolerances before welding 
into the final assembly is permitted. If neces- 
sav , stress relief of certain sections can be 
performed before welding into the final 
assembly. 
Leak testing of compartments or chambers and 
painting before welding into the final assembly 
are permitted. 

In-process inspection (before the job has prog 
ressed too far to rectify errors) is facilitated. 

Use of Jigs, Fixtures, and Positioners 
Jigs, fixtures, and welding positioners should be 

used to decrease fabrication time. In planning assem- 
blies and subassemblies, the designer should decide 
if the jig is simply to aid in assembly and tacking or 
whether the entire welding operation is to be done 
in the jig. The considerations listed below are 
significant: 

The jig must provide the rigidity necessary to 
hold the dimensions of the weldment. 

Tooling must provide easy locating points and 
be easy to load and unload. 
Camber can be built into the tool for control of 
distortion. 

The operating factor can be increased by using 
two jigs, so that i: helper can load one while the 
work in the other is being welded. 

Welding positioners maximize the amount of 
welding in the flat downhand position, allowing 
use of larger electrodes and automatic welding. 

Assembly 
The assembly operations affect the quality of 

the welds and fabrication costs. Even though the 
designer may not have control of all the factors 
entering into good assembly procedures, he should 
be aware of the following: 

Clean work - parts free from oil, rust, and dirt 
- reduces trouble. 

Poor fitup can be costly. 



A joint can be preset or prebent to offset 
expected distortion. 

Strongbacks are valuable for holding materials in 
alignment. 

When possible, it is desirable to break the weld- 
ment into natural sections, so that the welding 
of each can be balanced about its own neutral 
axis. 

Welding the more flexible sections first facili- 
tates any straightening that might be required 
before final assembly. 

Welding Procedures 
Although the designer may have little control of 

welding procedures, he is concerned with what goes 
on in the shop. Adherence to the following guide- 
lines will help to effect the success of the weldment 
design: 

Welding helpers and good fixtures and handling 
equipment improve the operating factor. 

Backup bars increase the speed of welding on 
the first pass when groove joints are being 
welded. 

The use of low-hydrogen electrodes eliminates 
or redures preheat requirements. 

The welding machine and cable should be large 
enough for the job. 
The electrode holder should permit the use of 
high welding currents without overheating. 

Weld in the flat downhand position whenever 
possible. 

Weld sheet metal 4j” downhill. 

If plates are not too thick, consider the possi- 
bility of welding from one side only. 
With automatic welding, position fillets so as to 
obtain maximum penetration into the root of 
the joint: flat plate, 300 from horizontal; verti- 
cal plate, 60° from horizontal. 

Most reinforcements of a weld are unnecessary 
for a full-strength joint. 
Use a procedure that eliminates arc blow. 

Use optimum welding current and speed for best 
welding performance. If appearance is not criti- 
cal and no distortion is being experienced, 
usual speed frequently can be exceeded. 

Use the recommended current and polarity. 

Consider the use of straight polarity (electrode 
negative) or long stickout with automatic 
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welding to increase melt-off rata. 

On small fillet welds, a small-diameter electrode 
may deposit the weld faster by not overwelding. 

Distortion Control 
Distortion is affected by many factors of design 

and shop practice. Some points on shop procedures 
to control distortion of which the designer should 
be aware include: 

High-deposition electrodes, automatic welding, 
and high welding currents tend to reduce the 
possibility of distortion. 

The least amount of weld metal, deposited with 
as few passes as possible, is desirable. 

Welding should progress toward the unrestrained 
portion of the member, but backstepping may 
be practical as welding progresses. 

Welds should be balanced about the neutral axis 
of the member. 

On multipass douhle-V joints, it may be advis- 
able to weld alternately on both sides of the 
plate. 

Avoid excessive prestressing members by forcing 
alignment to get better fitup of the parts. 

Joints that may have the greatest contraction on 
cooling should be welded first. 

Cleaning and Inspection 
The designer, by his specifications, has some 

effect on cleaning and inspect.ion costs. He also 
should recognize the following shop practices that 
affect these costs: 

Industry now accepts as-welded joints that have 
uniform appearance as finished; therefore, do 
not grind the surface of the weld smooth or 
flush unless required for another reason. This is 
a very costly operation and usually exceeds the 
cost of welding. 

Cleaning time may be reduced by use of iron- 
powder electrodes and automatic welding, which 
minimize spatter and roughness of surface. 
Spatter films can be applied to the joint to 
reduce spatter sticking to the plate. Some elec- 
trodes and processes produce little or no spatter. 

Sometimes a slightly reduced welding speed or a 
lower welding current will minimize weld faults. 
Lower repair costs may result in lower over-all 
costs. 
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Overzealous inspection can run up welding costs; 
it is possible to be unreasonably strict with 
inspection. 

Inspection should check for overwelding, which 
can be costly, and can also contribute to 
distortion. 

WHAT THE DESIGNER NEEDS TO KNOW 

The engineer often becomes interested in welded 
design after he has been introduced to it by an iso- 
lated instance, such as the use of a steel weldment to 
solve an unusual vibration or shock-loading problem. 
The occasion starts him thinking more fully about 
the exploitation of welded steel. Perhaps, he recog- 
nizes that the performance of any member of a 
structure is dependent on just two basic factors - 
the properties of its material and the properties of 
its section. If a design is based on the efficient use of 
these properties, the weldment is certain to be func- 
tionally good and conservative of materials. 

When assigned to design a welded steel member, 
however. the engineer faces many questions. He 
needs to know how to select the most efficient sec- 
tion; how to determine its dimensions; whether to 
use stiffeners and, if so, how to size and place them. 

Working empirically from past experience was 
once thought to be the practical approach to welded 
steel design. This practice turned out to be self- 
defeating. Guesses and rule-of-thumb methods for 
selecting configurations and sections almost invari- 
ably resulted in excessively heavy designs and 
excessive costs for materials and fabrication. Not 
until such “practical” approaches were discarded 
and fabricators began to use designs based on mathe- 
matical calculation did the advantages of weldments 
come to the fore. Engineers then began to achieve 
truly efficient use of the properties of steel. 

The mathematical formulas for calculating 
forces and their effects on sections, and for deter- 
mining the sections needed for resisting such forces, 
appear quite forbidding to the novice. By proper 
approach, however, it is possible to simplify design 
analysis and the use of these formulas. In fact, it is 
often possible to make correct design decisions 
merely by examining one or two factors in an equa- 
tion, without making tedious calculations. On the 
whole, the mathematics of weld design is no more 
complex than in other engineering fields; it simply 
has not reached a comparable degree of 
formalization and use. 

The Design Approach - Part or Whole? 
Considerations other than the engineer’s wishes 

may prevail when, say, a machine is to be converted 
from cast to welded design. Management may favor 
the redesign of a part or two as a weldment, and 
conversion over a period of years to an all-welded 
product. Gradual conversion prevents the abrupt 
obsolescence of facilities and skills and eases tne 
requirement for new equipment. Capital and per- 
sonnel considerations often dictate that a company 
go slow when changing to welded design. Supple- 
menting these considerations is the need to maintain 
a smooth production flow and to test the produc- 
tion and market value of the conversion as it is made 
step by step. When the engineer can redesign a part 
to improve the existing machine or yield production 
economies, he is doing his company a service even 
though he may feel frustrated by the slowness of the 
conversion. 

From the standpoints of performance and ulti- 
mate production economies, redesign of the 
machine as a whole is preferable. The designer is 
unrestricted by the previous design, and in many 
cases is able to reduce the number of pieces, the 
amount of material used, and the labor for assem- 
bly. A better, lower-cost product is realized immedi- 
ately, and the company is in a position to benefit 
more fully from welded design technology. The 
benefits almost always include greater market appeal 
for the product. 

Selecting a Basis for Welded Design 
The redesign may be based on the previous 

design or on loading considerations solely. 
Following a previous design has the advantage of 

offering a “safe” starting point; the old design is 
known to perform satisfactorily. Starting from the 
old design, however, stifles creative thinking toward 
developing an entirely new concept to solve the 
basic problem. Little demand is made on the intelli- 
gence or ingenuity of the designer when he models 
his welded steel design on the previous cast-product. 
Tables of equivalent sections or nomographs can be 
used to determine the dimensions for strength and 
rigidity. 

A design based on the loading, however, puts the 
engineer on his mettle. He starts without precon- 
ceived notions. It is up to him to analyze what is 
wanted and come up with a configuration and selec- 
tion of materials that best satisfy the need. He must 
know or determine the value and type of load, and 
it will be necessary for him to decide on a value for 
stress ailowable in a strength design, or deflection 



allowable in a rigidity design. Formulas will be 
required for calculating both strength and rigidity. 

DESIGNING FOR STRENGTH AND RIGIDITY 
A design may require “strength only” or 

“strength plus rigidity.” All designs must have suffi- 
cient strengths so the members will not fail by 
breaking or yielding when subjected to usual oper- 
ating loads or reasonable overloads. Strength designs 
are common in road machinery, farm implements, 
motor brackets, and various types of structures. If a 
weldment design is based on calculated loading, 
design formulas for strength are used to dimension 
the members. 

In certain weldments such as machine tools, 
rigidity as well as st.rength is important, since exces- 
sive deflection under load would ruin the precision 
of the product. A design based on loading also 
requires the use of design formulas for sizing 
members. 

Some parts of a weldment are classed “no load,” 
.meaning that they serve their design function with- 
‘out being subjected to loadings much greater than 
,their own weight. Typical no-load members are 
-fenders, dust shields, safety guards, cover plates for 
:access holes, enclosures for esthetic purposes, etc. 
Xlnly casual attention to strength and rigidity is 
:requlred in their sizing. 

,Design Formulas 
The design formulas for strength and rigidity 

always contain terms describing load, member, and 
stress and strain. If any two of these terms are 
known, the third can be calculated. All problems of 
design thus resolve into one of the following: 

1. Finding the internal stress or strain caused 
by an external load on a given member. 

2. Finding the external load that may be placed 
on a given member for any allowable stress 
or strain. 

3. Selecting a member to carry a given load 
within a given allowable stress or strain. 

A load is a force that stresses a member. The 
result is a strain measured as elongation, contrac- 
tion, deflection, or angular twist. A useful member 
must be designed to carry a certuin type of load 
within a certain allowable stress or strain. In design- 
ing within the allowable limits, the designer should 
select the most efficient. mat.erial and the most 
efficient section size and shape. The properties of 
the material and those of the section determine the 
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ability of a member to carry a given load. 
The design formulas in use, developed for 

various conditions and member types, are much too 
numerous for inclusion here. In the following sec- 
tions, however, some are used to illustrate specific 
design problems. Reference material containing 
formulas applicable to problems encountered may 
be found in the Suggested Readings at the end of 
this section. Table 2-1 summarizes the components 
of design formulas. It should be noted that these 
components are terms that describe the three basic 
factors - load, member, and stress and strain. The 
symbols for values and properties normally used in 
design formulas are given in the table and in the list 
of symbols preceding this section. 

TABLE 2-l. COMPONENTS OF DESIGN FORMULAS 

Load 

? 

Member 

Property of maferial Propertv of section 

tensile strength, 0 area. A 

COmpresivB strength. D 
length. L 
mnment of inertia, I 

shear strength, T (stiffness factor in bending) 

fatigue strength 
Section modulus, S 

(strength factor in bending) 

modulus of elasticity (tension). E torsional resistance. R 
lstiffnersfactor in twisting1 

modulus of elasticity (shear). E, radius of gyration. r 

Stress and strain 

stress Strain 
I 

tensile stress, 0 

compressive stress. 0 

shear stress, 7 

resulting deformation, 
elongation ur ci)ntraction, E 

vertical deflecticn, A 
angular twist, 0 

The use of design formulas may be illustrated by 
the problem of ob&ning adequate stiffness in a 
cantilever beam. The problem obviously involves the 
amount of deflection at the end of the beam under a 
concentrated load (Fig. 2-l). The following 
deflection formula may be used: 

FL’ 
A= 3EI 

where F is the given load (force) that would cause 
deflection, A, and L is the given length of the beam. 
The “member” terms are E, the modulus of elasti- 
city - a property of the material-and I, the moment 
of inertia-a property of member cross-section. 
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Fig. 2-l. Deflection (A) of a cantilever beam under a concentrated 
load IFI. 

Since it is desirable to have the least amount of 
deflection, the equation makes clear that E and I 
should be as large as possible. The commercial 
material having the highest modulus of elasticity is 
steel, with a value of 30 x lo6 psi for E. The 
material thus picked, the only other factor requiring 
a decision relative to deflection is I, the moment of 
inertia. This, too, is a “member” factor - a property 
of section. Desirable, then, is a cross section having a 
moment of inertia large enough to hold A to a per- 
missibly small value. If the designer chooses a 
section with adequate moment of inertia, he will 
have satisfied the deflection requirement, whatever 
the shape of the section. 

It should be noted, however, that the designer’s 
task does not end with discovery that steel is the 
best material and that a large moment of inertia 
withtsteel is the key to minimizing deflection. He 
must decide what shape to use for the best design at 
lowest cost. Could a standard rolled section be used? 
Should it be a box section? What are the fabrication 
costs of sections with the largest moments of 
inertia? Will the design have sufficient horizontal 
stability? 

Loading 
As indicated in Table 2-1, there are five basic 

types of loads - tension, compression, bending, 
shear, and torsion. Whatever the type of load, when 
it is applied to a member, the member becomes 
stressed. The stresses cause strains, or movements, 
within the member, the extents of which are gov- 
erned by the modulus of elasticity of the material. 
The modulus, E, is defined as the ratio of s:ress to 
strain and is a constant value within the elastic limit, 
which for practical purposes may be regarded as the 
same as the yield point. Since a load always produces 
stress and strain, some movement always occurs. 

Tension Loading 
Tension is the simplest type of loading. It sub- 

jects the member to tensile stresses. Figure 2-2 

F 
+-I I-@ F 

Fig. 2-2. Bar under simple axial tension. 

shows a bar under simple axial tension. Here, there 
is no tendency for the bar to bend. If the force 
should be applied to a curved or deformed bar as in 
Fig. 2-3(a), a moment arm would result. The same 
condition exists when an eccentric load is applied to 
a straight bar. The axial tensile stress causes axial 
st,rains that tend to make the member elongate. The 
secondary bending stress causes strains that tend to 
make the member bend, but, in the case of a tensile 
force, the bending is in a direction that tends to 
reduce the initial eccentricity, as in Fig. 2-3(c). 
Thus, the bending moment tends to reduce itself, 

F 
F 

-_ 
-----____ 

- .- _ 
-I+ ---TE ________-- -T=-- 

la’ u 
moment arm 

) 
(Ccl 

Fig. 2-3. la) Tensile forces applied cm a curved bar result in bending 
moment diagram as shown in Ibl. ICI bending moments tend tocause 
bar tu move in the direction show,. thus reducing curvature. 
llllustration exaggerates mwementl. 

resulting in a stable condition. There is no danger of 
a tensile member buckling. Any shape, therefore, 
can suffice for tensile members. The only require- 
ment is adequacy in the cross-sectional area, A. 

Compression Loading 
A compression force, however, requires design- 

ing against buckling. Very few compression mem- 
bers fail by crushing, or exceeding their ultimate 
compressive strength. If a compression member, 
such as the column in Fig. 2-4(a), is loaded through 
its center of gravity, the resulting stresses are simple 
axial compressive stresses. Because of its slenderness 
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(usually measured by the ratio of its unsupported 
length to its least radius of gyration), the column 
will start to move laterally at a stress lower than its 
yield strength. This movement is shown in Fig. 
2-4(b). As a result of this lateral movement, the 

I 

Fig. 2.4. (a) Straight column with concentric load: lb1 with increased 
loading, column tends 10 move laterally; (cl bending lnoment diagram 
ss a result of lateral movement; Id) additional buckling a: a resulf of 

ibending moment. 

-‘central portion of the column is then eccentric with 
i the axis of the force, so that a moment arm 
:develops. This causes a bending moment - Fig. 
:2-4(c) - on the central portion of the column, with 
:;:resulting bending stresses. The bending stresses cause 
‘, bending strains, and, as seen in Fig. 2-4(d), these 
strains cause the column to buckle more. This in 
,turn creates additional eccentricity, a greater 
moment arm, more moment and still further lateral 
movement. Finally a point of no return is reached, 
and the column fails. 

----- ___ 

I 

T ‘x Y--- -Lx TX = r k A 

I 
rv= * 
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Fig. 2.5. Radius of gyration about the x.x and y-y axes of a column. 

Two properties of a column section - area, A, 
and radius of gyration, r - are important to COIX- 
pressive strength. Area is irrportant because it mist 
be multiplied by the allowable compressive stress to 
arrive at the compressive load that can be car&d. 
The radius of gyration is important because it indi- 
cates to a certain extent the ability of the section to 
resist buckling. The radius of gyration is the distance 
from the neutral axis of the section to an imaginary 
line (Fig. 2-5) in the cross section about which the 
entire section could be concentrated and still have 
the same moment of inertia that the section has. 
Since the worst condition is of concern in design 
work, it is necessary to use the least radius of gyra- 

tion. Thus, since r = I 
d-- 

x , it is necessary to use the 

smaller of the two moments of inertia about the x-x 
and y-y axes to get radius of gyration used in the 
slenderness ratio. 

r 
TABLE 2-2. ALLOWABLE COMPRESSIVE STRESS (AISC 

I 
- 

Range 0‘ Averege Allowable 

c, to 200 

I 

149 x lo6 

o = (KL)Z 

1 where: 
282 E cc= T-- - (3 

and Fs = 5 l 49 -- 

0” 3 8% bc3 c 

The design of a compression member or column 
is by trial and error. A trial section is sketched and 
its area, A, and the least radius of gyration, r‘, are 
determined. A suitable column table will give the 
allowable compressive stress for the particular 

slenderness ratio (‘;>. This allowable stress is then 

multiplied by the area, A, to give the allowable total 
compressive load that may be placed on the column. 
If this value is less than that to be applied, the 
design must be changed to a larger section and tried 
again. Table 2-2 gives the American Institute of 
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Fig. 2-6 

Steel Construction column formulas, and Fig. 2-6 
gives allowable compressive stresses with various 

slenderness ratios, + . 

stress at any point in the cross section of a straight 
beam (Fig. 2-8) may be found by the formula: 

Bending Loading 
Figure 2-7 illustrates bending. When a member is 

loaded in bending, it is assumed that the bending 
stresses are zero along the neutral axis and increase 

Slenderness Ratio, (L/r) 

*(I II- Compession 
1 

Neutral aMs 
_____----- 

-1 0 I- Tension 1 

Fig. 2-7. Bending of a beam with uniform loading. 

linearly, reaching a maximum value at the outer 
fibers. For a straight beam, the neutral axis is the 
same as the center of gravity. On one side of the 
neutral axis, tensile stresses are present; on the other 
side, there are compressive stresses. These stresses at 
a given cross section are caused by the bending 
moment at that particular section. The bending 

Fig. 2-8. Bending street at any point (cl in the cross section of a 
straight beam may be readily calculated 

where M is the moment at that point and cd is the 
distance from the neutral axis to the point in 
question. 

In most cases, the maximum bending stress (Fig. 
2-9) is of greater interest, in which case the formula 
becomes: 

L 

MC (I =- 
I 

(Jr =l!!- 
S 

1 ._--- ---- i- 
L neutral axis 

Fig. 2.9. Maximum bending stress in the outside fibers lcl of a beam I! 
of QE&r interest. 



where C is the distance from the neutral axis to the 
outer fiber and 8 is section modulus. 

As the bending moment decreases along the 
ength of the beam toward its end, the bending 
tresses in the beam also decrease. This means the 
bending force in the flange is decreasing as the end 
If the beam is approached. If a short length of the 
ension flange within the beam is considered, as 
hown enlarged in the inset above the beam in Fig. 
!-lo, a difference in the tensile forces at the two 
!nds is found to exist. 

rig. Z-10. Tensile forces existing in the flange of a beam under load. 

How can a tensile force at one end of a plate be 
lifferent from that at the other end? The answer is 
;hat some of the tensile force has transferred out 
sideways as shear. This means that, whatever the 
lecrease in the tensile force in the flange, there is a 
:orresponding shear force between the flange and 
;he web through the fillet welds joining the two 
;ogether. The same thing happens on the upper 
Yange, which is in compression. The decrease in 
tensile force in the lower flange transfers out as 
ihear up through the web to the other flange and 
nakes up for the decrease in compression in this 
3ange. 

?hear Loading 
Figure 2-11 illustrates the shear forces in the 

,veb of a beam under load. They are both horizontal 
md vertical and create diagonal tension and diagonal 
:ompression. Tension is not a problem, since there is 
.ittle chance of the tensile stress reaching a value 
sigh enough to cause failure. If the diagonal com- 
pression reaches a high enough value, however, the 
web could buckle. For this reason, structural codes 

The Systems Approach To Welded Design 2.1-11 

/ 

Load 

111111111111111 
II 1 II 

Diagonal Diagonal 
Tension Compression 

Fig. Z-11. Shear forces in the web of a beam under load 

limit the shear stress in the web of a beam; there is a 
possibility of the web buckling, especially if it is 
very deep or very thin. 

The unit shear force on the fillet welds joining 
the flanges of the beam (Fig. 2-12) to the web can 
be calculated from the formula: 

-T 

f=V --- --- A- In 

Fig. Z-12. Shear force on the fillet welds connecting the flanges of a 
beam to the web may be calculated by the formula for If). 

where 
V = external shear force on the member at 

this cross section 
a = area held by the connecting welds 
Y = distance between the center of gravity of 

the area held by the welds and the 
neutral axis of the whole section 

I = moment of inertia of the whole section 
about the neutral axis 

n = number of welds used to hold this srea. 
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WL> 
At center, Mmax = yg- 

M, =y (L-x) 

M 
At center, lmax = $$=& 

3x = $f& (L”-2Lx2 +x3) 

moment 
At ends, & 

’ = 24EI 

Fig. 2.15. Typical beam problem. solvable with nomographs in Figures 2-13 and 2~14 
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This welded stee! machine base was designed to replace a cast iron base. 

A. common bending problem in machinery 
design involves the deflection of beams. Beam for- 
mulas found in many engineering books and nomo- 

,graphs, such as those shown as Figs. 2-1.3 and Z-14, 
are useful for quick approximations of the deflec- 

: tion with r~~mmon types of beams and loads. An 
,,,example of a typical beam problem, aiong with 
:, applicable formulas, is shown as Fig. Z-15. 

To satisfy strength and stiffness requirements, 
“beams should be deep. What was said about a com- 
,pression member or column can also be said about 
the compression flange of a beam. It is imp ‘rtant 

& that its shape be such that it will not buckle asily; 
it should not be too wide and too thin. It should 
have proper lateral or horizontal support, and the 
compressive bending stresses must be held within 
allowable values. It has been found, in testing, that a 
beam initially fails because the compression flange 
rotates, thus causing the web to which it is attached 
to bend outward also and start to buckle, as 
sketched in Fig. 2-16. Fortunately, most beams have 

web buckles 

Fig. 2-16. Mode of initial failure of beam in compression flange. 

stabilizing members such as crossbeams or flooring, 
attached to them, and these provide lateral support 
against buckling. The lower flange, which is not 
supported, is usually in tension and thus not a 
source of buckling problems. 

Torsional Loading 
Torsion - the fifth type of loading - creates 

problems in the design of bases and frames. A 
machine with a rotating unit subjects its base to 
torsional loading. This becomes apparent by the 
lifting of one corner of the base when the base is not 
bolted down. 

If torsion is a problem, closed tubular sections, 
as in Fig. 2-17, or diagonal bracing should be used. 
Closed tubular sections can easily be made from 
existing open channel or I sections by intermittently 
welding flat plate to the toes of the rolled sections, 

Fig. 2-17. ia) Use of closed box sections to resist torsion; Ibl use Of 
diagonal bracing to resist torsion. 
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thus closing them in. This will increase the torsional 
resistance several hundred times. An existing frame 
may be stiffened for torsion by welding in cross 
bracing at 450 to the axis of the frame. This also 
increases the torsional resistance by several hundred 
times. 

c 

// 
wI-L 

+ 

Fig. Z-18. Cross-seciional dimensions of flat section whose torsional 
resistance, R. is to be determined. 

.~ ,_ 

The torsional resistance of an open section is 
very poor. The torsional resistance of a built-up sec- 
tion is approximately equal to the sum of the 
torsional resistances of the individual flat parts that 
make up the member. The torsional resistance of a 
flat section, as shown in Fig. 2-18, may be 
approximated by the formula: 

where 
R = torsional resistance 
W = width of the flat section 
t = thickness of the flat section 

r Table 2-3. Anales of Twist I 

all 
loading* 
identical 

Conventional 
method 

J 
lmlar moment 

of inertia 

Method using 

I? 
Torsional 
Resistance 

AL?“& 
twist 

21.8O 

2?0 

Table 2-3 shows the results of twisting a flat 
section, as well as a small I-beam made of three 
identical plates. Calculated values of twist by using 
the conventional polar moment of inertia, J, and 
torsional resistance, R, are compared with the actual 
results. This shows the greater accuracy obtained by 

using the much simpler method - calculating with 
torsional resistance, R. 

No appreciable gain in torsional resistance 
beyond that of the sum of the resistances of indi- 
vidual members occurs until the section is closed. 
When a flat piece of 16-gage steel was tested for 
torsional resistance under a given load, it twisted 9 
degrees. When formed into a channel, it twisted 
9-l/2 degrees; and when a similar piece was rolled 
into an open-seam tube, the measured twist was 11 
degrees. Closed sections made from the same width 
of material gave, however, torsional resistances from 
50 to 100 times as much. 

Table 2.4. Ansle of Twist of Various Sections 

all 
loadings 
identical 

Conventional 
method 

J 
polar mome”r 

of inertia 

Method using 

R 
Torsional 

Resistance 

Actual 
twist 

.06” 

too 
small to 
measurf 

Table 2-4 shows the calculated values of twist by 
lusing the conventional polar moment of inertia, J, as 
well as the torsional resistance, R. The actual values 
are also shown. Again, this shows the greater accur- 
acy obtainable by using the torsional resistance, R. 

The torsional resistance of a frame whose length- 
wise members are two channels (Fig. 2-19) would be 

Fig. 2-19. Framez made of two channels Ial or Wo box sections lb) 
show greatly increased torsional resistance. 
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R = 4 b’ d’ 
b 2d b 

t,+-c+i; 

-b-.-d 

R= 4b2d2 
b+Zd b 

- f-r t 

stress at G of b 

‘R = 2tb2d2 
b+d 

Fig. 2-20. Torsional properties. R. of close3 tubular sections. 

approximately equal to twice the torsional resist- 
a&e of each channel section. For the purpose of 

‘,this example, the distance between these side mem- 
bers is considered to have no effect. Since the closed 
section is best for resisting twisting, the torsional 
resistance of a frame can be greatly increased by 
making the channels into rectangular box sections 
through the addition of plates. 

Once the torsional resistance of an open section 
has been found, the angular twist may be calculated 
by the formula: 

ml 
e = L!!- 

E,R 
where E, equals modulus of elasticity in shear. This 
formula would also be used for a round shaft. 

In the formula for angular twist, in the following 
formulas, and in Fig. 2-20, the following terms are 
used: 

A = area enclosed within mean dimensions 
(dotted line) (in.* ) 

d, = length of particular segment of section 
(in.) 

t s = corresponding thickness of section (d,) 
(in.) 

7, = shear stress at point (s) (psi) 
R = torsional resistance, (in.’ ) 
T = torque (in.-lb) 
E, = modulus of elasticity in shear (steel = 

12,000,OOO psi) 
e = total angular twist (radians) 
@ = unit angular twist (radians/in.) 
L = length of member (in.) 

a,b & d = mean dimensions of section (in.) 
r = radius of section (in.) 

Each part of an open section will twist the same 
angle as the whole member. The unit angular twist, 
@, is equal to the total angular twist divided by the 
length of the member. 

Knowing the unit angular twist, it is possible 
with the following formulas to find the resulting 
shear stress on the surface of the part. 

7 = @ tE, = F 

The torsional resistance of any closed tubular 
shape (Fig. 2-21) can be determined by drawing a 
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Fig. Z-21. Torsional resistance of any closed tubular section can be 
calculated by determining mean dimensions and dividing the Section 
into convenient lengths. 

dotted line through the midthickness all the way 
around the section. The area enclosed by the dotted 
line, or mean dimension, is A. Divide this section 
into convenient lengths. The ratio of these indi- 
vidual lengths divided by their corresponding thick- 
nesses is determined and totaled. Torsional 
resistance is then obtained from the relation: 

1 M 

Bending on Edge 

Fig. 2-23. Strip of steel on edge shows exceptional resistance to 
bending loads. 

Fig. 2-24. (a) Frame with cross ribs shows little resistance againSt 
twisting; Ib) diagonal bracing offersexceptional resistance to bending 
and to twisting of the entire frame. 

transverse shear 

Fig. Z-25. Transverse and longitwiinal shear stresses in a frame under 
torsion. 

transverse 

Fig. 2-26. Transverse and longirudinal shear stresses in a frame with 
diagonal bracing. 

Figure 2-20 gives formulas for calculating the 
torsional resistance of various closed tubular sec- 
tions. Since most sections resolve themselves into 
three or four flat plates, the work required to deter- 
mine the torsional resistance is greatly simplified. 

Diagonal bracing is very effective for preventing 
twisting. Why is this so? There are several ways to 
explain the effectiveness of diagonal bracing. A 
simple explanation arises from an understanding of 
the direction of the forces involved. 

A flat strip of steel (Fig. 2-22) has little resist- 
ance to twisting, but when set on edge has 
exceptional resistance to bending loads (Fig. 2-23). 

Consider that a base or frame under torsion has 
two main stresses: transverse shear stress and longi- 
tudinal shear stress. Any steel panel will twist if 
these stresses are acting at right angles to its axis 
(transverse), Fig. 2-25. 

A frame with cross ribs does not have a great 
deal of resistance against twisting. This is because, as 
shown in Fig. 2-24(a) the longitudinal shear stress i.s 
applied normal or transverse to the rib, producing 
torque, and under this torque it will twist just as the 
flat piece of steel seen in Fig. 2-22. 

A consideration of the action of the stresses on a 
steel panel with 45O diagonal bracing, Fig. 2-26, 
reveals an entirely different set of conditions. If 
these shear forces are broken down into their two 
components, parallel and transverse to the brace, the 
transverse components cancel out and eliminate the 
twisting action. The parallel shear components act in 



,e same direction to place one edge of the brace in 
nsion and the other edge in compression, hence 
.e diagonal brace is subjected to a bending action, 
hich it is capable of resisting, and thus the diagonal 
acing greatly st,iffens the frame. 

ransfer of Forces 
Loads create forces that must be carried through 

le structure the engineer is designing to suitable 
.aces for counteraction. The designer needs to 
now how to provide efficient pathways. 

One of the basic rules is that a force applied 
‘ansversely to a member will ultimately enter that 
ortion of the section that lies parallel to the 
?plied force. 

Fig. 2-27. Lug welded parallel to the length of a beam 

Figure 2-2’7 shows a lug welded parallel to the 
mgth of a beam. The portion of the cross section of 
ae beam that lies parallel to the applied force - and 
nus receives that force - is the web. The force in 
ne lug is easily transferred through the connecting 
relds into the web. and no additional stiffeners or 

,x --_. _--_ 
ig. 2-26. Lug welded at right angles to the length of a beam Cleft); 
xce causes flange to deflect (right). 
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attaching plates are required. Suppose, however, 
that the lug were welded to the beam flange at right 
angles to the length of the beam. The condition 
shown in Fig. 2-28 then exists: the outer edges of 
the flange tend to deflect, and the small portion of 
the weld in line with the web is forced to carry an 
excessive amount of load. 

To prevent this 
situation, two stiffeners 
might be welded inside 
the beam in line with the 
lug (Fig. 2-29). This will 
result in an even distribu- 
tion of force through the 
welds and through the 
lug. The stiffeners keep 
the bottom flange from 
bending downward, 
thereby providing a uni- 
form transfer of force 
through the weld. Since 
this force enters the web 
of the beam, there is no 
reason for welding the 
stiffener to the top 
flanges. The three welds 
(a), (b), and (c) must all 
he designed to carry the 

Fig. 2-29. Stiffeners welded in- 
side the beam in linewith lug of 
Fig. 2-28. applied force, F. 

If for some reason, the force is to be applied 
parallel to the flanges, it would not be sufficient to 
simply attach the lug to the web of the beam. This 
would cause excessive bending of the web (Fig. 
2-30) before it would load up and be able .io transfer 
the force out to the flanges. In such a situation, the 
lug could be welded into the beam, as in Fig. 2-31, 
to act as a stiffener, welding to the flanges only 

Fig. 2-30.Force applied to web of beam. parallel to flanges, causes 
excessive bending. 
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1 F 
Fig. 2.31. Lug welded to flanges as shown ro prevent bending of web. 

flanges only would be adequate, since no force is 
transferred to the web. 

For larger loads, it might be necessary to use a 
stiffener above the web (Fig. 2-32). In this case, 
both stiffeners would be welded to the web as well 
as the flanges, since the top stiffener could be 
loaded only through the welds along the web. 

Fig. Z-32. Stiffener used above the web and welded, as shown. to 
handle larger loads. 

Diagonal Bracing 
In designing braces, one must be careful to avoid 

conditions that permit initial movement before the 
brace loads up. Figure 2-33 shows diagonal bracing 
made with bent plate. This looks substantial, but the 
bracing will actually permit some initial twisting of 
the frame. The reason is brought out by the sketch 
of the intersection. There is a jog in the dotted line 
through the center of the diagonal bracing, at the 
intersection. Under load, tensile forces tend to 
straighten out one centerline and compressive forces 
cause additional bending in the other. The result is 
that some initial movement of the braces occurs, 
with twisting of the whole frame before the diagonal 
braces load up. Diagonal braces should always 
intersect without bends. 

Fig. 2-33. Diagonal bracing made with bent plate (tap); enlarged view 
of intersection of diagonal bracing. showing jag (bottoml. 

Any time a force changes direction, a force com- 
ponent is involved. Figure 2-34 shows a knee of a 
rigid frame. The compressive force in the lower 
flange must change direction as it passes into the 
other flange. To accomplish this, a diagonal stiffener 
is placed at the intersection of the two flanges. The 

Fig. 2-34. Knee of rigid frame. 

diagonal force component passes up through the 
diagonal stiffener and becomes the force component 
that is also required to change the direction of the 
tensile forces in the upper or outer flange. Since the 
force changes direction at a single point, only one 
diagonal is needed. 

THE DESIGN PROCEDURE 

When the engineer has acquired a basic under- 
standing of the design approach, the many design 
and shop factors that should be taken into account, 
the types of loading he is to deal with, and the use 
of formulas, he is ready to proceed with his design. 
Before applying the various formulas, the problem 
itself should be carefully analyzed and clearly 
defined. Many uneconomical and unacceptable 
designs often result from incorrect definitions. 



The Systems Approach To Welded Design 2.1-21 

about the horizontal x-x axis, (I,). The solution for 
this condition would probably call for a beam more 
nearly square in cross section. 

Fig. 2-35. Schematic of automatic welding head Cleft); cross section of 
boom (right). 

The design procedure may be illustrated by con- 
sidering the case of a fabricating plant that has set 
up an automatic welding head on a boom, under 
which the work moves on a track. At a later date, it 
becomes necessary to extend the length of the boom 
so that larger workpieces can be handled (Fig. 2-35). 

Defining his problem, the engineer recognizes a 
simple cantilever beam with a concentrated load at 
the outer end. The weight of the automatic welding 

: head with its wire reel and flux constitutes the type 
i;‘and amount of loading. This load will produce ver- 
;j,tical deflection, which he arbitrarily decides should 
%,, z,; not exceed l/S inch. Even though there is no known 
$,,,horizontal force applied to the beam, he assumes 
@hat he should design for a horizontal force of about 
s;;one quarter the vertical force. 
(,;~; ,: ;;‘, At this stage the problem is fairly well described. 
i$I,The engineer considers the possible use of a rolled 
:::,‘I beam of adequate size, a box beam built entirely 
,,, from plate, and a box beam made by welding two 
‘, channels together toe-to-toe. He selects the latter 

and creates an economically feasible box section 
with depth greater than width as shown in Fig. 2-35. 

Was the redesigned welding head done in the 
best possible way? When it is.mounted at the end of 
the new boom, the boom deflects downward l/8 in. 
- just as planned - and there it will remain until it 
is replaced or moved to another location. Perhaps 
the real design problem in this instance (the one that 
was entirely overlooked) concerns movement of the 
welding head during welding. This can be caused by 
accidental bumping, or possibly by a crane passing 
overhead that shakes the building framework. 

If this is the case, then, it becomes apparet 
from investigation that the electrical circuitry of the 
welding head automatically compensates for limited 
vertical movement along the y-y axis. Horizontal 
movement cannot be tolerated, however, since it 
produces poor bead appearance and can affect the 
strength of the weld if penetration along the 
centerline of the joint is important. Obviously the 
box section configuration in Fig. 2-35 is the wrong 
design for this situation since the moment of inertia 
along the vertical y-y axis (IY ) is much less than that 

Material Selection 
In this case - as in most cases with machine 

members - there was no question about material 
selection. Steel was the obvious material. In other 
instances, after the problem has been defined and 
load conditions established, it may be necessary to 
select the best material. Sometimes the designer 
must establish whether he has a strength problem or 
a rigidity problem and pick the material that meets 
his needs most economically. 

Here, it is easy to be led astray by wrong 
premises. One machine tool company experimented 
with bases of different steels under the assumption 
that a higher strength steel ought to give a more 
rigid base. Company engineers were surprised to 
observe that all the steels tried gave the same deflec- 
tion under the same~ load. Had they known that the 
property of a material that indicates its relative 
rigidity is its modulus of elasticity - and that all 
steels have the same modulus and thus the same 
rigidity - needless experimentation would have 
been avoided. 

Another company was experiencing a deflection 
difficulty with a lever that operated at very high 
speeds. The engineers reasoned that the forces were 
due mainly to inertia, and decided that, if a lighter 
metal could be used, the mass would be decreased. 
The inertia formula is: 

F = ma 

This in turn would decrease the inertia and reduce 
the deflection. They had a new lever made from 
aluminum for testing. At this point, it became 
relevant to use the following formula for 
mathematical analysis: 

A = w andF=ma 

KmaL3 therefore A= EI 

Where A = deflection 
K = beam constant 
m = mass 
a = acceleration or deceleration 
E = modulus of elasticity (tension) 
I = moment of inertia 
L = length 

Since the respective densities of aluminum and 
steel are 0.100 and 0.284 lb/in.3 and the respective 
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moduli of elasticity are 10.3 x lo6 and 30 x lo6 psi, 
inserting the ratios of these values (aluminum to 
steel) into the above deflection formula, one 
obtains: 

*alumi”“m = (1) e% UT- *Steel 

( ‘“;i = $) (1) 

Aaluminum = 1.03 Asteel 

Thus, an aluminum lever designed for equivalent 
rigidity would actually have a deflection 1.03 times 
that of a steel lever. The lower modulus of elasticity 
of aluminum canceled out its lower weight 
advantage. 

Another possible solution for the deflection 
problem involved seeing if a different section might 
be used. The deflection formula was put in a slightly 
different form: 

A = KAdaL4 where A = cross-sectional area 
EI d = density 

Recalling that property of material and property 
of section determine. the performance of a member, 

it is noted that d E m the formula is a material prop- 

erty. This means that for low deflection , *should be 
as small as possible. Neither aluminum nor mag- 

nesium would give a value of -$ significantly differ- 

ent from that of steel. This observation confirms the 
fact that material selection in this example will have 
no effect on deflection. 

Turning away from this hopeless approach, it is 

noted that + in the deflection formula is a property 

of section. For minimum deflection, &his ratio 
should be minimal. Or, the ratio could be inverted 
to give the opposite of deflection, namely stiffness. 

A ratio of i should therefore be as great as possible. 

This ratio states that a high value for moment of 
inertia, I, and a small area, A, are desirable. 

Knowing also that the square root of iis the 

radius of gyration, r, the ratio becomes: 

I -= 
A r2 

This means that a section having a high radius of 
gyration should have high stiffness for this inertia 
load. Cutting holes in the lever along its neutral axis 
(Fig. 2-36) will reduce area, A, at a faster rate than 

Fig. 2-36. Redesign of lever iieft) consisted of cutting holes along 
neutral axis (right) to reduce sectional area, thusdecreasing deflection 
under inertial forces. 

it reduces moment of inertia, I, thus increasing the 
radius of gyration and decreasing deflection under 
the inertial forces. That this function actually occurs 
becomes increasingly credible when it is noted that 
it also amounts to reducing the mass in the formula 
F = ma (the original line of reasoning when alumi- 
num was considered for the lever) without 
decreasing stiffness, I, to any great extent. 

REDESIGN BY EQUIVALENT SECTIONS 

When converting from a casting to a weldment, 
the engineer can avoid complicated computations by 
using tables of equivalent sections. Tables 2-5 and 
2-6 are presented for this purpose. A three-step 
procedure is used: 

1. Determine the type of loading under the 
basic requirements of strength or rigidity for 
each member. 

2. Determine the critical properties of the 
original cast members with respect to the 
loading. The ability of the member to with- 
stand loading is measured by properties of 
its cross section, such as - 

A = area of cross section 
I = moment of inertia 
S = section modulus, for strength in 

bending 
R = torsional resistance 

3. Use equivalent tables to find the corres- 
ponding values in steel. It is necessary only 
to multiply the known properties of the 
casting by the factor obtained from the 
appropriate table to get the corresponding 
value in steel. 
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TABLE Z-5. EQUIVALENT RIGIDITY FACTORS 
Compression 

STEP 1 -- Determine Short Long 
the Type of Loading Tension Cot”mn COl”lll” Bending Torsion 

STEP 2 - Determine 
this property of the 
cast member. 

P&r 
AWd Area tVlOflX”t Moment Moment 

of Inertia of Inertia of Inertia 
A A I I J 

STEP 3 i MultitW the above wsxrtv of the cast member by the following factor 
livalent v&e ior to se; the equ 

EQUIVALENT FACTORS 
Grey I ran ASTM 20 40% 

ASTM 30 50 
ASTM 40 63 
ASTM 50 67 
ASTM 60 70 

Malleable A47-33 35018 83 
A47-33 32510 83 

Meehanite Grade GE 40 
Grade GO 48 
Grade GC 57 
Grade G8 60 
Grade GA 67 

Cast Steel 1.10 - .ZO%Cl 100 

Magnesium Alloys 22 

Aluminum Alloys 34 

e,. f 

40% 
50 
63 
67 

r 

70 

83 
83 

40% 40% 40% 
50 50 60 
63 63 63 
67 67 67 
70 70 70 

83 
83 

100 
100 

40 

1 

48 
57 
60 
67 

100 

22 

34 

40 
48 
57 
60 
67 

100 

22 

34 

EC 
Is=,lc 

s 

83 
83 

40 
48 
57 
60 
67 

100 

22 

34 

40 
48 
57 
60 
67 

100 

20 

32 

% 
A, =FA~ 

s 
L 

EC 
A, =r A, 

s 

Subscript “s” is for steel: “c” is for casting 

EC EC 
I =--I 
s EsC 

J, = rJC 
s 

- The factor. above are based on published “alues of moduli of elasticit” 

The following example illustrates thr- use of 
equivalent sections by presenting the problem of 
redesigning the cast-iron (ASTM 20) base shown in 
Fig. 2-3’7 as a steel weldment. 

It is desirable that the welded-steel base be as 
rigid or even more rigid than the case-iron base. 
Since it is subject to bending, its resistance to 
bending must be evaluated. 

The property of a section that, indicates its 
resistance to bending is the moment of inertia, I. A 

Fig. Z-37. Original c&iron machine base, ASTM 20 14900 lbsl 

complete cross-sectional view through the cast base 
is needed. In the view obtained from the pattern 
print (Fig. 2-38), the shaded areas indicate the sec- 
tions that run continuously through the base, acting 
to resist bending. The moment of inertia, I, about 
the horizontal and neutral axis must be obtained by 

Fig. 2.38. Pattern print cross Section through cas?-iron machine 
base in Fig. 2-37. 
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TABLE 2-6. EQUIVALENT STRENGTH FACTORS 

Compression 
STEP 1 - Determine Short 
the Type of Loading Tension Cd”lll” Bending Torrion 

STEP 2 - Determine P&r 
this property of the Section Section 
cast member Area Area Modulus Modulus 

A A s 
.I 

c- 
- STEP 3 Multiply the above property of the cast member by the 

following factor to get the equivalent value for steel.’ 

EQUIVALENT FACTORS 
Grey Iron ASTM 20 21% 94% 21% 28% 

ASTM 30 31 123 31 42 
ASTM 40 42 136 42 56 
ASTM 50 52 156 52 70 
ASTM 60 63 167 63 83 

Malleable A47 - 33 35018 68 68 76 
A47 - 33 32510 54 54 70 

Meehanite Grade GE 31 125 31 42 
Grade GD 36 136 36 49 
Grade GC 44 164 44 58 
Grade GB 49 174 49 64 
Grade GA 57 199 57 73 

cast Steel I.10 - .ZO%C) 75 75 75 75 

Magnesium H-alloy. AZ63, 
T6. HTA 50 50 50 33 

C-alloy, AZ92. 
T6, HTA 50 50 50 37 

Aluminum 195 T4 40.0 40.0 40.0 43.3 
Sand T6 45.0 45.0 45.0 50.0 
Castings 220 T4 57.5 57.5 57.5 55.0 

355 T6 43.7 43.7 43.7 46.6 
T7 47.5 47.5 47.5 46.6 

356 T6 41.2 41.2 41.2 43.3 
T7 42.5 42.5 42.5 40.0 

oc % 
A,= -A, 

% 
A, = - A, 

0s 
s, = ;sc (.g;A(;)c 

Subscript “s” is for steel: “c” is for casting 

l The factors above are based on published values of tensile. compressive. and shear strength, 
using a safetv factor of 3 for mild steel and from 4 to 4.8 for the cast materials, depending 
upon dudili;y. 

calculation; or a ruler specially designed for this pur- 
pose may be used as in Fig. 2-39.* The moment of 
inertia of the casting, I,, is found to be 8640 in.4 

Table 2-5 shows that the factor for steel replac- 
ing an ASTM 20 grey cast-iron in bending is 40% of 
the moment of inertia, I,, of the casting. Hence, I, = 
0.40 I, = 3456 in.“ 

The problem now is to build up a welded-steel 
section within the outside dimensions of the cast 
section having a moment of inertia equaling 3456 

* For a complete discussion of this method see “LkSi8” Of Weld- 
men&” by Omer W. Blodgett. J.F. Lincoln Arc Welding Foura3tion 
~1963). 

Fig. 2-39. Obtaining the moment of inertia about the horizontal 
neutral axis of tk cast-iron machine base with special I rule. 
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Fig. 2-40. Suggested redesign of cast-iron machine base in Fig. 2-37. 
for welding. 

in.4 The dimensions and location of the two top 
flange plates must be retained; the design must lend 
itself to the most economical fabrication methods. 

The design in Fig. 2-40 is suggested. Its moment 
,‘of inertia is quickly found by the method known as 
?adding areas.” Its value is found to be 6280 in.4 , or 
,l.S times as rigid as the cast-iron base. 

Once the cross section of the steel base has been 
;;designed, other less important components of the 
:$a& base are converted to steel. Figure 2-41 shows 
,j$he final weldment, which has 1.8 times the rigidity 
-.but weighs 49% less and costs 38% less. 

Fig. 2-41. Fina! design of welded~steel machine base 12500 lbsi 

Use of Nomographs in Conversions 

When the same section and over-all dimensions’ 
can be used, the conversion to steel is simplified 
even further by the use of nomographs. Figure 2-42 
shows a single-ribbed cast motor base in ASTM 20 
grey iron, 30 in. wide, 60 in. long, and 6 in. deep. 
The conversion may be ~accomplished in accordance 
with the following considerations: 

1. The cast base performed satisfactorily in 
service. The design problem is one of rigidity 
under a bending load. 

Fig.2.42. Original cast-iron motor base (681 Ibsl 

9 

1 
Construct line from “A” = 518” to ‘3” = NO. 20 cay ,ron 

read “c” = 114” fhlCI( see1 

Fig. 2-43. Nomograph for determining required thickness of steel 
sewon for rigidity equal to cast seption 

2. In a rigidity design, there must be sufficient 
moment of inertia to resist a bending load. 
When the shapk of the cross section as well 
as over-all dimensions remain the same, the 
moment of inertia may be assumed to vary 
as the specified thickness of the sides and 
top - the parts that resist bending - and the 
variance obtained will be accurate within 5 
percent. 

3. The minimum thicknesses of the top and 
side panels can be read directly from the 
nomograph (Fig. 2-43) by using a straight 
edge and running from line (A) through the 
point, on line (B) indicating an ASTM 20 
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Lmqth of Steal wan 

of Cast SDCWI 

0 
/002 
90% 

14 

I 

Ol 

#02 
D 1 WL 

602 

Exampla: N-‘zo qr~y iron panal I’ thicn 
30’ wan 

t - thicnnass of DWWI 
ugth of soa” of DWW/ 
E - modulus of elasticity -tension 

thru 8 - N*.?b arey iray tn C 
drwlk from C to D - I’ ; read E- 52% 

10% 

hznca span of JLCSl mule1 SZY. of cast w$ 
cr52/. -30’ . 15 spz 

Fia. 244. Nomocraoh for determinim reouired ratio of Steel span to cast span for steel 
section having rigidity equal to cast section 

grey iron casting to line (C). The nomograph 
shows that a 31%in. top and 1/4-m. side 
panels in welded steel should give 
approximately the same rigidity. 

The problem, however, is not solved. The cast 
base has a rib that serves as a stiffener; thus one or 
more stiffeners must be provided in the steel base. 
Reasoning suggests that a thin top panel in steel may 
require more stiffening than the much thicker cast 
panel. 

The nomograph in Fig. 2-44 is used to determine 
the maximum span of steel between stiffeners. With 
a straight edge laid across the point on line (A) 
indicating the 3/&n. thickness of the steel top panel 
and the point on line (B) representing ASTM 20 
iron, a reference point on line (C) is obtained. Then 
with the straight edge repositioned from this point 
on line (C) through line (D) at the point repre- 

senting the l-inch thickness of the cast top panel, a 
point on line (E) of approximately 52% is obtained. 
The original casting had a span of 30 in. between its 
end plate and center rib. A steel top 3/&in. thick 
can only have 52% as much span. Three stiffeners 
about 15 in. apart would thus be required in the 
steel base to give equivalent rigidity in the top panel. 

The redesigned base is shown in Fig. 2-45. Only 
two operations are required for its fabrication, 

Fig. 2-45. First redesign of casting shown in Fig. 2-42: welded steel 
base (281 lbsl with three stiffeners on 15-i”. centers. 
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Fig. 2-46. Second redesign of casting in Fig. 2-42: welded steel base 
(274 Ibs) with four stiffeners on 12.in centers. 

shearing and welding. The weieht has been reduced 
t 
: 
;o 41.3% of the cast-base and tLe cost is ahout 30 to 
15% that of the casting. 

The redesign program can be taken even further. 
f the moment of inertia of the cast base is found, it 
:an be multiplied by the equivalent rigidity factor 
40 percent). With the redesign based on an equiva- 
ent moment of inertia, the base can be made from 
i/16-in. steel plate bent into the form of a channel 
Fig. 2-46). Bending eliminates preparing the edges 
‘or welding, as well as welding three pieces together. 
1 brake-forming operation may increase the cost for 
me-of-a-kind or small-quantity manufacture, but 
vould result in lower cost if several were to be made 
.t the same time. Note that an additional stiffener is 
equired because of the thinner top panel. 

:ig. 2-47. Final design of casting in Fig 2-42: welded steel base (248 
xl with five stiffeners on lo-in. centers. 

The ultimate design would probably be that 
hown in Fig. 2-47. Here flanges have been bent into 
he plate at the bottom to give still greater rigidity. 
rhis permits a further reduction in plate thickness, 
mt requires still another stiffener. The weight has 
LOW been reduced to 248 pounds. 

IESIGNING FROM LOAD CONDITIONS 

A motor base, such as the one discussed, may be 
I member of an entirely new product. In other 

words, there may be no prior casting to use as the 
basis for design as a weldment. In this case, the 
design must be based on analysis of load conditions. 

Normally, the calculation of maximum deflec- 

PI P2 

I 1 1 
P3 P4 
1 I 

Fig. 2-48. Most machine bases have unsymmetrical loadings; thus 
maximum deflection is not at center of span. 

tion of members subjected to bending loads is very 
complex. The point of maximum deflection must 
first be found, and then the deflection at this point 
determined. Except when there are no more than 
two loads of equal value at equal distance from the 
ends of the member, existing beam tables in engi- 
neering handbooks are inapplicable to the problem. 
Most bases have more than two loads, and the maxi- 
mum deflection usually does not occur in the 
middle of the member (Fig. 2-48). 

Maximum dklection Ddflection at middle 

Fig. 2-49. Design based on deflection at middle of beam. 

Two things can be done to simplify the problem. 
First, the deflection at the middle of the member 
(Fig. 2-49), rather than the maximum deflection at 
an unknown point, might b,e used for design pur- 
poses. This is justified since the deflection at the 
midpoint is always wjthin 2% of the maximum 
deflection. ~For example, a simply supported beam 
with a single concentrated load at the one-quarter 
point has a deflection at the center 98.5% that of 
the maximum deflection. With a greater number of 
loads on the member, the error decreases. 

Second, a simple method of adding the moments 
of inertia for each individual load can be used. This 
method may be explained as follows: For a given 
member, each load will, individually, cause a certain 
amount of deflection at the center. The total deflec- 
tion here will equal the sum of the individual 
deflections (Fig. 2-50). 

The principle of adding deflections may he used 
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A = A, + Az 

Fig. Z-50. Total deflection, A equals sum of individual deflections 

in a reverse manner to find the required section of a 
member, as it is represented by moment of inertia, I. 
For an allowable deflection, A, at the centerline, 
each load, taken one at a t,ime, will require a section 
with a moment of inertia (I,, IZ, I,, etc). The 
moment of inertia, I, of the beam section required 
to support all the vertical loads within the allowable 
deflection will equal the sum of the individual 
moments of inertia (Fig. 2-51). 

MAKING USE OF EXPERIENCE 

Most types of machines have been in use for 
many years and continue to perform satisfactorily. 
Often the actual loads on these machines are un- 
known, and no effort has been made to determine 
how forces are transferred through the members. 
Many machines have come to their present state of 
development through an evo!utionary process. If a 
casting broke because it was overloaded, the next 
casting was made heavier in the weak region. 

Fig. 2-51. Moment of inertia for beam with several loads may be 
obtained by adding ynments required to handle each load separately. 

Eventually a design evolved that gave satisfactory 
performance. Every machine with a long history of 
use represents the experience and judgments of a 
succession of designers. 

When given the task of redesigning a machine in 
welded steel, the weldment designer becomes a 
theoretician. He knows how to deal with loads, how 
to transfer forces, size welds, and use materials 
strategically. He probably has substantial shop 
experience with the fabrication of weldments, with 
welding processes, and with cost analysis, also. But 
he can’t bring to the problem the decades of experi- 
ence of the machine industry. Through his compu- 
tations he may produce a welded steel design of 
apparent excellence, only to find that a critical 
location for a stiffener is the exact spot where 
gearing must be located. 

Obviously, the only way to be assured of the 
best design is make certain that the “twain meet” - 
that theoretical knowledge is joined with practical 
experience. 

Evolution of a Welded Design 
Figure 2-52 shows the tedious evolution of a 

welded design. In (b) an attempt to convert from 
the casting (a) and maintain the functionai require- 
ments, the designer has considered very narrow parts 
of the problem, piecemeal; he could have saved 
much effort by looking at the whole. The casting 
illustrated is a bottom section of a gear housing. It 
supports the upper part of the housing, holds the oil 
supply, and provides holes for attaching the upper 
part with 3/8-in. studs. The performance require- 
ments in the welded steel counterpart are known to 
the designer, but he approaches his redesign 
awkwardly. 

In weldment (b), the designer reduced the 
bottom panel thickness to 3/S in. by going to the 
equivalent of l/2+1. cast iron. But to provide ade- 
quate width for 3/S-in. studs, he used l-in. plate for 
the side members of the housing. In order to make 
the housing oiltight, the side members are continu- 

,a, ill, cc, 

Fig. 2-52. Evolution of welded design of a gear housing. Original 
casting (a); first redesign bottom plate thickness reduced (b): 
thinner member used (cl. 



ously fillet-welded to the bottom plate on the out- 
side; they are also intermittently fillet-welded on the 
inside. Welds will be reauired at all corners. as well. 
1 
Si 

n 

‘he design satisfied function, but the l-inch thick 
ide members stand out as a wasteful use of 
late&l. 

In weldment (c), the side member used is 
hinner, but still thick enough so that its edge can be 
nachined to provide a bearing surface for the top 
lortion of the gear housing. Bars are welded to the 
ide members to receive the hold-down studs. 

The theoretician might note that the design is, 
.fter all, nothing but a substitute for a casting. He 
night suggest starting from scratch to devise a 
velded steel part to do the job, perhaps listing the 
unctions the cast housing has been serving: (1) pro- 
,iding support for the upper portion of the gear 
lousing; (2) holding oil; and (3) providing a means 
‘or access by a machined parting surface. 

As he starts to rethink the bottom portion of 
he housing, he may note that it is basically just an 
)il pan. Why should an oil pan be the support for 
#he gear housing? Why not use some other way of 
upporting the gears, their housing, and the loads 
mposed by the work? For example, in the design 
llustrated in Fig. 2-53, the gears are held in align- 

welded steel Yi M 

support 

:ig. 2-53. Gear housing. Original grey iron casting (topl: suggested 
veldment replacement !bortoml. 
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ment and proper position by tne top portion of the 
assembly, the same as with the casting. The forces, 
however, are not transferred to the bottom portion 
but to an external suppnrt through a single plate. 
Stiffener: are welded at right angles to this plate to 
help carry the load to the external support. The 
forces now pass through welded joints rather than 
bolted joints. The bottom portion is seen to be 
simply an oil pan, and might be made as a deep-draw 
stamping from very light-gage material. 

The new welded design is enough different than 
the cast design that in all probability the two designs 
would not be interchangeable. The next step is to 
determine the best method to integrate the new 
design into the over-all machine. 

QUALITATIVE VS. QUANTITATIVE METHODS 

The foregoing has been concerned with the 
elements of weldment design; how to go about the 
design procedure; what to do. Assuming that the 
engineer is ready to attack specific problems, atten- 
tion, will now be turned to examples of practical 
design problems, to short-cut procedures, design 
hints, and the “do’s” and “don’ts” that are better 
learned beforehand than acquired by experience. 

Chemical analysis can be either qualitative or 
quantitative. Qualitative analysis answers the 
question, What is the unknown? Quantitative 
analysis determines how much of a substance is in a 
given sample. It is wasteful to run a long and tedious 
chemical quantitative determination when only the 
question of z&at needs to be answered. 

Similarly, in weldment design it is wasteful to 
make quantitative calculations about stress, deflec- 
tion, etc., when only qualitative information is 

Design A 

lesign B 

Fig. 2-54. Comparisons of two beams with shock loading 
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wanted. Often the design problem merely asks for a 
“quality” comparison - is one design better or 
worse than the other? Here, exact quantitative data 
may not be needed. 

The design formulas can provide qualitative 
answers if they are used to establish ratios, which 
tell whether a design is better or worse without 
describing the situation quantitatively. 

In the example illustrated by Fig. 2-54, the 
designer has selected a 12-in. WF 65-lb beam to sup- 
port a load. Reminded that this is a shock load and 
that a larger beam should be used, he makes what he 
thinks is a safe selection - a 24-in. WF 76-lb beam. 
Since the moment of inertia is now four times 
better, the designer feels confident that he has made 
a substantial improvement. But has he? 

The situation can be regarded from a qualitative 
standpoint. without becoming involved in numerous 
calculations. The standard formula for the energy 
(U) absorbed by a member during shock loading is: 

“Y’IL 
u = 6EC2 

Setting up the ratio of U, to U, shows, sur- 
prisingly, that the larger beam will not absorb any 
more energy under the shock load. The ratio is 
exactly equal to 1.0. The only variables are the 
moment of inertia, I, and the distance, c, from the 
neutral axis to the extreme fiber, and their values 
are such that the ratio becomes 1:l. The designer 
accomplished nothing by changing his initial 
selection for the shock load to a 24-in. WF 76-lb 
beam. A better solution is a 12-in. WF beam with a 
higher value for I. 

Design A 

I = 533.4 in.4 
c = 6.06 in. 
E = 30 x 10” psi 

Design B 

I = 2096.4 in.4 
c = 11.94 in. 
E = 30 x lo6 psi 

Importance of Correct Analysis 
Unless he analyzes correctly, the designer may 

spend hours or days trying to solve a problem that 
does not exist. The following example is illustrative. 

t 

ca 

t 
48) 1 1 

Fig. Z-55. Welded frame box section 

The welded frame in Fig. 2-55 is made as a box 
section. Howe cau ;iorizontal diaphragms be inserted 
inside the box member in line with the top and 
bottom flanges of the beam section? One solution 
would be to make the vertical column section by 
welding the inner flange plates to the two side web 
plates. Any necessary diaphragms will then be 
welded into position, and the outside flange of the 
column welded. The outside flange plate will be cut 
so that a short length may be inserted and, simul- 
taneously, by means of a single-bevel groove weld, 
the outside flange will be made continuous and 
attached to the horizontal diaphragm plates. 

Since the outside flange plate is loaded in 
tension, and is also subject to fatigue loading, there 
is some question as to the fatigue strength of this 

Fig. Z-56. Tension and compression forcesenter column through butt 
welds. 



~Ttie Sist&ms A~pkbich To Welded D&g; 2. r-3’i ” 

welded joint. Although there are no data on this 
type of joint - two plates butted together with a 
third plate normal to these serving as a backing - it 
is suggested that it is similar to a butt-welded joint 
using a backing bar. 

An understanding of the purpose of the dia- 
phragms is necessary for full comprehension of the 
problem. The tensile force in the upper flange of the 
beam and the compression force in the lower flange 
enter the column section through the groove weld 
(Fig. 2-56). These forces then pass directly into the 
diaphragm plates, and out sideways through the 
connecting welds into the web plates of the column, 
then they stop. Since a force applied to a member is 
transferred ultimately to the portion of the member 
that lies parallel to the force, it is clear that these 
forces in the beam flange must enter the two side 
web plates of the column and go no further. There is 
no reason for them to enter the outside flange plate. 
Therefore these diaphragms may be cut short about 
an inch and need not be welded to the outer flange 
of the column. 

Thus, a situation that appeared to pose a prob- 
lem, in reality is not a problem. The outside flange 

: plate is now made in one length and does not have 
:, to be welded to the diaphragm. 

‘,, MEETING A DESIGN PROBLEM 

Figure 2-57 shows the original design of a steel 
casting with a very large force, F, exerted on it. 

The first weldment (Fig. 2-58) is a copy of the 
casting. Because of the large force transferred from 
(c) up through (b) and into (a), all these welds must 
be complete-penetration groove welds. Much weld- 
ing is represented, since the piates are thick. The 
procedures for welding are important because the 
plates are of quenched and tempered steel. High- 
strength weld metal must be used. 

In view of the fact that a force applied to a 
member will ultimately be transferred into the part 
of the member that lies parallel to the force (Fig. 
2-59), the force, F, must eventually be found in 
section (a). Why not, then, use a pair of plates, as in 
Fig. 2-60? If this is done, the force will pass up 

F--d / 
cu’ C, L I 

Fig. Z-57. Origirlal steel casting. 

Fig. 2-58. First weldment design of casting in Fig. 57. 

Fig. 2-58. Force. F, is transferred into area (al. which lies parallel to 
the force. 

Fig. Z-60. Second weldment design of casting in Fig. 2.57 

through plate (a) without passing through a welded 
joint. Plates (b), seen in Fig. 2-60, will then be 
added as secondary members, and plate (c) will be 
used to provide bearing for the force when it is 
applied to plates (a). Since the force pushes plate (c) 
against plates (a), the weld is not extremely critical 
and a smaller weld may be used. Plate (d) is added 
to provide proper stiffness to plate (c). Again, the 
load on these welds is not great. Welding costs will 
be lowered, because welding is used only to connect 
secondary portions and high-strength weld metal is 
not required. 

Importance of Realistic Specifications 
Figure 2-61 shows a section of a welded frame 

made from S-in., 11.5-lb channel sections. There are 
some 1-in.-thick plates welded to the top of the 
frame to serve as pads between the machinery and 
the frame. The engineer has indicated a 7/16-in. 
intermittent fillet weld, 2 in. in length and on 4-in. 
centers. The instructions are unrealistic, since the 
weldor is being asked to put 7/16-in. welds on the 
toe of a flange only l/4-in. thick. The engineer, of 
course, was falling into the easy error of thinking of 
the thickness of the 1 in. plate. 

Ideas from the Shop 
Figure 2-62(a) shows a portion of a welded steel 

gear housing for an earth-moving unit made of 
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Fig. 2-61. Detail of section of welded frame made of lengthsof 8.in.. 
11.5.lb channel sections. 

formed plates. One boss is located near an inside 
corner of the housing. When leakage occurred in the 
joints of the housing behind the box, repairs became 
difficult and costly. 

Finally, a weldor who had frequently made the 
repair suggested to the engineering department that 
the boss be changed from the round section to a boss 
of rectangular section. As shown in Fig. 2-62(b), this 

Fig. Z-62. Section of welded gear housing. ial Original boss: lb1 
redesigned rectangular boss. 

could be welded to the housing before the other 
inside corner welds were made. Thus the weld area 
was readily accessible. As a result of the change in 
the shape of the boss, problems of leakage stopped 
immediately. Should leakage occur, however, repair 
would be easy. 

POTENTIAL SOURCES OF TROUBLE 

Improper Specifications 
When designs are to be altered, the designer 

should carefully check the changes to be made in 
the welding. Otherwise, serious errors could occur. 

For example, for many years a company had 
been welding intersecting plates at 90° with a 
complete-penetration double-bevel groove joint (Fig. 
2-63. Full strength was needed, and this represented 
good practice. 

Later, when a job in which p!ates of the same 

I 
Fig. z-63. Complete-penetration double-bevel groove joint. 

Fig. Z-64. Incorrect specifications would have resulted in the masive 
use of weld metal. 

size intersected at 60° was undertaken, the engineer 
unthinkingly indicated the same welding symbol. 
The shop questioned these instructions. Had this not 
been done, the joint would have required the mas- 
sive use of weld metal as shown in Fig. Z-64. This 
would have involved the deposition of 8.61 pourrds 
per foot. 

Figure 2-65 shows the proper way of specifying 
how plates intersecting at 60° are to be welded with 
a complete-penetration, double-bevel groove joint. A 
considerable saving in weld metal is effected simply 
by shifting the central position of the joint so that, 
rather than beveling l-118 in. on each side, the bevel 

l/2” 
l-314” 

% 

Fig. Z-65. Correct specification for joint in Fig. 2~64. 



The Systems Approach To Welded Design 2.1-33 

is l/2 in. on the inside face of the joint and l-314 in. 
on the outside face. This reduces the ~amount of 
weld metal (not including reinforcement) from 8.67 
pounds per foot to 5.75 pounds per foot. 

“Mixing” of Weld Types 
The designer may have designed and sized a weld 

joint correctly - Fig. 2-66(a) - only to have his 
attention called to a change that must be made. If 
the change is made without taking into account its 
effect on the weld joint, a difficult preparation and 
welding situation may result. Figure 2-66(b) is illus- 
trative. Here, the needed cutout was made on the 
drawing board, but the alert designer noted that the 
change would cause trouble by the mixing of weld 

$!$$&Q 

,a, Ib, Id 

Fig. 2.66.The correctly designed joint shown in la) could not apply 
when the part had to be redesigned. If thedesi$net had not been alert. 
he might have specified the joint shown in Ib) when making the 
chapye. This would have led to a difficult preparation and welding 
situation, in which a fillet weld changes to a groove weld. The design 
in (c) eliminates the difficulty by making possible a continuous fillet 
weld. 

joints and weld types. The weld in Fig. 2-66(b) 
,changes abruptly from a fillet to a groove weld. The 
groove weld requires cutting a bevel into the vertica! 
plate. In welding, a smaller electrode would be 
required to make the stringer bead in the groove- 
joint portion. A simple method of joining the base 
to the vertical plate had been destroyed. 

The joint was revised to permit continuous fillet 
welding as seen in Fig. 2-66(c). Not only were fabri- 
cationcosts reduced, but the second design gave a 
much better appearance. 

Misuse of Diagnostic Tools 
When using diagnostic tools to prove a point, the 

designer should make certain that what he sets out 
to prove is correct. Failures in the final product may 
result if the original premises are erroneous. 

An engineer believing that the size of the fillet 
weld between the rim and the disc of a gear, shown 
in Fig. 2-67(a), should be increased, set about to 
prove this point by photoelastic stress analysis of 
the joint. Taking plastic cross sections of weld (a) 
and his proposed larger weld (b), he obtained 
photoelastic stress patterns under polarized light 
that clearly showed a greater amount of stress at the 

fbt 

Fig. Z-67. Ia) Original fillet weld between rim and disc of a gear; lb1 
proposed larger weld for same application. 

root of weld (a) when the welds were pulled in the 
direction indicated by the arrows. To him this was 
positive proof of the superiority of the proposed 
larger weld. 

The engineer, however, failed to recognize a very 
important factor. A notch becomes a stress raiser 
when it is normal or transverse to the flow of stress. 
In the joint in Fig. 2-67(a), the notch formed by the 
root of the weld is transverse to the direction of the 
applied force. This, of course, would constitute a 
stress raiser ‘and would show a !arge fringe pattern. 
In the other joint, the notch at the root of the weld 
lies parallel to the flow of stress. Thus, its fringe 
pattern is less. The real difference in the patterns 
obtained results not from weid size, but from the 
fact that the notches lie at different angles. Thus, 
the proof offered by photoelastic stress analysis did 
not pertain to the really critical factor involved in 
the problem. The engineer was right, but for a 
reason he did not perceive. 

The Tendency to Overweld 
Figure 2-68 shows a weldment used in a machine 

tool. It is made of 3/4-in-thick plate, and the top is 

Fig. 2-68. Weldment used in a machine tool 
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attached with l/2-in. fillet welds. There is also weld- 
ing inside for the attachment of stiffeners. The top 
serves to tie the four sides of the weldment together 
and give it stability. During assembly of the machine 
tool, the weldment will be picked up by means of a 
lifting lug screwed into the top plate. While the 
weldment is being lifted, the welds will be subjected 
to a load of 5000 pounds. 

E70 weld metal is used, which has an allowable 
force of 7,420 pounds per linear inch of weld for a 
l/2-in. fillet weld. There are 100 inches of fillet 
welding around the top, giving a total allowable 
lifting capacity of 742,000 pounds, or 371 tons. The 
weld is thus more than 148 times as strong as it need 
be. A 3/16-in. fillet, rather the l/2-in. fillet, would 
have superfluous load-carrying capacity, and could 
be produced for about one quarter the cost. 

Fig. Z-69. Internal diaphragms welded IO side members of weldmenr 
shown in Fig. 2~68. 

Inside the same weldment, as it appears in Fig. 
2-69, are 3/4-in. diaphragms welded to the 3/4-in. 
side members with l/2+. continuous fillets. A full- 
strength weld would require a fillet leg size equal to 
three-fourths the plate thickness. Since 314 x 314 = 
9/16, the l/2-in. fillet welds are almost full-strength 
welds. With this amount of welding on these 
diaphragms, it should be possible to weld attaching 

Fig. Z-70. Theoretical test of weldment in FIQ X9 

plates on the outside of the weldment in line with 
the internal diaphragms (Fig. 2-70), place the whole 
assembly in a huge tensile-testing machine, and pull 
it apart without breaking the welds. 

This weldment, of course, will never be sub- 
jected to such a load. In fact there is no way to 
develop a tensile force on this joint. because there is 
no plate adj~acent to the diaphragm. Intermittent 
fillet welds of l/4-in. size would be sufficient. 

Failure To See The Whole Picture 
In redesign work, a disadvantage of designing 

one part at a time is that full advantage may not be 
taken of the redesign: the over-all picture escapes 
the engineer. 

Fig. 2-71. Weldment designed :rom cast housing for earth tamper. 

The weldment illustrated in Fig. 2-71 is a 
redesign of a cast housing for an earth tamper. Cast 
designs are usually broken down into units that are 
bolted iogether. The original casting had a pair of 
brackets on the sides of t,he housing to which 
handles were bolted. Figure, 2-71 reveals that a 
similar pair of brackets was welded on, imitating 
unnecessarily a needed provision in the cast design. 
There is, 0:): course, no point in bolting the handles 
to the brackets. They can be welded directly to the 
housing. 

The Specification of Intermittent Welds 
The crown of the press shown in Fig. 2-72 has a 

variabL depth. The designer determines that inter- 
mittent fillet welds are adequate for the web-to- 
flange connections and so specifies. The weldor 
follows the instructions as to length and distance 
apart for the intermittent welds. In service, the 
crown of one of ‘the presses deforms. Investigation 
reveals that the web has cracked, starting at point 
(x) in Fig. 2-72(a) where the flange changes direc- 
tion. This critical point had, by chance, been a skip 
point in the weldor’s sequence, and no intermittent 
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No weld where flange 

pf$ piiiIr% 
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Fig. 2.72. The placement of intermittent fillet welds can be critical. 

fillets had been placed there. 
In service, the upper flange of the crown had 

pulled away from the web at point (x) and caused 
the web to undergo substantial plastic yielding. 
Since the flange was free to pull out and could not 
act to resist bending, the web was forced to carry 
bending stresses that exceeded its design capacity. 
Under repeated loading, such high bending stress in 
the web resulted in a fatigue crack. The presence of 
a weld of adequate size at this critical point would 
have prevented the failure. 

Overworked Members 
The weldment in Fig. 2-73(a) appeared adequate 

for the loads. The 6-in-diameter tube in the center 
was the backbone of the structure and helped to 
maintain alignment of parts during fabrication. In 
service, the weldment performed satisfactorily until 
it encountered an unexpected torsional load, but one 
that experience showed could occur occasionally. 

When this happened, the weldment failed at the 
fillet welds joining the tube to the ribs. 

A designer might have been tempted to increase 
the size of the fillet - and continue to increase the 
size until the weldment no longer failed in service. 
Analysis of the problem, however, indicates that the 
ribs give little resistance to torsion. Consequently, 
almost all the torsional load was transferred through 
the fillet welds into the tube. The tube and the 
welds were severely overworked. 

In the redesign shown in Fig. 2-73(b), the 6-m. 
tube and the side plates are replaced with two large 
horizontal channels. These and three intersecting 
channels form rigid box sections when joined to the 
flat member. 

Building in Stress Raisers 
There is no such thing as a “secondary” member 

in a weldment. A supposedly “unimportant” mem- 
ber immediately changes the conditions to which 
other members are subjected. 

Figure 2-74 shows a clamp used to glue lamina- 
tions together in building wooden arches. A steel 
rack is welded on to engage the movable jaw. 
Between the two jaws, the main frame is subjected 
to bending, with tension on the upper portion. Once 
the steel rack is welded to the frame, it becomes the 

Fig. 2-73. ia) Weldrent faiied at fillet welds joining tube to ribs under 
~ervere torsionai load: (bl suggesled redesign Fig. 2-74. Clamp ~8th welded steel rack 
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upper fiber of the frame. The notches of the teeth 
then become stress raisers and greatly reduce the 
strength of the ciamp. 

If the steel rack is supplied in short lengths, and 
several of these lengths are used on the clamp, a 
serious condition arises when a weld crosses a sep- 
aration between two segments, as shown in Fig. 
2-74(b). A notch is created - a crack virtually built 
in by the existence of the separation. Since the 
clamp is loaded repeatedly when in use, a type of 
fatigue loading may be said to exist. Under this load- 
ing, the crack between segments of the rack is 
propagated through the weld and into the main 
frame. 

To prevent failure, the rack should be supplied 
in a single length and welded very carefully to the 
frame on just one end. In this manner, the rack will 
not become the upper fiber of the frame. 

Inefficient Transfer of Forces 
As noted previously, to transfer a force effi- 

ciently, the force must have a path into the portion 
of the member that is parallel to the force. The 
frame depicted in Fig. 2-75(a) is made of channels. 
Triangular stiffeners are attached to the webs in the 
corners to help stiffen the frame. 

If a horizontal force that would tend to move 
the frame is applied, it will enter a stiffener and 
eventually pass into the parts parallel to the hori- 
zontal force - the flanges of the channel. But before 
the transfer is effected, the web will be deflected. 
The stiffeners, thus, have very little value in keeping 
the frame rigid. If stiffeners are needed, they should 
be welded in line with the flanges of the channel. 

Directional Change of Forces 
Forces in weldment members often change 

direction. In these cases, a new force component is 
set up, which must be provided for in the design. 
Figure 2-76(a) shows an abrupt change in direction 
of opposing forces. The component F, is developed, 
which is concentrated at the point of change. Its 
axis bisects the angle between the two forces, F. 
Unless the component force is handled by some 
type of reinforcement, the member will tend to 
straighten out under the load. 

-F 

Fig. 2-75. Change of direction of opposing forces. la1 abrupt change; 
lb) gradual change. 

If the change in direction is more gradual, as in 
Fig. 2-76(b), either the component force is spread 
over the length of the change, or a large number of 
component forces exists. The component can be 
described in pounds per linear inch. Such a condi- 
tion is the exact opposite of that existing in a circu- 
lar pressure vessel, where the internal hydrostatic 
pressure (radial) causes a tensile force (hoop stress) 
in the shell (Fig. 2-77). 

Fig. 2.75. ial Section of frame made of channels: (bl horizontal force enters stiffener and deflects web of channel. 
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Fig. 2.77. Hoop stress in pressure vessel. 

When a curved box beam is used in a press 
frame, it must be specially designed for the radial 
force on the welds. The box beam in Fig. 2-78 has 
tension in the inner flange. The unit radial force, f, 
is directed inward away from the supporting web 
plates. This force tends to pull the connecting welds 
apart. In addition, the neutral axis shifts inward on a 
curved beam, increasing both the bending force on 
the inner flange and the radial force. 

Fig. 2-79. Tension iri inner flange of box beam. 

Propagating the Cover-Up for an Error 
Figure 2-79 shows a gooseneck used in an earth- 

moving trailer. When the original production unit 
was field-tested, the gooseneck failed and was 
repaired with the patch plates. Subsequently, the 
patch plates were added to the goosenecks on the 
production floor and became a part of the accepted 
design. When producers of comparable types of 
assemblies copied the idea for reinforcing, however, 
what was originally no more than an expedient 
method of correcting an error became a method of 
design. 

The patch-plate method of reinforcing the 
curved beam is not necessarily good, even though it 

Fig, 2.81. Location of failure in frame supporring ra;aling !rucI( 
boom. 
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Fig. 2-79. Gooseneck used in earth-moving trailer. reinforced with 
patch plates. 

works. A better way u,P attacking the problem is to 
analyze the piece, discover the cause of weakness, 
and strengthen the beam in a more professional 
manner, as in Fig. 2-80. Note that the neutral axis of 
the beam shifts inward in the curved region, greatly 
increasing the tensile bending stress in the inner 
flange. What is needed is a thicker flange in this 
region. The outer flange has a much lower compres- 
sive bending stress and does not need to he increased 
in thickness. 

lower compressive 
bending stress 

x -------~/ 

Fig. 2-90. Gooseneck reinforced in accordance with sound engineering 
practice. 

Incorrect Identification of the Problem 
What appears to be the obvious cause of a design 

failure may have little to do with the problem, and 
no real progress toward the solution can be made 
until the real cause of the failure is identified. This is 
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Weld I h 

&A Slender angles buckle 
in compression ‘f’ 

/a/ /b/ 
Fig. Z-82. Failure analysis of frame in Fig. 2-81 suggests that lower framing members lack c~mprc~sive 
strength. Ial Conditionswith boom in far left position: Ibl conditionswith boom in far right position. 

made clear by a consideration of the frame for 
supporting a rotating truck boom shown in Fig. 
2-81. 

In tests on the prototype, the frame was 
required tc support a 3000~lb weight at the extreme 
end of the uoom as it rotated through 360 degrees. 
The frame failed as indicated in Fig. 2-81, and the 
addition of reinforcing wrap-around plate, plus an 
increase in weld size, did not correct proneness to 
failure. An analysis of the varying load conditions 
was needed. 

Figure 2-82 shows the conditions that existed 
during testing and in service. The two legs of the 
assembly are extended to the ground to provide a 
tripod-type support, with the truck acting as one 
leg. When the boom is in t.he far left position - Fig. 
2-82(a) -~ the top part of the horizontal membe-, 9f 
the frame is in compression and the bottom in 
tension. The slender angles making up the bottom 
framework can adequately resist the tensile force. 
The entire member, top and bottom, makes up a 
large beam to adequately resist bending. Any giving 
that might occur would tend to place the weld at (x) 
under compression. At this posit,ion of the boom 
and all other points along the left semicircle, the 
frame performs satisfactorily. 

When the boom is in the right semicircle of 
travel, as in Fig. 2-82(b), a different condition 
exists. The top part of the frame is now in tension 
and the bottom part in compression. The slender 
bottom members buckle slightly under the compres- 
sion load, and only the top portion remains to resist 
bending. Since this section is small, the bending 
stresses are transferred to the joint between the 
vertical and horizontal framing, which tends to 

open. When these stresses exceed the strength of the 
weld at this point, the weld cracks. 

The place for reinforcement is, thus, at the 
bottom of the framework. A plate added to the 
lower slender horizontal members provided the 
compression strength needed to resist buckling. The 
point of weakness was not the “obvious” one, but 
one obscured in casual investigation. 

Use of Reinforcements to Prevent Fatigue Cracking 
Cover plates have been added to the beam in 

Fig. 2-83 to provide added strength. As can be seen 
by the moment diagram, they have been extended 
to points where the bending stress diminishes to a 
~relativeiy low value. A fatigue crack that developed 
in a beam flange at the end of a cover plate would 
be accessible for repair, and in the next fabrication 
the cover plate could be extended to a still lower 
stress region. 

The same reinforcement logic would not apply 
t,o the press frame design illustrated in Fig. 2-84, 
since if a fatigue crack develops at a stress raiser (a), 
bringing the side plates in toward the center of the 
beam will not put the stress raisers in regions of 

1 I 

Fig. Z-83. Beam with cover plates added as strengtheners (top); 
bending moment diagram (battoml. 
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Fig. 2.84. Press frame design Itop); simplified diagram showing forces 
(center); bending moment dizgram (bottom). 

lower stress. As the diagram shows, there is a con- 
,, stant bending moment from one end of the beam to 
,’ the other. Nothing short of carrying the reinforce- 
,:: ment the full length of the frame would effectively 
!!:,, assure freedom from further fatigue cracking. 

i;:~ Anticipating Trouble 
R:, ,, The designer does not always know what prob- 
bj,‘lems might develop when the product he is working 
L!;:: on is put to use. He may be able to weigh the 
:!i-:,advantages and disadvantages of various alternatives, 
;;;~, 
::;,, one of which may offer the possibility of a design 

change or a repair, whereas another may not. 
For example, tanks frequently leak after welding 

is completed. Suppose a tank is to be welded with a 
continuous fillet on one side to mak.e it liquid-tight, 
and with intermittent fillets on the other side. On 
which side should the continuous fillet weld be 
located? If the continuous weld were on the inside 
of the tank, repair would require rewelding the 
entire outside joint, should a leak develop. But if the 
continuous weld were on the outside, the repair 
could be made at the point of the leak with very 
little rewelding. The choice is has-d not oii l.oad or 
service requirements, but on ease of repair, shoald 
leakage occur. 

Manufacturing Tolerances 
The subassembly illustrated in Fig. 2-85(a) typi- 

fies composite design and calls for the joining of a 
formed channel member to a steel casting. The 
formed member was precut to match the shape of 
the casting before forming. Naturally, tolerance 
limits apply to the forming operation. If the channel 
member is formed with a pressbrake and the break 
occurs a bit too far out, there will be a gap between 

Fig. Z-85. (a) Original design showing channel joined to steel casting; 
(b) final design to overcome tolerance limitations. 

the vertical leg of the formed section and the cast- 
ing. If the break is a little too far from the outside 
edges of the precut plate, the vertical legs will fit 
tight but an abnormal gap will exist between the 
horizontal portion and the casting. In either case, a 
slight “within manufacturing tolerance” variation 
produces intolerably poor fitup and increases weld 
costs. 

A slight alteration in the shape of the casting, as 
indicated in Fig. 2-85(b), would solve the problem. 
Now the position of the break can vary within 
tolerance limits without affecting the fitup of the 
joint. 

GUIDES TO FABRICATION 

When designing a weldment, the designer must 
keep in mind the equipment, methods, and 
processes that are available for fabrication. For 
example, the size and capacity of a bending brake 
will determine whether a machine base can be made 
from formed plates or flat plates welded at the 
corners. If the designer is not familiar with the 
equipment, a source for this type of information is 
the personnel of the fabricating department. Keep in 
mind that changes made at the drawing board before 
production is started are much less costly than 
changes made after the design goes into production. 
On any new design, or any change in design, the 
rh~p should be ccmsuilzd for ideas relative to 
processing and fabrication. 

Ways to Use Material Efficiently 
The following are guidelines to more efficient 

and lower-cost fabrication: 

Lay out pieces in a nesting arrangement, as in 
Fig. 2-86(a). 

To shape flat sections, consider the alternatives 
of cutting from a large plate or cutting and 
welding bar stock, as in Fig. 2-86(b). 

To reduce vibration, bend or press an indent- 



” “2.,1-40” ~Designin& for Arc Welding “~ “‘~’ 

ation in the plate to act as a rib, as in Fig. 
2-86(c). 

A flange on a flat plate increases stiffness, as in 
Fig. 2-86(d). Stiffeners can be made from plate 
or welded bar stock, as in Fig. 2-86(e). 
Gain a stiffener by bending the edge of a sheet 
before welding to the next sheet, as in Fig. 
2-86(f). 

If the section has a cutout, arrange the cutout so 
the material can be used for pads, stiffeners, gear 
blanks, etc., as in Fig. 2-86(g) and Fig. 2-88(c). 

Build up composite sections by welding to 
reduce machining and material costs as in Fig. 
2-87(a). 

,-r_i: 
1 I 

Fig. Z-86. Methods for using material efficiently 

lbl 

Flame C”t ring* from fhkk plate. 
Try to “5.3 inner disc f” reduce scrap ,DII 

(Cl 

Cut Iegmenfr for hea”” ring from 
thick calate and nest so as to reduce 

Fig. Z-87. Methods for avoiding wasted material 
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Fig. 2-88. 

Roll rings from bar stock instead of cutting from 
heavy plate, as in Fig. 2-87(b). 

When rings are cut from thick plate, plan to use 
the inner disc to reduce scrap loss, as in Fig. 
2-87(c). 

Standard rolled shapes can be cut and welded to 
produce a more rigid section, as in Fig. 2-87(d). 

Cut segments for heavy rings from thick plate 
and nest to reduce scrap, as in Fig. 2-87(e) and 
Fig. 2-87(f). 

If automatic welding is to be used, design for 
straight or circular welds, as in Fig. 2-88(a). 

Sometimes a bend can be used in place of a 
weld, as in Fig. 2-88(b), substantially reducing 
fabrication costs. 

Use the mmimum amount of weld m~etal. 
Shaded areas in Fig. 2-89 indicate the amount of 
added weld metal. 
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Design joints for accessibility. Figure 2-90 shows 
situations where accessibility is a factor in 
welding efficiency. 

Design joints to minimize the problem of bum- 
through. Figure 2-91 illustrates how to avoid 
burnthrough problems. 

High currents and 110~ travel to depmif 
required metal may cause burn-through. 

Fig. 2.99.Use minimum amount of weld metal. Shaded areas indicate 
added metal. Automatic welding eliminaies need for beveling. 
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Electrode must be held close to 45’ 
when making these fillets 

Easy to draw 1 but the 2nd weld will 
be hard to make 

QJ Easy 

Try to avoid placing pipe joints 
near wall so that one o, two 
EiC’ i are inaccesible. These 
welds must be made with 
bent electrodes and mirror 

weldall around 

too clme to side to allow 
proper electrode positioning. 
May be ok for average work 
but bad for leakproof welding 

Fig. Z-90. Design for joint accessibility, 

Drawing calls for flush weld 

7zry@yfge 

-~ 
~This is too much weld metal to fill in one 
pass. On thin metal copper backing 
is needed or multiple ,,ass 

This joint cannot be filled in one pass 

One fundamental rule to rememba 

Burns through Less than 50% when 
gap is prevent 

About 60% penetration is all that can be 
safely obtained with one passwithout 
backing on a joint with no gap - even 
less when gap is present. 

Corner will amelt Don’t sxpect to fill V with 

These welds look good on drawing 
but are tough to make 

underneath far backing 
Very difficult to fiii 

Looks easy on drawins but should be avoided 
if wsrible. Have joiniig members at 
right angles to pipe 

Fig. 2-91. Singie~pass welds requiring large amounts of maal tend to burn through. especially with automatic welding 
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Jigs and Fixtures 
Jigs and fixtures should be used to decrease 

assembly time. In planning for assemblies and 
subassemblies, the designer should remember that: 

The jig must have adequate rigidity to hold 
dimensions of weldment. 

The assembly must provide easy locating points. 

It must be possible to clamp and release quickly. 

Jig must be loaded and unloaded easily. 

Jig can sometimes be built to precamber 
weldment to control distortion. 

Operating factor can be increased by providing 
two jigs, so that helper can load one while other 
is being welded. 

It may be better to have separate jigs for tacking 
and final welding, or it may be better to do the 
entire job in one jig. 

Design for the best possible fitup. Welding joints 
with gaps larger than necessary is costly. 

Provide for clean work. Oil, rust, and dirt make 
for trouble in welding. 

Use of Forming 
The proper use of forming can greatly reduce 

the cost of a weldment by eliminating welds. Several 
factors determine the best method of forming: 
thickness, over-all dimensions, number of dup!icate 
parts, and tolerances. Cost is the final factor and is 
the determining factor if physical or shape require- 
ments do not dictate the method. The cost of 
forming the part may be offset. by a savings in 
machining. 

Consider the following forming methods: 
Press brake 
Rolling 
Tangent bending and contour forming 
Flanging and dishing 
Die stamping 
Nibbling 

Finally, consider possible savings by eliminating 
forming through the use of steel castings or forgings 
in conjunction with the weldment where very 
complicated shapes are required. 

The Advantages of Subassemblies 
Once the product has been designed, the design 

laid out for production, and the joints selected and 
designed, the job is ready for assembly. In visualiz- 
ing assembly procedure, the designer should break 
the weldment down into subassemblies several dif- 
ferent ways to determine which, if any, will offer 
some of the following cost savings: 

A large number of subassemblies spreads the 
work out so that more men can work on the job. 

If stress relief of a portion of the weldment is 
necessary, it may be easier to do this before 
welding it into final assembly. 

Precision welding possible with modern tech- 
niques permits machining to close tolerances 
before welding assemblies. 

Test compartments before welding into final 
assembly, where.required. 

Subassemblies facilitate inspection. 

Painting before assembly may be more 
economical. 

Repairs, if necessary, are easier on 
subassemblies. 

Subassemblies usually provide better access for 
welding. 

It is easier to contra! distortion or locked-up 
stresses in subassemblies than in whole 
assemblies. 
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SUGGESTED READING 

Rigidity is of primary importance in this design. 



2.2- 1 

he Design of Welded Joints 

The loads in a welded steel design are transferred 
from one member to another through welds placed 
in weld joints. Both the type of joint and the type 
of weld are specified by the designer. 

Figure 2-92 shows the joint and weld types. 
Specifying a joint does not by itself describe the 
type of weld to be used. Thus, ten types of welds 
are shown for making a butt joint. Although ail but 

TYPES of iO,NTS 
TYPES of WELDS 

Si”.& Double 

Fig. Z-92. Joint designs (left); weld grooves (right). 

Fig. 2-93. Singlu~bevel weld used in T joint (left) and corner joint 
(center): single-” weld in corner joint Iright). 

two welds are illustrated with butt joints here, some 
may be used with other types of joints. Thus, a 
single-bevel weid may also be used in a T or corner 
joint (Fig. 2-93), and a single-v weld may be used in 
a corner, T, or butt joint. 

FILLET-WELDED JOINTS 
The fillet weld, requiring no groove preparation, 

is one of the most commonly used welds. Corner 

welds are also widely used in machine design. 
Various corner arrangements are illustrated in Fig. 
2-94. The corner-to-corner joint, as in Fig. 2-94(n), 
is difficult to assemble because neither plate can be 
supported by the other. A small electrode with low 
welding current must be used so that the first weld- 
ing pass does not bum through. The joint requires a 
large amount of metal. The corner joint shown in 
Fig. 2-94(b) is easy to assemble, does not easily’burn 

Fig. Z-94. Variou~corner joints. 

through, and requires just half the amount of the 
weld metal as the jo~int in Fig. 2-94(a). However. by 
using half the weld size, but placing twowelds, one 
outside and the other inside, as in Fig. 2-94(c), it is 
possible to obtain the same total throat as with the 
first weld. Only half the weld metal need be used. 

With thick plates, a partial-penetration groove 
joint, as in Fig. 2-94(d) is often used. This requires 
beveling. For a deeper joint, a J preparation, as in 
Fig. 2-94(e), may be used in preference t,o a bevel. 
The fillet weld in Fig. 2-94(f) is out of sight and 
makes a neat and economical corner. 

The size of the weld should always be designed 
with reference to the size of the thinner member. 
The joint cannot be made any stronger by using the 
thicker member for the weld size, and much more 
weld metal will be required, as illustrated in Fig. 
2-95. 

t 

Bad Good Bad Good 

Fig. Z-95. Size of weld should be determined with reference 10 
thinner member. 
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Fig. Z-96. Leg. size. w. of a fillet weld. 

In the United States, a fillet weld is measured by 
the leg size of the largest right triangle that may be 
inscribed within the cross-sectional area (Fig. Z-96). 
The throat, a better index to strength, is the shortest 
dist,ance between the root of the joint and the face 
of the diagrammatical weld. As Figure 2-96 shows, 
the leg size used may be shorter than the actual leg 
of the weld. With convex fillets, the actual throat 
may be longer than the throat of the inscribed 
triangle. 

GROOVE AND FILLET COMBINATIONS 

A combination of a partial-penetration groove 
weld and a fillet weld (Fig. Z-97) is used for many 
joints. The AWS prequalified, single-bevel groove T 
joint is reinforced with a fillet weld. 

Fig. 2-97. Combined groove and fillet-welded joints 

The designer is frequently faced with the 
question of whether to use fillet or groove welds 
(Fig. 2-98). Here cost becomes a major considera- 
tion. The fillet welds in Fig. 2-98(a) are easy to 
apply and require no special plate preparation. They 
can be made using large-diameter electrodes with 
high welding currents, and, as a consequence, the 
deposition rate is high. The cost of the welds 
increases as the square of the leg size. 

In comparison. the double-bevel’groove weld in 
Fig. 2-98(b), has about one-half the weld area of the 
fillet welds. However, it requires extra preparation 

Fig. 2-98. Comparison of fillet welds and groove welds. 

and the use of smaller-diameter electrodes with 
lower welding currents to place the initial pass with- 
out burning through. As plate thickness increases, 
this initial low-deposition region becomes a less 
important factor, and the higher cost factor 
decreases in significance. The construction, of a 
curve based on the best possible determination of 
the actual cost of welding, cutting, and assembling, 
such as illustrated in Fig. 2-99, is a possible tech- 
nique for deciding at what point in plate thickness 
the double-bevel groove weld becomes less costly. 
The point of intersection of the fillet curve with a 
groove-weld curve is the point of interest. The 
accuracy of this device is dependent on the accuracy 
of the cost data used in constructing the curves. 

Referring to Fig. 2-98(c), it will be noted that 
the single-bevel groove weld requires about the same 

2 
i 
s ” 

Table of Relative Cost 

of Full Plate Strength Welds 

% 1 1% 2 2% 3 

Plate thickness, in. 

Fig. Z-99. Relative cost of welds having the full swength of the plate. 
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, flat position 

- 

overhead position 

Fig. Z-100. in the flat position. a single-bevel groove joint is less 
expensive than fillet welds in making a T rant. 

amount of weld metal as the fillet welds deposited 
in Fig. 2-98(a). Thus, there is no apparent economic 
advantage. There are some disadvantages, though. 
The single-bevel joint requires bevel preparation and 
initially a lower deposition rate at the root of the 
joint. From a design standpoint, however, it offers a 
direct transfer of force through the joint, which 
means that it is probably better under fatigue 

,:, loading. Although the illustrated full-strength fillet 
:’ weld, having leg sizes equal to three-quarters the 
:‘:,, plate thickness, would be sufficient, some codes 
;r:, have lower allowable limits for fillet welds and may 
:;:; require a leg size equal to the plate thickness. In this 
‘: case, the cost of the fillet-welded joint may exceed 
!;I,, the cost of the single-bevel groove in thicker plates. 
,!;; Also, if the joint is so positioned that the weld can 
:, be made in the flat position, a single-bevel groove 

weld would be less expensive than if fillet welds 
were specified. As can be seen in Fig. 2-100, one of 
the fillets would have to be made in the overhead 
position - a costly operation. 

The partial-penetration double-bevel groove 
joint shown in Fig. 2-101 has been suggested as a 
full-strength weld. The plate is beveled to 60° on 

both sides to give a penetration of at least 29% of 
the thickness of the plate (.29t). After the groove is 
filled, it is reinforced with a fillet weld of equal 
cross-sectional area and shape. This partial-pene- 
tration double-bevel groove joint has 57.8% the weld 
metal of the full-strength fillet weld. It requires joint 
preparation; however, the 600 angle allows the use 
of large electrodes and high welding current. 

Fig. 2401. Partial-penetration double-bevel groove ]ouU 

Full-strength welds are not always required in 
the design, and economies can often be achieved by 
using partial-strength welds where these are appli- 
cable and permissible. Referring to Fig. 2-102, it can 
be seen that on the basis of an unreinforced l-in. 
throat, a 45O partial-penetration, single-bevel groove 
weld requires just one-half the weld area needed for 
a fillet weld. Such a weld may not be as economical 
as the same strength fillet weld, however, because of 
the cost of edge preparation and need to use a 
smaller electrode and lower current on the initial 
pass. 

If the single-bevel groove joint were reinforced 
with an equal-leg fillet weld, the cross-sectional area 

A = 1.0 in2 A = ,500 in2 A = ,500 in2 A = 578 in2 

Fig. 2-102. Comparison of weld joints having equal throats. 
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Fig. Z-103. Comparison of weld joints with and without reinforcing 
fillet welds. 

for the same throat size would still be one-half the 
area of the fillet, and less beveling would be 
required. The single-bevel 600 groove joint with an 
equal fillet weld reinforcement for the same throat 
size would have an area of 5’7.8% of the simple fillet 
weld. This joint has the benefit of smaller cross-sec- 
tional area - yet the 600 included angle allows the 
use of higher welding current and larger electrodes. 
The only disadvantage is the extra cost of prepara- 
tion. 

From this discussion, it is apparent that the 
simple fillet-welded joint is the easiest to make, but 
may require excessive weld metal for larger sizes. 
The single-bevel 45O-included-angle joint is a good 
choice for the larger weld sizes. However, one would 
miss opportunities by selecting the two extreme 
conditions of these two joints. The joints between 
these two should be considered. Referring to Fig. 
2-103, one may start with the single-bevel 45O joint 
witiiout the reinforcing fillet weld, gradually add a 
reinforcement, and finally increase the lower leg of 
the fillet reinforcement until a full 45” fillet weld is 
reached. In this figure, p = depth of preparation; w 
= leg of reinforcing fillet. 

When a partial-penetration groove weld is rein- 
forced with d fillet weld, the minimum throat is 
used for design purposes, just as a minimum throat 
of a fillet or partial-penetration groove weld is used. 
However, as Fig. 2-104 shows, the allowable for this 
combination weld is not the sum of the allowable 
limits for each portion of the combination weld. 
This would result, in a total throat much larger than 
the actual. 

Figure 2-105(a) shows the effect of using the 
incorrect throat in determining the allowable unit 

force on a combination weld. The allowable for each 
weld was added separately. In Fig. 2-105(b) weld 
size is correctly figured upon the minimum throat. 

Sum Of the throat*= 112 in. + 0.707 m/4 in., = I.033 in 

; 

r\ 
(a) I $1” 

y 
c l/2” -c- 3/i+” ----I 

Fig. Z-105. Examples showing effect of correct and incorrect throat 
dimension in determining allowable load on a combination weld, In 
Cal. the weld allowable is incorrectly figured by adding each weld 
separately; in Ibl weld allmvable is correctly figured on rhe minimum 
throat. 

Sizing of Fillets 
Table 2-7 gives the sizing of fillet welds for 

rigidity designs at various strengths and plate thick- 
nesses, where the strength of the weld metal 
matches the plate. 

In machine design work, where the primary 
design requirement is rigidity, members are often 
made with extra heavy sections, so that the move- 
ment under load will be within very close tolerances. 
Because of the heavy construction, stresses are very 
low. Often the allowable stress in tension for mild 
steel is given as 20,000 psi, yet, the welded machine 
base or frame may have a working stress of only 
2000 to 4000 psi. The question arises as how to 
determine the weld sizes for these types of rigidity 
designs. 

It is not, very practical to calculate, first, the 
stresses resulting in a weldment when the unit is 
loaded within a predetermined dimensional toler- 
ance, then to use these stresses to determine the 
forces that must be transferred through the con- 
necting welds. A very practical method, however, is 
to design the weld for the thinner plate, making it 
sufficient to carry one-third to one-half the carrying 
capacity of the plate. This means that if the plate 
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TABLE 2-7. RULE-OF-THUMB FILLET-WELD SIZES 
WHERE THE STRENGTH OF THE WELD METAL 

MATCHES THE PLATE 
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50% of full- 
strength weld 
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* These dues have been adjusted to compiy with AVJS~recommended 
mlnlm”ms. 

were stressed to one-third to one-half its usual value, 
the weld would be sufficient. Most rigidity designs 
xe stressed much below these values; however, any 
reduction in weld size below one-third the full- 
strength value would give a weld too small an 
appearance for general acceptance. 

GROOVE JOINTS 
Figure 2-106 indicates that the root opening (R) 

is the separation between the members to be joined. 
A root opening is used for electrode accessibility 

to the base or root of the joint. The smaller the 
angle of the bevel, the larger the root opening must 
be to get good fusion at the root. 

Fig. Z-106. 

Fig. Z-107 

If the root opening is too small, root fusion is 
more difficult to obtain, and smaller electrodes must 
be used, thus slowing down the welding process. 

If the root opening is too large, weld quality 
does not suffer but more weld metal is required; this 
increases welding cost and will tend to increase 
distortion. 

Figure 2-107 indicates how the root opening 
must be increased as the included angle of the bevel 
is decreased. Backup strips are used on larger root 
openings. All three preparations are acceptable; all 
are conducive to good welding procedure and good 
weld quality. Selection, therefore, is usually based 
on cost. 

Double V 

Fig. 2.106. Using double-groove joint in place of single-groove lOlnt 
reducesamount of welding. 

Root opening and joint preparation will directly 
affect weld cost (pounds of metal required), and 
choice should be made with this in mind. Joint 
preparation involves the work required on plate 
edges prior to welding and includes beveling and 
providing a root face. 

Using a double-groove joint in preference to a 
single-groove (Fig. 2-108) cuts in half the amount of 
welding. This reduces distortion and makes possible 
alternating the weld passes on each side of the joint, 
again reducing distortion. 

In Fig. 2-109(a), if the bevel or gap is too small, 
the weld will bridge the gap leaving slag at the root. 
Excessive back-gouging is then required. 

Fig. 2.106. (a) of the gap is too srm11. the weld will bridge the gap. 
leaving slag at the root; (b) a proper joint preparation; (~1 a root 
opening too large will result in burntnrough. 
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Figure 2-109(b) shows how proper joint prepara- 
tion and proced,ure will produce good root fusion 
and will minimize back-gouging. 

In Fig. 2-109(c), a large root opening will result 
in burnthrough. Spacer strip may be used, in which 
case the joint must be back-gouged. 

P 
IC, 

Fisj. 2.110. Backup strips (ai. ib), and (4 .- are used when all 
welding is done from one side or when the root weninci is excess& a 
spacer 10 prevent burnthrough Id1 will be gouged out beforewelding 
the second side. 

Backup strips ire commonly used when all 
welding must be done from one side, or when the 
root opening is excessive. Backup strips, shown in 
Fig. 2-110(a), (b), and (c), are generally left in place 
and become an integral part of the joint. 

Spacer strips may be used especially in the case 
of double-V joints to prevent burnthrough. The 
spacer in Fig. 2-110(d) to prevent burnthrough will 
be gouged out before welding the second side. 

Backup Strips 
Backup strip material should conform to the 

base metal. Feather edges of the plate are ~recom- 
mended when using a backup strip. 

Fig. 2-111. Short intermittent tack welds should be used to hold the 
backup strip in place. 

Fig. 2 112. The backup strip should be in intimate contact with both 
edges of plate. 

Short intermittent tack welds should be used to 
hold the backup strip in place,’ and these should 
preferably be staggered to reduce any initial 
restraint of the joint. They should not be directly 
opposite one another (Fig. 2-111). 

The backup strip should be in intimate contact 
with both plate edges to avoid trripped slag at the 
root (Fig. 2-112). 

fil rm 

((1) (bi 

Fig. Z-113. The reinforcement on a butt joint should be miniqal, as in 
la). 

On a butt joint, a nominal weld, reinforcement 
(approximately l/16” above flush) is all that is 
necessary, as in Fig. 2-113(a). Additional buildup, as 
in Fig. 2-113(b), serves no useful purpose and will 
increase the weld cost. 

Care should be taken to keep both the width 
and the height of the reinforcement to a minimum. 

Edge Preparation 
The main purpose of a root face (Fig. 2-114) is 

to provide an additional thickness ,of metal, as 
opposed to a feather edge, in order to minimize any 
burnthrough tendency. A feather-edge preparation is 
more prone to bumthrough than a joint with a root 
face, especially if the gap gets a little too large, (Fig. 
2-115). 

=4i=Qe u4; 

L 

Root face 

Fig. Z-114. A root face minimizes tendency to burnthrough. Fig. Z-114. A root face minimizes tendency to burnthrough. 

Fig. Z-115. A feather edge is more prone to burnthrough than a joint 
with a root fact?. 



A root face is not as easily obtained as a feather 
edge. A feather edge is generally a matter of one cut 
with a torch, while a root face will usually require 
two cuts or possibly a torch cut plus machining. 

A root face usually requires back-gouging if a 
100% weld is required. A root face is not recom- 
mended when welding into a backup strip, since a 
gas pccket would be formed. 

Fig. 2.116. ,,I ““‘,di>lilly ,‘; g.i,,ll!d by , ~‘l1l,i,1l,1i,!~,!,~l iii!lvwiY h!“i!i 

,,I/,, I,IIU II//I~!,/,//, 

flatr edges are beveled to permit accessibility to 
all parts of t.he joint and insure good fusion through- 
out the entire weld cross section. Accessibility can 
be gained by compromising between maximum 
brvr,l and minimum root opening (Fig. 2116). 

Lj~~gree of bevel may be dictated by the import- 
ance of maintaining proper electrode angle in 
confined quarters (Fig. 2.117). For the joint illus- 
trated, the minimum recommended bevel is 45O. 

iildll ,450, wrong 122.112? 

Fig. 2~117. Dt,<!iw ill bevi,i ~,,,a he dictarzd by tile need for main- 
talrurlg pn,per ,?!rc!ri,de angir 

J and U preparations are excellent to work with, 
but economicaliy t~hey may have little to offer 
because pr;per+ion requires machining as opposed 
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to simple torch cutting. Also a J or U groove re- 
quires a root face (Fig. 2-118) and thus back- 
gouging. 

iaT\ at5 

Fig. Z-119. Without back~gou~jng. penetratlorl is inmmpiete. 

To consistently obtain complete fusion when 
welding a plate, back-gouging is required on virtually 
all joints except bevel joints with feather edge. This 
may be done by any convenient means, grinding, 
chipping, or gouging. The latter method is generally 
the most economical and leaves an ideal contour for 
subsequent beads. 

Fig. 2-120. P,uper back~gouging should be der,, enough to ex!xxe 
suund weld metal 

Without back-gouging, penetration is incomplete 
(Fig. 2-119). Proper back-chipping should be deep 
enough to expose sound weld metal, and the con- 
tour should permit the electrode complete 
accessibility (Fig. 2-120). 

Joint Preparation After Assembly 
New provisions of the AWS Structural Welding 

Code, 2.9.2.5, 2.10.2.2, 2.11.2.5, 2.12,2.3, 2.13.2.5, 

Double-u Qroove b”U 

Fig. 2.121. Parrialbpcnefra:mn s&merged-arc groove welds. U~~OOW 
joint preparation may be done eifhet :‘ior ro or after fitting. 



2.14.2.2, will be helpful to fabricators who freq specifically noting that U-groove joints for complete- 
uently run up against a situation where assembly and penetration and partial-penetration welds may be 
tackup before gouge-preparation of U-groove joints made “prior to or after fitting,” removes all doubt 
for welding would be logical and less costly. This regarding acceptability. Figure 2-121 illustrates the 
practice has not been forbidden in the past, but joints where gouge-preparation of U grooves after 
some inspectors - not having a clarification of its fituo and s.ssem&& (- Lo applicable and the sequence of 
acceptability - have not permitted it. AWS, by 

--..-“y 
fabrmating a column in this manner. 
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For many years, just one value was available for 
the allowable shear stress on fillet welds - namely, 
13,600 psi for E60 weld metal. In 1961, a value of 
15,800 psi was added for E70 weld metal, and both 
values were extended to partial-penetration groove 
welds. Experienced engineers reasoned that these 
were ultraconservative values, since the shear stress, 
7, allowable for the base metal, as defined in AISC 
1.5.1.2, was: 

‘7 = 0.40 Oy where 

oY is the tensile yield strength of the material. 

Even this formula is conservative. The shear 
~: strength of structural plate has been given values 
::,,I that range from 2/3 to 314 of its tensile strecth, 
: but the above shear al!owable is oniy 2j3 of the 
i:,~ tensile allowable (213 x .60 oY = 0.40 oJ. In 
7,:~ addition, this shear stress value was primarily estab- 
‘,, lished for the webs in beams and girders to prevent 
:’ the buckling of the web by the diagonal compressive 

forces produced by shear loading - a condition 
considerably different from that leading to weld 
failure under shear loading. 

It would seem logical, therefore, that a more 
realistic value for the shear allowable for weld metal 
would be obtained if the formula for plate were 
used. 

With these considerations in mind, AISC and 
AWS established the allowable shear value for weld 
metal in a fillet or partial-penetration bevel groove 
weld at: 

T = 0.30 (Electrode Min. Specified T.S.) 

and set out to prove its validity with a thorough 
series of fillet weld tests conducted by a special Task 
Committee of AISC and AWS. The results of these 
tests proved conclusively that the shear allowables 
could be increased with safety. The new allowables 
shown in Table 2-8 were adopted by AISC and the 
AWS Structural Welding Code, Section 8 Buildings 
and Section 10, Tubular Structures. Section 9, 
Bridges use 10% lower. 

E 
c 

Allowables for Welds ~ 

TABLE 2-8 
ALLOWABLE LOAD FOR VARIOUS SIZES 

OF FILLETWELDS 

Strength Level of Weld Metal IEXXI 

60 70 80 I 90 I 100 110 
Allowable Shear Strerr on Throat of Fillet Wsld 
0, Partiawsnetration Groove Weld ,100o psi, 

r= 18.0 21.0 24.0 27.0 30.0 33.0 
I 

1 

1 

---l 
f= 

.eg Size 
” 0n.l 

1 
7/S 
34 
5/S 
l/2 
7/l 6 
318 
5/l 6 
l/4 
3/16 
l/8 
l/16 

12.73 
11.14 
9.55 
7.96 
6.37 
5.57 
4.77 
3.98 
3.18 
2~x3 
1.59 

795 

4.85 
12.99 
Il.14 
9.28 
7.42 
6.50 
5.57 
4.64 
3.71 
2.78 
1.86 
.930 

Fillet Y 

cc* for 
IW Lb* .IL 
16.97 1 
14.85 1 
12.73 
10.61 
8.48 
7.42 
6.36 
6.30 T 
4.24 
3.18 
2.12 
1.06 I 

d ,I000 psi/linear in., 

9.09w 21.21w 23.33cv 

281 of Fillet W*lds 
inear in I.1 
19.09 
16.70 
14.32 
11.93 
9.54 
8.36 
7.16 
5.97 
4.77 
3.68 
2.39 
1.19 1 

..-..--- -- 
!I.21 23.33 
18.57 20.41 
15.92 17.60 
13.27 14.68 
10.61 11.67 
9.28 10.21 
7.95 8.75 
6.63 7.29 
5.30 5.83 
3.98 4.38 
2.65 2.92 
1.33 1.46 

ALLOWABLE SHEAR AND UNIT FORCES 

Table 2-8 presents the allowable shear values for 
various weld-metal strength levels and the more 
common fillet weld sizes. These values are for 
equal-leg fillet welds where the effective throat (te) 
equals ,707 x leg size (<:J).-With the table, one can 
calculate the allowable unit force (f) per lineal inch 
for a weld size made with a particular electrode 
type. For example, calculating the allowable unit 
force (f) per inch for a 1/2-m. fillet weld made with 
an E70 electrode: 

f=.707wsr 
f = .707 w x (.30) (EXX) 
f = ,707 x l/2 in. x .30 x 70,000 psi 
f = 7,420 psi/lineal in. 

Note that Table 2-8 lists the allowable shear 
stress (7) for the commonly used E’70 weld metal as 
21,000 psi (0.30 x 70). This 33% increase over the 



2.3-2 Designing for Arc Welding 

former allowable of 15,800 psi permits a 25% reduc- 
tion in.weld size while maintaining the same allow- 
able in the joint. Thus, the shear strength of a 
3/8-m. fillet weld based on the new allowable equals 
that of a l/2-in. fillet with the old allowable. 

Weld cost varies with weld volume and thus weld 
area. Since the cross-sectional area of a weld varies 
as the square of its leg size, the 25% reduction in 
weld size (l/2-in. to 3/8-m.) will produce a 44% 
reduction in the amount of weld metal required for 
the joint. A l/2-in. fillet that formerly cost $100 to 
make can now be replaced with the same length of 
3/S-in. fillet costing $56. 

Credit for Submerged-Arc Penetration 
An AISC provision (1.14.7) gives limited credit 

for penetration beyond the root of a fillet weld 
made with the submerged-arc process. Since pene- 
tration increases the effective throat thickness of the 
weld, (Fig. 2-122), the provision permits an increase 
in this value when calculating weld strength. For 

Fig. 2-122. AISC yives credit iar penerration beyond the mot uf 
fillets madewith the submerged~arc process, 

Material Thickness of Thicker Part Joined 
tin.1 

to l/4 incl. 
over114 to1/2 
over l/2 to 314 
OYW 3/4 ml-l/2 
owr l-l/2 to 2-l/4 
OYer 2-l/4 to 6 
over 6 

Minimum Fillet 
Size. lin.1 

l/8 
3116 
l/4 
5/16 
3/8 
l/2 
5/S 

fillet welds 318-m. and smaller, the effective throat 
(t, ) is now equal to the leg size of the weld (w ): 

when w < 3/S-in. then t, = w 

For submerged-arc fillet welds larger than 3/S-in., 
the effective throat of the weld is obtained by 
adding 0.11 to ,707 w : 

material less than l/4-in. thick and l/S-in. fillets. 
Where materials of different thicknesses are being 
joined, the minimum fillet weld size is governed by 
the thicker material, but this size does not have to 
exceed the thickness of the thinner material unless 
required by the calculated stress. 

when w > 3/S-in. then t, = 0.707 w + 0.11 in. 

The cost-reduction potential of this change is Allowables for Weld Metal - A Handy Reference 
substantial. The 41% increase in effective weld Table 2-10 summarizes the AWS Structural.Weld- 
throat for fillets up to and including 3/8-m., com- ing Code and AISC allowables for weld metal. It is 
bined with the 33% increase in allowable shear intended to provide a ready reference for picking the 
stress, means that the allowable strength of these proper strength levels for the various types of steels. 
welds is increased 88%. Or a weld size can be almost Once this selection has been made, the allowables 
cut in half and still have the same allowable unit can be quickly found for the various types of welds 
force per inch. that may be required for the specific assembly. 

For example, consider the allowable unit force 
for a 1/2-m. E70 weld, S in. iong, made under the 
Oid specifications Andy a l/4-in. E70 weld, 8-l/2 in. 
long, made with the new: 

f l/2 = l/2 x 0.707 x 15.8 x 8 = 44,600 lbs. 
f l/4 = l/4 x 21 x 8-l/2 = 44,600 lbs. 

The higher allowable shear stress and pene- 
tration adjustment permit a designer to obtain a 
given weld strength with only 27% of the weld metal 
previously required. Obviously, costs are 
substantially reduced. 

The benefit from penetration is not as large if 
the weld size, after using the higher allowables, is 
still greater than 3/8-m. but it is still substantial. 

Note that allowance for penetration applies only 
to fillet welds made by the submerged-arc welding 
process. Electrode positive polarity will provide this 
penetration. 

Minimum Fillet-Weld Size 
The minimum sizes of fillet welds for specific 

material thicknesses are shown in Table 2-9. In the 
AISC Specifications and -4WS Structural !Ve!ding 
Code, this table has been expanded to include 

TABLE 2-S 
MINIMUM FILLET WELD SIZE (WI AISC 1.17.5 
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TABLE 2-10. PERMISSIBLE STRESS OF WELD 
Type of Weld and Stress I Permissible Stress 

COMPLETE PENETRATION GROOVE WELDS 

1 Required Strength Level (11(2) 

Tension normal to the effective throat. 

Compression normal to the effective throat. 

Tension or compression parallel to the axis of the 
weld. 

Shear on the effective throat. 

PAF,T,AL PENETRATION GROOVE WELDS 

‘Compression normal to effective throat. 

Tension or compression parallel to axis of the 
weld. 

Shear parallel to axis of weld. 

Same as base metal. Matching weld metal must be 
used. See Table 1.17.2. 

Same as base metal. 

Same as base metal. Weld metal with a strength level 
equal to or less than matching 

.30x Nominal Tensile strength of weld metal lkai) weld metal may be used. 

except stress on base metal shall not exceed .40x 
yield stress of base metal. 

Same as base metal. 

Same as base metal. Weld metal with a strength level 

.30x Nominal Tensile strength of ,weld metal (ksil equal to or less than matching 

except stress on bare metal shall not exceed .40 x weld metal may be used. 

yield stress of base metal. 

Tension normal to effective throat. (4) 

FILLET WELDS (3, 

.30x Nominal Tensile strength of weld metal (ksil 
except stress on bare metal shall not exceed .60 x 
yield stress of base metal. 

Stress on effective throat. regardless of direction of 30 x Nominal Tensile strength of weld metal Ikril 

application of load. except stress on base metal shall cot exceed .40 x Weld metal with a strength tevel 
yield stress of base metal. equal to or less than matching 

Te?gion or compression parallel to the axis of weld metal may be used. 
Same as bare metal. 

PLUG AND SLOT WELDS 

Shear parallel to faying surfaces. 

- 

! 30 x Nominal ienslle strength oi weid metal ikrll 

) yieldstressof bas.ie~ 
except stress on base metal shall not exceed .40 x 

lf.3,. 

‘ength level 
matching 

4,SC allows ,o,ve, strength weld metal to be “red. 

1) FO, matching weld meta,, see AISC Table 1.17.2 or AWS Table 4.1.1 or table below. 
2, Weld metal. one strength level stronger than matching weld metal. will be permitted. 
3, Fillet welds and oartia, ,mnefration groove welds joining the component elements of b”ilt UP memberr Cex. tlange to web welds, may be de- 

signed without regatd to the axial tensile or com!~rerri”e stresl awlied to them (note on AI% Table 1.531. 
4, Cannot be used in tension normal to their axis under fatigue loading ,AWS 2.51. A\wS Bridge I)rohibifs their use on any butt joint ,9.12.1.11. 

or ally spiicr ill a iandiD” or cOmpresSion member ,9.17). or *pIice in beams or girders ,921). however. are allowed on corner joint* parallel to 
axial force ~fc~mp~nenfs ofbuiltup members (9.,2.,.2,2). Cannot be used in girderr~licer (AISC 1.10.8). 

Weld 
Metal 

Matching Weld Metal and Ease Metal 
60 (or 701 70 80 90 100 I 110 

Type of 
Steel 

A36 A53 Gr B 
A106Gr B A131 
Al39 Gr B A375 
A381 Gr Y35 A500 
A501 A516 Gr 55,60 
A524 A529 
A570 Gr D.E A573 Gr 65 
API5LGrB 
ABC cr n n P PC n c cl 

A242 A441 
A537 Class 1 I “-.^^~~,.,. -” I 

1 !!t’!^4..!!5’7 1 A514 A517 

AISC FATIGUE ALLOWABLES 

The AISC specifications include fatigue allow- 
ables, which also are accepted by AWS Section 8, 
Building Code. Therefore, designers have something 
other than the AWS Section 10, Bridges, with its 
automakic 10% lower allowable design stress, on 
which to base fatigue considerations. 

Although developed for structures, these allow- 
ables are adaptable to the fatigue problems of 

machine-tool makers, equipment manufacturers, and 
others who fabricate with weldzd steel. They cover a 
wide range of welded joints and members, and, not 
only provide values for various types of welds, but 
also take into consideration the strength of members 
attached by welds. 

The conventional method of handling fatigue is 
based on a maximum fatigue stress. The AISC- 
suggested met.hod is based on the range of stress. 
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wered end* 
with or wifho”t end 

TCR @ 

Fig. Z-123. AISC allowable range of stress (os, .~sri 
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- Curved arrow indicates region of 
application of fatigue allowables 

t- Straight arrows indicate applied 
forces 
Grind in the direction of stressing only 
(when slope is mentioned (ex. 1 in 2.112) 
this is always the maximum ~~alue. Less 
slope is permissibie. 

@ @ 45 45 35 35 25 25 25 25 
A514 A514 

0 A 0 A 40 40 32 32 24 24 24 24 

@I @I 33 33 25 25 17 17 15 15 

0 28 21 14 12 

but shall not exceed 
steady allowables 

for those categories marked 
with an asterisk I” I in the 
case of a reversal “se 

Osr * 
‘max I .CK 

omax o, imax = maximum allowable 
fatigue stress 

us, o, rsr = allowable range of stress, 
from table 

S = shear 
T = tension 
C = compression 
R = reversal 
M = stress in metal 
W = stress in weld 

I = allowable steady shear stress 

2.3-5 ,, 

!Also Used by AWS Structural Code, Section 8) 



Either may be used in design and give comparable 
values. The new AISC method is generally quicker. 

Under the new approach, the allowables for 
members are designated (M) and for welds (W). A 
tensile load is (T), a compressive load (C), a reversal 
(R), and shear is (S). In the chart used for deter- 
mining values for allowable range of stress (Fig. 
2-123). there are four groups representing life: 

(1) 20,000 to 100,000 cycles 
(2) Over 100,000 to 500,000 cycles 
(3) Over 500,000 to 2,000,OOO cycles 
(4) Over 2,000,OOO cycles 

and eight different categories representing type of 
joint and detail of member. The chart provides the 
allowable range in stress (o,, or rsrj, which value 
may be used in the conventional fatigue formulas: 

0 7 
%.x =-Ear’- 

1-K 1-K 

where K = min. stress = min. force = 
max. stress max. force 

min. moment = min. shear 
max. moment max. shear 

df course,~~the maximum allowable fatigue value 
used should not exceed the allowable for steady 
loading. 

An alternate use of the a!!nwable range of stress 
- taken from the table - is to divide it into the 
range of applied load. This will provide the required 
property of the section - area or section modulus. 
The section, as determined, must additionally be 
large enough to support the total load (dead and live 
load) at steady allowable stresses. 

Reference to the chart of joint types and condi- 
tions and the table of allowable range of stress for 
the different categories (Fig. 2-123) will help make 
clear their use. Such reference also points up some 
of the new ideas introduced. 

One new concept is that the fatigue allowable of 
a member, for example, a welded plate girder as 
shown by (2) of the chart, is now determined by the 
allowable of the plate when connected by fillet 
welds parallel to the direction of the applied stress. 
(M) and (W) are equal and the applicable category is 
B, rather than the allowable of plate without welds, 
category A. 

If stiffeners are used on the girder, as in (4), t.he 
fatigue allowable of the web or flange is determined 
by the allowable in the member at the termination 
of the weld or adjacent to the weld, category C or 
D, depending on the shear value in the web. 

The fatigue allowable of a flange plate at the 
termination of a cover plate, either square or 
tapered end, is represented by (5). The applicable 
category is E. The same category also applies to a 
plate or cover plate adjacent to the termination of 
an intermittent fillet weld, as in (6) and (39). 

Groove welds in butt joints of plate loaded 
transversely to the weld are shown in (8) to (14). In 
(15), the groove weld is parallel to the load. In (10, 
(13), (14), (15), and (28), an asterisk appears beside 
the category for reversal (R) of load. This means 
that a modified formula should be used for 
determining maximum fatigue stress: 

0 
0 =--=-- 

rnax l-.6K 

Using .6K provides a slight increase of fatigue allow- 
able in the region of a complete reversal hy changing 
the slope of the fatigue curve. The same butt joints 
used in a girder (3) do not show this increase in 
strength, and thus no asterisk appears beside (R). 

This approach gives, for the first time, fatigue 
allowables for partial-penetration groove welds, (16) 
to (18). 

Note by (19) and (20) ~&hat the~fatl:gge~llowable 
for a member with a transverse attachment is higher 
when the attachment is less than 2-in. long, 
measured parallel to the axis of the load. Although 
there may be a similar geometrical notch effect or 
abrupt change in section in bot.h, its is the stress 
raiser that is important. The transverse bar in (19) is 
so short as far as the axis of the member and load 
are concerned that very little of the force is able to 
swing up and into the bar and then back down 
again; Consequently, the stress raiser is not severe. 
The .longer bar attachment in (ZOj, however, is 
sufficiently long to provide a path for the force 
through it and the connecting welds. Because of this 
force transfer through the welds, there will be a 
higher stress raiser and, as a result, a reduction of 
the fatigue strength of the member. The accom- 
panying sketch illustrates the difference. 
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Item (30) of the chart, which falls into category 
E, should not be confused with (37), category G. 
Both depict transverse fillet welds, but (30) provides 
a fatigue allowable for the member adjacent to the 
fillet weld, whereas (37) provides a fatigue shear 
allowable for the throat of the fillet weld. 

Knowing that the steady strength of a transverse 
fillet is about l/3 stronger than a parallel fillet, one 
might question why the fatigue allowable for a par- 
allel fillet, (34) and (35), category F, is the same as 
the transverse fillet in (36) and higher than the 
transverse fillet in (37), category G. The fatigue 

Fatigue strength of transverse 

strength of the transverse fillet (36) is actually 
higher than the parallel fillet (34), but ,they both fall 
in’ the range covered by category F. However, there 
is a difference in the two transverse fillet welds in 
(36) and (37). In (36) there may be a slight stress 
raiser because of the pinching together of forces as 
they pass through the weld. But in (37) there is a 
greater tearing action at the root of the weld, thus 
producing a lower fatigue strength and warranting a 
lower fatigue allowable. This is illustrated by Fig. 
2-124. 

fillet welds 

I 

Category @ 

Tearing 
action 
at root 
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Column for the San Ma&o-riapvard Bridqe. Design is attraciive ye, entirely k1nctio~3 
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Public safety is involved in the design and fabri- 
cation of such structures as buildings, pipelines, 
ships, and pressure vessels, and, to minimize the 
danger of catastrophic failure or even premature 
failure, documents are established to regulate the 
design and construction of these structures. Even if 
public safety is not involved, some products are 
built to meet definite requirements that insure a 
level of quality, uniformity, or interchangeability. 
These documents are called specifications, codes, 
standards, and rules. Sometimes the terms are used 
interchangeably. 

Webster’s Third International Dictionary (1969) 
defines the terms as follows: 

Specification: “A detailed, precise; explicit 
presentation (as by numbers, description, or 
working drawing) of something or a plan or 
proposal of something.” 

Code: “A set of rules of procedure and stand- 
ards of mat.erials designed t,o secure uniformit,y 
and to protect t.he public interest in such 
matters as building construction and public 
health, est,ablished usually by a pitblic. agency.” 

Standard: “Something that is c~siablishrd by 
authority, custom, or general consent as a model 
or example to be followrd.” 

Rule: “An acc:ept.ed procedure, custom, or habit 
having the force of a regulation.” 

ORGANIZATIONS THAT WRITE CODES 

Codes and specifications are generally written by 
industrial groups, trade or professional organiza- 
t.iow+ or government bureaus, and each code or 
specification deals with applications pertaining 
specifically to the interest of the authoring body. 
Large manufacturing organizations may prepare 
their own specifications to meet their specific needs. 

Among the major national organizations that 
write codes that involve arc welding are the Ameri- 
can Welding Society (AWS), American Institute of 
Steel Construction (AISC), American Society for 
Testing Materials (ASTM), American Society of 

Codes and Specifications 

Mechanical Engineers (ASME), and the American 
Petroleum Institute (API). 

Among government agencies, the Interstate 
Commerce Commission has rules for the fabrication 
of over-t,he-road vehicles and for containers nsed in 
interstate commerce. The various branches of the 
military services also prepare specifications. A list of 
major agencies involved in code and specification 
writing is presented in ‘hble 2-11. 

Some specifications - for example, those of the 
Society of Automotive Engineers (SAE) -~ actually 
are not st,andards but are merely guides to recom- 
mended practices. Other specifications rigidly call 
out the design and fabrication procedures t.o be 
followed and arc legally binding. In any event, 
neither the design nor fabrication of a welded struc- 
ture should he undertaken wit,hout the full know 
ledge of all codes and requirements that must be 
met. 

Meeting the requirements of a code does not 
protect, anyone against liability concerning t.he per- 
formance of the welds or structure. Nor, in general, 
does any code-writing body approve, endorse, guar- 
antee. or in any way attest to the correctness of 
the procedures. designs, or materials selected for 
code application. 

Some of the major organizations that issue codes 
pertaining to welding are listed in the following text. 
These listings do not cover all appiications of weld- 
ing or all code-writing bodies. Many local govern- 
ments, for example, issue codes. The list is repre- 
sentative of the common applications and of t,he 
organizations whose codes are widely used. 

American Welding Society: The advancement of 
the science of welding is a principal aim of the AWS. 
This organization writes codes for welding buildings 
and bridges; prepares specifications for welding elec- 
trodes, rods, and fluxes; and sets standards for the 
qualification of welding operators and for the 
testing and inspection of welds. 

American Society of Mechanical Engineers: The 
Boiler and Pressure Vessel Committee of the ASME 
establishes standards and rules of safety for the 
design, construction, and inspection of boilers and 
other pressure vessels. The Committee also inter- 
prets the rules and considers requests for revisions. 
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TABLE 2.11. MAJOR AGENCIES ISSUING 
CODES AND SPECIFICATIONS 

Department of the Air Force 
WPAFB (EWBFSAI 
Wright-Patterson Air Force Base. Ohio 45433 

American Association of State Highway Officials 
917 National Press Building 
Washington. DC. 20004 

American Bureau of Shipping 
45 Broad St. 
New York, N. Y. 10004 

American Institute of Steel Construction 
101 Park Ave. 
New York. N.Y. 10017 

American iron and Steel Institute 
150 East 42nd St. 
New York, N.Y. 10017 

American Petroleum Institute 
1271 Avenue of the Americas 
New York, N.Y. 10020 

Americsn Society of Civil Engineers 
345 East 47th St. 
New York, N.Y. 10017 

American Society of Mechanical Engibrs 

I 
Boiler and Pressure Vessel Code Committee 
345 East 47th Street 
New York, N.Y. 10017 

American Society for Testing Materials 
1916 Flacestreet 
Philadelphia. Pa. 19103 
American Water Works Association 
2 Park Avenue 
New York. N.V. 10016 

American Welding Society 
2801 N.W. 7th Street 
Miami. Fla. 33125 

Lloyd’s Register of Shipping 
17 Battery Place 
New York. N.Y. 10004 

Department of Navy 
Nma! Supply Depot 
5801 Taber Avenue 
Philadelphia, Pa. 19120 

Society of Automotive Engineers 
485 Lexington Avenue 
New York, N.Y. 10017 

American National Standards Institute 
1430 Broadway 
New York, N.Y. 10018 

Fabricators or manufacturers wishing to produce 
vessels in accordance with the codes must obtain 
from the Committee a Certificate of Authorization 
to use the ASME nameplate. Many states and 
municipal governments have adopted the ASME 
Code as a legal requirement for applicable types of 

construction. Other states have codes similar to, or 
patterned after, the ASME Code. 

American Society for Testing Materials: This 
national technical society has numerous committees, 
each of which issues regulations and standards in a 
prescribed field of materials application. Many of 
these pertain to construction materials and the 
methods of testing. 

American Petroleum Institute: Preferred prac- 
tices governing the design and fabrication of welded 
equipment and structures used in the petroleum 
industry are issued by the API. Some of the most 
widely used of these specifications are those for 
overland pipelines. 

American Institute of Steel Construction: This 
trade organization issues specifications for design, 
fabrication, and erection of structural steel for 
buildings. 

Government Agencies: Government specifica- 
tions consist primarily of two groups: federal and 
military. Copies of federal specifications are avail- 
able through the regional offices of the General 
Services Administration. Copies of military speci- 
fications are available through the agencies of the 
Department of Defense. Distribution of specifica- 
tions is limited to parties having a contractual 
relationship with the DOD, or who otherwise need 
the specifications to fulfill bid requirements. The 
distribution of specifications having a security 
classification is, of course, limited. 

APPLICATIONS COVERED BY CODES 

Pressure Vessels: The construction of welded 
boilers and pressure vessels is covered by codes and 
specifications that describe, among other items, the 
permissible materials. size, configuration, service 
limitations, fabrication, heat treatment, inspection, 
and testing requirements. These codes also outline 
requirements for qualification of welding procedures 
and operators. Numerous state, city, and other local 
government agencies also issue codes governing 
pressure vessels. For equipment to be used outside 
of the U.S., the applicable foreign government regu- 
lations must, of course, be investigated. Commonly 
applied codes are: 

. ASME Boiler Construction Code, American 
S0ciet.y of Mechanical Engineers 

Section I - Power Boilers 
Section II - Material Specifications 
Section III - Nuclear Vessels & Components 
Section IV - Heating Boilers 
Section V - Nondestructive Examination 
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Section VI -- Care and Operation of Heating 
Boilers 

Section VII - Care and Operation of Power 
Boilers 

Section IX - Welding Qualifications 
Some of the above Sections consist of more 
than one volume. 

. API-ASME Code - Unfired Pressure Vessels 
for Petroleum Liquids and Gases, American 
Petroleum Institute and American Society of 
Mechanical Engineers. 

. General Specifications for Building Naval 
Vessels, United States Navy Department, 
Bureau of Ships. 

. Marine Engineering Regulations and Material 
Specifications, United ‘States Coast Guard. 

. ABS Rules for Building and Classing Steel 
Vessels, American Bureau of Shipping. 

. Standards, Tubular Exchanger Manufac- 
turers’ Association, Inc. 

. Lloyd’s Rules and Regulations, Lloyd’s 
“,:,,, “‘#,, Register of Shipping. 
a;::‘, ;j i, Piping: A considerable amount of pipe is welded 
&:8ccording to procedures developed by individual 
$zi contractors without regard to code requirements. 
&Piping for steam and other pressure work, however, 
&is usually welded to code requirements. Many codes 
&for piping are written on the basis of minimum 
,;;;-requirements for safety, and some applications may, 
f~“,therefore, require more conservative design and 
‘~’ construction practices than stipulated in the codes. 

~A particular application, for example, may be 
covered by a code and yet require additional allow- 
ances for corrosion or erosion, special considerations 
to prevent distortion or creep, or inspection prac- 
tices not called for in the code to insure that all 
joints are leakproof. 

The ASME Boiler Construction Code covers 
piping connected with boilers, and adherence to its 
requirements has been made mandatory by many 
state and municipal governments. Sections I and 
VIII of this code refer to industrial piping. 

Reference to piping is also contained in the 
API-ASME Code for the Design, Construction, 
Inspection and Repair of Unfired Pressure Vessels 
for Petroleum Liquids and Gases. Although more 
liberal than Section VIII of the ASME Boiler Code, 
the API-ASME code includes a mandatory 
inspection and repair schedule. 

The American Welding Society Standard 
D10.9-69 Qualification of Welding Procedures and 
Welders for Piping and Tubing covers three different 
levels of weld quality. 

The American Standard Code for Pressure Piping 
(B31.1) serves principally as a guide to state and 
municipal governments in establishing regulations. It. 
is also used by contract.ors, manufacturers, archi- 
tects, and engineers as a reference. 

Water Pipelines: Pipe for conveying water is 
usually purchased to conform to Specification 7A.3 
or 7A.4 of the American Water Works Association. 
Pipe purchased under ASTM Specifications A134-68 
or A139-68 is satisfactory for water service, as is 
pipe conforming to API Specification 5L. 

For especially large-diameter pipe, having wall 
thicknesses greater than l-I/4 in., or for water pipe 
used above the ground and supported by stiffener 
rings, it is advisable to use the design practice 
described in the section on penstocks in the AWS 
Welding Handbook. 

Water pipes usually have a coating inside and 
outside to protect against corrosion. For mildly 
corrosive conditions, a good quality coal-tar paint is 
used. For severely corrosive conditions, either inside 
or outside, t.he pipe is usually protected with a coal- 
tar enamel lining or coating applied in accordance 
with AWW.A Specifications IA.5 or 7A.6. 

Field-Welded Storage Tanks: Field-welded 
storage tanks are usually constructed in accordance 
with some code or specification prepared for a 
particular industry. The American Welding Society’s 
Standard Rules for Field Welding of Steel Storage 
Tanks, (05.1). provides complete specifications for 
construction of storage tanks for all types of service, 
except that no unit stresses for the steel plating are 
specified. These unit stresses will depend upon the 
service conditions involved and may be found in 
these industrial specifications: 

Specifications for Gravity Water Tanks and 
Steel Towers: Associated Factory Mutual 
Fire Insurance Companies 
Standards for the Construction and Instal- 
la tion of Tanks. Gravity and Pressure, 
Towers, Etc.; National Board of Fire 
Underwriters 
Specifications for All-Welded Oil Storage 
Tanks, 12-C; American Petroleum Institute 
Standard Specifications for Elevated Steel 
Water Tanks, Standpipes and Reservoirs, 
(7H. 1; 05.2); American Water Works 
Association - American Welding Society 
Specifications for illI-Welded Steel Tanks for 
Railway Water Service; American Railway 
Engineering Association 

Aircraft Fabrication: The variety of materials 
and designs used in aircraft fabrication require the 



2.4-4 Designing for Arc Welding 

use of most of the welding processes. Because the 
materials used include aluminum and magnesium 
alloys, low-alloy steels, austenitic steels, and high- 
nickel alloys, a wide variation in techniques for most 
processes is also involved. Typical governing 
specifications and codes are: 

. Weldor Certification 
Test; Aircraft Welding Operators’ Certi- 

fication: AN-T-38 
. killer Metal and Flux 

Electrodes, Welding (covered), Copper- 
Aluminum-Iron Alloy (Aluminum- 
Bronze) (for surfacing): JAN-E-278 

Electrodes, Welding (covered), Corrosion- 
Resisting (Austenitic Type) Steel: BuAer 
46E4 (int) 

Electrodes, Welding (covered), Nickel- 
Copper Alloy: BuAer 17E4 

Nickel-Chromium-Iron Alloy Wire and 
Welding Rod: AN-N-4 ‘Wire, Iron and 
Steel, Welding (for aeronautical use): 
BuAer 46R4, AAF 10286 

l Process and Inspection Methods 
Welding, Magnesium: BuAer PW-2 
Welding, Aluminum: BuAer PW-5 
Welding, Steel: BuAer PW-7 

Ship Construction: Merchant ships and many 
merchant-type naval vessels are constructed in 
accordance with the requirements established by the 
U.S. Coast Guard and by the American Bureau of 
Shipping. Naval combat vessels and certain other 
special types are constructed. in accordance with 
U.S. Navy specifications. 

The American Bureau of Shipping requirements 
cab be found in its Rules for The~‘Building and 
Classing of Steel Vessels. 

Lloyd’s Register of Shipping issues a specifica- 
tion entitled “Lloyd’s Rules and Regulations for the 
Construction and Classification of Steel Ships. “This 

organization, founded in 1760, operates a world- 
wide service for classifying ships and inspecting their 
construction. 

Coast Guard regulations are a part of the Code 
of Federal Regulations and come under Title 46, 
Shipping; Chapter I, Coast Guard: Inspection and 
Navigation. The following sections apply to welding: 

Subchapter D - Tank Vessels - Part 31.3-2, 
37.2 

Subchapter F - Marine-Engineering Regulations, 
Part 56.20 

Subchapter G - Ocean and Coastwise, Parts 
59.15 and 59.30 

TABLE 2-12. SOURCES OF TECHNICAL 
INFORMATION : 

Alloy Castings lnsritute 
405 Lexington Avenue 
New York, N.Y. 10017 

Aluminum Association 
420 Lexingmn Avenue 
New York. N.Y. 10017 

American Foundrymen’s Society 
Golf and Wolfe Roads 
Des Plains. III. 60016 

American Society for Metals 
Metals Park, Ohio 44703 

Copper Development Association 
405 L.exington Avenue 
New York. N.Y. 10017 

Post Office Box 858 
Cleveland, Ohio 44122 

Library of Congress 
National Referal Center for Science and Technology 
Washington. D.C. 20540 

National Association of Corrosion Engineers 
980 M & M Building 
Houston, Texas 77002 

National Certified Pipe Welding Bureau 
5530 Wisconsin Ave. - Suite 750 
Washingtan. D.C. 20015 

Society for Nondestructive Testing 
914 Chicago Avenue 
Evanston, 111. 60602 

Steel Foundry Research Foundation 
2,010 Center Ridge Road 
FIocky River. Ohio 44116 

Subchapter II - Great Lakes, Parts ‘76.15, 
76.15a, 76.18, 76.34 

Subchapter I - Bays, Sounds, and Lakes, Parts 
94.14,94.14a, 94.17,94.34 

Subchapter J - Rivers, Part 113.23 
Subchapter M - Passenger Vessels, Part 144.3 
Equipment Lists for Merchant Vessels (includes 
list of approved electrodes) 

U.S. Navy regulations and requirements covering 
welding are embodied in Chapter 92, Welding and 
Allied Processes, of the Bureau of Ships Manual and 
include the following specifications: 

General Specifications for Building Vessels of 
the U.S. Navy, Appendix 5, Specifications for 
Welding. 
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General Specifications for Machinery, Section 
Sl-4, Welding and Brazing. 

General Specifications for Inspection of 
Material, dppeizdix VII, Welding. 

Aithough not concerned with the establishment 
of codes, the National Certified Pipe Welding Bureau 
has a substantial effect on welding practices. This 
organization of piping cant-.actors has headquarters 
in Washington, D.C. and lxal branches throughout 
the United States. Its pxpose is to test and qualify 
pipe-welding procedures and pipe weldors and elimi- 
nate the need for requalifying for each job. NCPWB 
works within the existing codes and specifications. 

General information on metals is published by 

various technical societies, trade associations, metal 
producers, and the Federal Government. Some of 
these organizations are listed in Table 2-12. 

The General Services Administration issues the 
Index of Federal Specifications and Standards, 
which is available from the U.S. Government Print- 
ing Office. The actual specifications are available 
from local GSA Regional Offices. 

The Referral Center for Science and Technology 
Division of the Library of Congress provides a refer- 
ral service, but does not attempt to answer technical 
questions or to cite books, journals, or other bibliog- 
raphic sources. Persons requesting information are 
provided with names of organizations likely to 
supply such. 
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3.1-l 

Weldment Distortion 

There are several problems or variables common 
to welding processes. One of these is distortion. 

Distortion in a weldment results from the non- 
uniform expansion and contraction of the weld 
metal and adjacent base metal during the heating 
and cooling cycle of the welding process. During 
such a cycle, many factors affect shrinkage of the 
metal and make accurate predictions of distortion 
difficult. Physical and mechanical properties, upon 
which calculations must in part be based, change as 
heat is applied. For example, as the temperature of 
the weld area increases, yield strength, modulus of 
elasticity, and thermal conductivity of steel plate 

,, decrease, and coefficient of thermal expansion and 
; specific heat increase (Fig. 3-l). These changes, in 
:; ,turn, affect heat flow and uniformity of heat distri- 
i;:~bution. Thus, these variables make a precise calcu- 
[: lation of what happens during heating and cooling 
&difficult. Even if the calculation were simple, of 
&reater value in the design phase and in the shop is a 
$i; practical understanding of causes of distortion, 
i!?effects of shrinkage in various types of welded 
_y” assemblies, and methods to control shrinkage and to 
:,‘,,use shrinkage forces to advantage. 

THE REASONS FOR DISTORTION 

To understand how and why distortion occurs 
during heating and cooling of a metal, consider the 
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Fig. 34. Changes in the properties of steel with inrreaips in ternpera~ 
ture COmPlicate analysis of what happem during the welding cycle 
and. thus. understanding of the factors contributing to weldment 
distortion. 

bar of steel shown in Fig. 3-2. As the bar is uni- 
formly heated, it expands in all directions, as shown 
in Fig. 3-2(a). As the metal cools to room tempera- 
ture it contracts uniformly to its original 
dimensions. 

But if the steel bar is restrained -~ say, in a vise 
- while it is heated, as shown in Fig. 3-2(b), lateral 
expansion cannot take place. Volume expansion 
must occur, however, so the bar expands a greater 
amount in the vertical direction (thickness). As the 
deformed bar returns to room temperature, it will 
still tend to contract uniformly in all directions, as 
in Fig. 3-2(c). The bar is now narrower but thicker. 
It has been permanently deformed, or distorted. For 
simplification, the sketches show this distortion 
occurring in thickness only. Actually, of course, 
length is similarly affected. 

In a welded joint, these same expansion and con- 
traction forces act on the weld metal and on the 
base metal. As the weld metal solidifies and fuses 
with the base metal, it is in its maximum expanded 
state - it occupies the greatest possible volume as a 
solid. On cooling, it attempts to contract to the 
volume it would normally occupy at the lower 
temperature, but it is restrained from doing so by 
the adjacent base metal. Stresses develop within the 
weld, finally reaching the yield strength of the weld 
metal. At this point, the weld stretches, or yields, 
and thins out, ,thus adjusting to the volume require- 

68, at room temperature - w U 
More heating and Bar restrained 
after caaling during heating 

I.4 lb1 

Restrained bar 
after cooling 

ICJ 

Fig. 3.2. If a steel bar is uniformly heated while unrestrained. as in 
(a), it will expand in all directions and return to its original dimen- 
sions on cooling. If restrained, as in lb). during heating, it can expand 
only in Ihe wrtical direction - become thicker. On cooling. the 
deformed bar contracts uniformly, as shown in lc). and. thus. is per- 
manently deformed. This is a simplified explanation of a basic cause 
of distortion in welded assemblies. 
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ments of the lower temperature. Sut only those 
stresses that exceed the yield strength of the weld 
metal are relieved by this accommodation. By the 
time the weld reaches room temperature - assuming 
complete restraint of the base metal so that it can- 
not move - the weld will contain locked-in tensile 
stresses approximately equal to the yield strength of 
the metal. If the restraints (clamps that hold the 
workpiece, or an opposing shrinkage force) are 
removed, the locked-in stresses are partially relieved 
as they cause the base metal to move, thus distorting 
the weldment. 

Fig. 3-3. The fillet welds in (al have internal longitudinal and trans- 
verse s~esses. and these welds wau!d shrink to the dimensions of 
those shown in ibi if they could be unattached from the base plate. 
To re-establish the condition showy in ia). the fillets in Ib) would~ 
have to be stretched longitudinally and transversely by forces that 
exceeded Their yield strength. 

Another approach to understanding internal 
stresses in a weld is shown in Fig. 3-3. F’illet welds 
that join two heavy plates contain residual longi- 
tudinal and transverse stresses, as indicated in Fig. 
3-3(a). To visualize how these stresses got into the 
welds, imagine the situation depicted in Fig. 3-3(b). 
Here the fillets have been separated from the base 
plates. The same amount of weld metal is assumed 
to exist in both situations. In its unattached condi- 
tion, the weld metal has shruuk to the volume it 
would normally occupy at room temperature. It is 
under no restraint and is stress-free. 

To get this unattached weld back to the condi- 
tion in Fig. 3-3(a), it would be necessary to pull it 
lengthwise - to impose longitudinal forces - and to 
stretch it transversely - to impose transverse forces. 
The weld metal has to give, or yield, in order to 
stretch, but at the time it reaches the needed dimen- 
sions, it is still under stress equivalent to its yield 
strength. This residual stress attempts to deform the 
weldment. In the case shown, it is unlikely that the 
plates would be deformed significantly because they 
are very rigid, and the weld is relatively small. When 
the first fillet is laid, however, angular distortion is 

likely to occur unless the plates are rigidly clamped 
or tacked. 

Shrinkage in the base metal adjacent to the weld 
adds to the stresses that lead to distortion. During 
welding, the base metal adjacent to the weld is 
heated almost to its melting point. The temperature 
of the base metal a few inches from the weld is 
substantially lower. This large temperature differ- 
ential causes nonuniform expansion followed by 
base metal movement, or metal displacement, if the 
parts being joined are restrained. As the arc passes 
on down the joint, the base metal cools and shrinks 
just like the weld metal. If the surrounding metal 
restrains the heated base metal from contracting 
normally, internal stresses develop. These, in combi- 
nation with the stresses developed in the weld metal, 
increase the tendency of the weldment to distort. 

The volume of adjacent base metal that con- 
tributes to distortion can be controlled somewhat 
by welding procedures. Higher welding speeds, for 
example, reduce the size of the adjacent base metal 
xone that shrinks along with the weld. 

L--L---~----- 
(a) 170 amp, 25 v, 3 ipm, thick plate 

lbl 170 amp, 25 v, 6 ipm, thick plate 

fc/ 340 amp, 30 v, 6 ipm, thick plate (solid curve) 
310 amp, 35 v, 8 ipm, thick plate (dashed curve) 

/dj 170 amp, 25 v, 22 ipm, IO-ga sheet 

0 1 234567 8 9 10 

Scale (in.) 

Fig. 3.4. Higher welding speeds reduce the size of the adiacent base 
metal zone that shrinks along with the weld and help to minimize 
distortion. 
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An indication of these effects for some typical welds 
is shown in Fig. 3-4. BUTT WELDS 

Controlled expansion and contraction is applied 
usefully in flame-straightening or flame-shrinking of 
a plate or weldment. For example, to shrink the 
center portion of a dist.orted plate, the flame from a 
torch is directed on a small, centrally located area. 
The area heats up rapidly and must expand. But the 
surrounding plate, which is cooler, prevents the spot 
from expanding along the plane of the plate. The 
only alternative is for the spot to expand in thick- 
ness, Fig. 3-5. In essence, the plate thickens where 
the heat is applied. Upon cooling, it tends to con- 
tract uniformly in all dire&ions. When carefully 
done, spot heating produces shrinkage that is effec- 
tive in correcting distortion caused by previous 
heating and cooling cycles. 

/a/ Transverse shrinkage 

--- --- 
j- - - V - - --b 

/b) Angular diaortion 

FILLET WELDS 

(cl Longitudinal shrinkage 

Shrinkage of a weld causes various types of 
distortion and dimensional changes. A butt weld 
between two pieces of plate, by shrinking trans- 
versely, changes the width of the assembly, as in Fig. 

;,,: 3-6(a). It also causes angular distortion, as in Fig. 
:c,: 3-6(b). Here, the greater amount of weld metal and 
$;‘,, heat at the top of the joint produces greater shrink- 
$age at the upper surface, causing the edges of the 
!@@ate to lift. Longitudinal shrinkage of the same 
&weld would tend to deform the joined plate, as 
[;:shown in Fig. 3-6(c). 
2::: J$;,, Angular distortion is also a problem with fillets, 
i;+as illustrated in Fig. 3-6(d). If fillet welds in a 
!;;;, T-shaped assembly are above the neutral axis (center 
,‘~of gravity) of the assembly, the ends of the member 
‘: ,tend to bend upward, as in Fig. 3-6(e). If the welds 

dare below the neutral axis, the ends bend down, a.s . 
m Fig. 3-6(f). 

cod plate renraim A3 heated area cc&, 
expansion it tends fO shrink 

,a, Hearing fbl Cooling 

Fig. 3-5. The expansion and shrinkage phenomenon that produces 
distortion in weldments can be used constructively to remove dis- 
tortion from steel plate. In Ia/. the heat irom the torch causes a 
thickening of the spot heated. In (b). the co&d spot has a lesser 
volume within the thickness oi the plater A buckle that may have 
existed is now replaced with a slight bulge at the spot that was 
flame~shrunk. 

id) Angular distortion 

Neutral axis 

ks 

/e/ Pulling effect of welds above neutral axis 

ELL 
M Pulling effect of welds below neutral axis 

Fig. 3-6. How welds tend to distort and cause dimensional changes in 
assemblies. 

HOW PROPERTIES OF METALS AFFECT 
DSTORTION 

Since distortion is caused by the effects of heat- 
ing and cooling and involves stiffness and yielding, 
the related mechanical and physical properties of 
metals affect the degree of distortion. A knowledge 
of approximate values of coefficient of thermal 
expansion, t.hermal conductivity, modulus of elas- 
ticity, and yield strength of the metal in a weldment 
helps the designer and the weldor to anticipate the 
relative severity of the distortion problem. 

Coefficient of thermal expansion is a measure of 
the amount of expansion a metal undergoes when it 
is heated or the amount of contraction that occurs 
when it is cooled. Metals with high thermal- 
expansion coefficients expand and contract more 
than metals with low coefficients for a given tem- 
perature change. Because metals with high coeffi- 
cients have larger shrinkage of both the weld metal 
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and metal adjacent~ to t.he weld, the possibility for 
distortion of the weldment is higher 

Thermal conductivity is a measure of t.he ease of 
heat flow through a n?at.erial. Metals with relatively 
low thermal conductivity (stainless steels and 
nickel-base alloys, for example) do not dissipate heat 
rapidly. Met.aIs with high thermal conductivity 
(aluminum and copper) dissipate heat rapidly. Weld- 
ing of low-conductivity metals results in a steep 
temperature gradient that increases the shrinkage 
effect in the weld and in the adjacent plate. 

Yield strength of the weld metal is another 
parameter that affects the degree of distortion of a 
weldment. To accommodate the shrinkage of a weld 
joint on cooling, stresses must reach the yield 
strength of the weld metal. After stretching and 
thinning takes place, the weld and the adjacent base 
metal are stressed to approximately their yield 
strength. The higher the yield strength of a material 
in the weld area, the higher the residual stress that 
can act to distort the assembly. Conversely, distor- 
tion in the lower-strength metals is less likely or less 
severe. 

Yield strength of metals can be changed by 
thermal or mechanical treatments. Heat treatment 
of medium-carbon, high-carbon, and alloy steels, for 
example, can increase yield strength appreciably. 
Cold working has a similar effect on many stainless- 
steels and copper and aluminum alloys. To minimize 
warping, metals should be welded in their annealed 
(low-strength) condition when possible. 

Modulus of elasticity is a measure of stiffness of 
a material. One with a high modulus is more likely 
to resist distortion. 

Table 3-l lists these properties that are 
important in distortion analysis for steel, stainless 
steel, aluminum, and copper. Following are 
examples that illustrate how carbon or mild steel 
compares with other metals of construction with 
respect to distortion. 

Mild Steel vs Stainless Steel: Yield strength and 
modulus of mild steel and of the commonly used 

TABLE 3-1. Properties of Typical Metals* 

stainless steels are in the same general range, indi- 
cating little difference in probable distortion. 
Thermal conductivity of the stainless grades, how- 
ever, is only about one-third that of mild steel. This 
would increase the shrinkage effect. The coefficient 
of thermal expansion of stainless steel is about l-1/2 
times that of steel; this would also increase shrink- 
age in the plate adjacent to the weld. Thus, for the 
same amount of welding and the same size of mem- 
ber, stainless steel would tend to distort more than 
mild steel. 

Mild Steel vs Aluminum: The coefficient of 
expansion of aluminum is about twice that of steel. 
If the two metals could be welded at about the same 
temperature, the shrinkage effect of aluminum 
would be much higher. But since the fusion temper- 
ature of steel is considerably higher than that of 
aluminum, the expansion factors approximately 
cancel out. Thermal conductivity of aluminum is 
about four times that of steel, which means that 
heat flows out of the aluminum faster, resulting in a 
lower temperature differential in the plate adjacent 
to the weld. This should produce less distortion in 
aluminum. Modulus of aluminum is about one-third 
that of steel, indicating higher distortion in 
aluminum for the same residual stress. 

Yield strength could vary over a wide range, 
depending on the aluminum alloy and its heat treat- 
ment. The effect, comparatively, on distortion 
would be minor. Thus, the factors that increase and 
decrease distortion in aluminum and in steel 
approximately balance out, indicating that distor- 
tion expectancy is nearly equal for the two metals 
generally. Since the many alloys of both metals vary 
from the generalities discussed, degree of distortion 
would depend on the properties of the specific 
alloys being considered. 

Mild Steel vs High-Strength Steel: The only 
significant difference between properties of these 
metals affecting distortion is yield strength. This 
would be higher in the high-strength steel, of course, 
suggesting increased distortion. Because of the 
higher strength, a smaller (or thinner) section would 
probably be used. This would further increase the 
distortion. 

SHRINKAGE CONTROL 

If distortion in a weldment is to be prevented or 
minimized, methods must be used both in design 
and in the shop to overcome the effects of the heat- 
ing and cooling cycle. Shrinkage cannot be pre- 
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vented, but it can be controlled. Several pract ’ 
ways can be used to minimize distortion causec J 
shrinkage: 

1. Do not overweld: The more metal placed in a 
joint, the greater the shrinkage forces. Correctly 
sizing a weld for the service requirements of the 
joint not only minimizes distortion, it saves weld 
metal and time. The amount of weld metal in a fillet 
can be minimized by use of a flat or slightly convex 
bead, and in a butt joint by proper edge preparation 
and fitup. Only the effective throat, dimension T in 
Fig. 3-7(a), in a conventional fillet can be used in 
calculating the design strength of the weld. The 
excess weld metal in a highly convex bead does not 
increase the allowable strength in code work, but it 
does increase shrinkage forces. 

ICI lntemitfent Welding ,d Minimum Number of Parser 

,e, Welding near Neutral Axis ,rl Balancing Welds around 
Neutral Axis 

Proper edge preparation and fitup of butt welds, 
Fig. 3-7(b), help to force the use of minimum 
amounts of weld metal. For maximum economy, 
the plates should be spaced from l/32 to l/16 in. 
apart. A bevel of 30 degrees on each side provides 
proper fusion at the root of the weld, yet requires 
minimal weld metal. In relatively thick plates, the 
angle of bevel can be decreased if the root opening is 
increased, or a J or U preparation can be used to 
decrease the amount of weld metal used in the joint. 
A double-v joint requires about one-half the weld 
metal of a single-v joint in the same plate thickness. 

In general, if distortion is not a problem, select 
the most economical joint. If distortion is a prob- 
lem, select either a joint in which the weld stresses 
balance each other or a joint requiring the least 

Direction Of 
each bead 
5 

After 
Welding 

Id Sackstep Welding 

Weld \ 

(il Prehending 

/j, Sack~to-Back Clamping 

/k) Sequence Weldr 

//I Sequence Welds 

Fig. 3-7. Distonion can be prevented or minimized by techniques that defeat - or use constructively - the effects 
of the heating and cooling cyck 
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amount of weld metal. 
2. Use Intermittent welding: Another way to 

minimize weld met.al is to use intermittent rather 
than continuous welds where possible, as in Fig. 
3-7(c). For attaching stiffeners to plate, for 
example, intermittent welds can reduce the weld 
metal.by as much as 75%, yet provide the needed 
strength. 

3. Use as few weld passes as possible: Fewer 
passes with large electrodes, Fig. 3-7(d)~, are prefer- 
able to a greater number of passes with small elec- 
trodes when transverse distortion could be a 
problem. Shrinkage caused by each pass tends to be 
cumulative, thereby increasing total shrinkage when 
many passes are used. 

4. Place welds near the neutral axis: Distortion 
is minimized by providing a smaller leverage for the 
shrinkage forces to pull the plates out of alignment. 
Figure 3-7(e) is illustrative. Both design of the weld- 
ment and welding sequence can be used effectively 
to control distortion. 

5. Balance welds around the neutral axis: This 
practice, shown in Fig. 3-7(f), offsets one shrinkage 
force with another to effectively minimize distor- 
tion of the weldment. Here, too, design of the 
assembly and proper sequence of weldmg are 
important factors. 

6. Use backstep welding: In the backstep tech- 
nique, the general progression of welding may be, 
say, from left to right, but each bead segment is 
deposited from right to left as in Fig. 3-7(g). As each 
bead segment is placed, the heated edges expand, 
which temporarily separates the plates at B. But as 
the heat moves out across the plate to C, expansion 
along outer edges CD brings the plates back 
together. This separation is most pronounced as the 
first bead is laid. With successive beads, the plates 
expand less and less because of the restraint of prior 
welds. Backstepping may not be effective in all 
applications, and it cannot be used economically in 
automatic welding. 

7. Anticipate the shrinkage forces: Placing parts 
out of position before welding can make shrinkage 
perform constructive work. Several assemblies, 
preset in this manner, are shown in Fig. 3-7(h). The 
required amount of preset for shrinkag&o pull the 
plates into alignment can be determined from a few 
trial welds. 

Prebending or prespringing the parts to be 
welded, Fig. 3-7(i), is a simple example of the use of 
opposmg mechanical forces to counteract distortion 
due to welding. The top of the weld groove -which 
will contain the bulk of the weld metal - is length- 

ened when the plates are sprung. Thus the corn- 
pleted weld is slightly longer than it would be if it 
had been made on the flat plate. When the clamps 
are released after welding, the plates return to the 
flat shape, allowing the weld to relieve its longi- 
tudinal shrinkage stresses by shortening to a straight 
line. The two actions coincide, and the welded 
plates assume the desired flatness. 

Another common practice for balancing shrink- 
age forces is to position identical weldments back to 
back, Fig. 3-7(j), clamping them tightly together. 
The welds are completed on both assemblies and 
allowed to cool before the clamps are released. 
Prebending can be combined with this method by 
inserting wedges at suitable positions between the 
parts before clamping. 

In heavy weldments, particularly, the rigidity of 
the members and their arrangement relative to each 
other may provide the balancing forces needed. If 
these natural balancing forces are not present, it is 
necessary to use other means to counteract the 
shrinkage forces in the weld metal. This can be 
accomplished by balancing one shrinkage force 
against another or by creating an opposing force 
through the fixturing. The opposing forces may be: 
other shrinkage forces; restraining forces imposed by 
clamps, jigs, or fixtures; restraining forces arising 
from the arrangement of members in the assembly; 
or the force from the sag ins a member due to 
gravity. 

8. Plan the welding sequence: A well-planned 
welding sequence involves placing weld metal at 
different points about the assembly so that, as the 
structure shrinks in one place, it counteracts the 
shrinkage forces of welds already made. An example 
of this is welding alternately on both sides of the 
neutral axis in making a butt weld, as in Fig. 3-7(k). 
Another example, in a fillet weld, consists of making 
intermittent welds according to the sequences 
shown in Fig. 3-7(l). In these examples, the 
shrinkage in weld No. 1 is balanced by the shrinkage 
in weld No. 2, and so on. 

Clamps, jigs, and fixtures that lock parts into a 
desired position and hold them until welding is 
finished are probably the most widely used means 
for controlling distortion in small assemblies or 
components. It was mentioned earlier in this section 
that the restraining force provided by clamps 
increases internal stresses in the weldment until the 
yield point of the weld metal is reached. For typical 
welds on low-carbon plate, this stress level would 
approximate 45,000 psi. One might expect this 
stress to cause considerable movement or distortion 
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after the welded part is removed from the jig or 
clamps. This does not occur, however, since the 
strain (unit contraction) from this stress is very low 
compared to the amount of movement that would 
occur if no restraint were used during welding. For 
examnle: 

Modulus of elasticity (E) 
Stress (0) 

= Strain (e) 

E = E steeel 

E 
45,000 

= 30,000,000 

Strain = 0.0015 in./in. 

9. Remove shrinkage forces after welding: Peen- 
ing is one way to counteract the shrinkage forces of 
a weld bead as it cools. Essentially, peening the bead 
stretches it and makes it thinner, thus relieving (by 
plastic deformation) the stresses induced by contrac- 
tion as the metal cools. But this method must be 
used with care. For example, a root bead should 
never be peened, b+--ause of the danger of either 
concealing a crack or causing one. Generally, peen- 
ing is not pern%ted on the final pass, because of the 

‘,’ possibility O’L covering a crack and interfering with 
;,~’ inspection, and because of the undesirable work- 
‘3: hardening effect. Thus, the utility of the technique 
-’ is limited, even though there have been instances :,, 

~where between-pass peenmg proved to be the only 
‘,, solution for a distortion or cracking problem. Before 
,; peening is used on a job, engineering approval 

should be obtained. 
Another method for removing shrinkage forces 

is by stress relief - controlled heating of the weld- 
ment to an elevated temperature, followed by con- 
trolled cooling. Sometimes two identical weldments 
are clamped back to back, welded, and then stress- 
relieved while being held in this straight condition. 
The residual stresses that would tend to distort the 
weldments are thus removed. 

10. Miniize welding tie: Since complex 
cycles of heating and cooling take place during weld- 
ing, and since time is required for heat transmission, 
the time factor affects distortion. In general, it is 
desirable to finish the weld quickly, before a large 
volume of surrounding metal heats up and expands. 
The welding process used, type and size of elec- 
trode, welding current, and speed of travel, thus, 
affect the degree of shrinkage and distortion of a 
weldment. The use of iron-powder manual electrodes 
or mechanized welding equipment reduces welding 
time and the amount of metal affected by heat and, 
consequently, distortion. For example, depositing a 

given-size weld in thick plate with a process operat- 
ing at 175 amp, 25 v, and 3 ipm requires 87,500 
joules of energy per linear inch of weld. The same 
size weld. produced with a process operating at 310 
amp, 35 v, and 8 ipm requires 81,400 joules per 
linear inch. The difference represents “excessive” 
heat, which expands the surrounding metai more 
than necessary. 

EQUATIONS FOR CALCULATING SHRINKAGE 

Transverse weld shrinkage (shrinkage perpendic- 
ular to the axis of a weld) is particularly important 
when the shrinkage of individual welds is cumulative 
as, for example, in the beam-to-column connections 
across the length or width of a large building. Unless 
allowances are made for transverse weld shrinkage - 
usually by spreading the joint open by the amount it 
will contract after welding - the cumulative shrink- 
age of several beam-to-column connections could be 
great enough to nrjticeably shorten the building’s 
dimensions. 

0.20 0.30 0.40 

Area a‘ Weld Ii”.? 1 

/al 

0.15 1 I I C”” r:^^l^ I, I I I I 

114 l/2 3/4 1 1 l/4 1 l/2 

Plate Thickness lin.l 

lbl 

Fig. 3-8. For a given weld thickness. transverse shrinkage increases 
directly with the cros-sectional area of the weld. The large included 
mgles in la1 are for illustrative purporesonly. 
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ct1/4” 

A = (l/4)(3/4) + (l/2)(3/4)(3/41 + W3)(1/8)(1-l/8) 
= 0.563 in. * 

Transverse Shrinkage = 0.10 + 

= 0.10 0.563 ( J 0.875 

= 0.064 in. 

Fig. 3-9. Transverse shrinkage is calculated by determining the cross- 
sectional area of the weld and applying it to thetransverse~shrinkage 
formula. 

For a given weld thickness, transverse shrinkage 
of a weld increases directly with cross-sectional area 
of the weld. Figure 3-8(a) shows this relationship for 
a l/2-in. plate. The large included angles shown in 
this graph are illustrative only; angles above 600 are 
seldom used in welding. Transverse shrinkage of 60° 
single-v and double-V joints in several plate thick- 
nesses are shown in Fig. 3-8(b). Shrinkage values 
shown in both graphs assume that no unusual 
restraint against transverse shrinkage is imposed. 

Approximate transverse shrinkage for other weld 
angles or sizes can be predicted from: 

where A = cross-sectional area of the weld in in.’ 9 
and t = weld thickness in inches. 

Another way of stating this relationship is that 
transverse shrinkage equals one-tenth of the average 
width of the weld area. A sample calculation using 
this equation is shown in Fig. 3-9. 

Important: When a deep-penetrating welding 
process (such as submerged-arc) is used, the cross 
section of the entire fused part of the joint (not 

Fig. 3-10. Angular distortion varies directly with the flange width and 
weld size and inversely with flange thickness. 

only the area of deposited weld metal) must be used 
in the calculation. 

Angular distortion (Fig. 3-10) varies directly 
with flange width W and weld size w and inversely 
with flange thickness t. The equation is: 

Angular distortion = 0.02 w w ‘.3 in. 

t* 1 . . . . . . (2) 

Values of w’.~ for use in this equation are given in 
Table 3-2. 

TABLE3-2. VALUES OF d3 

Weld Size Vallle 
w On.) J.3 

3/16 0.114 

l/4 0.165 

5/16 0.220 

318 0.280 

7116 0.342 

l/2 0.406 

9/16 0.474 

518 0.543 

314 0.688 

7/S 0.841 

1 1.00 

The agreement between measured and calculated 
values of angular distortion, shown in Fig. 3-11 for 
eight different flange and web arrangements, attests 
to the validity of the equation. In only one of the 
arrangements illustrated does angular distortion 
approach the AWS allowable limit - 1% of the flange 
width or l/4 in., whichever is greater. In this instance, 
overwelding is obvious. 

Longitudinal bending, or cambering, results 
from a shrinkage force applied at some distance 
from the neutral axis of a member. Amount of dis- 
tortion depends on the shrinkage moment and the 
resistance of the member to bending, as indicated by 
its moment of inertia. Assuming no unusual initial 
stresses, the following equation can be used to calcu- 
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CA 0~032” 
k:F::;.., o,,~ 

catc O.l‘w’ 

Fig. 3-11. The agreement oeiween measured and cakulated values for 
anguiar distortion ailem to rhe usefuiness of the angular-distortion 

,, formula. 

;,: late distortion of a member, resulting from 
‘, : longitudinal welds: 

Longitudinal distortion = 0.005 AdL’ 
I . . . . . . (3) 

L 1 

Fig. 3-12. Longitudinal distortion varies directly with the cross- 
sectional area of weld mef.4. distance of the center of gravity of the 
weld from the neutral axis. and length of the member squared. and 
inversely with the moment of inertia of the member. 

where A = total cross-sectional area of the weld 
metal and fused base metal in in.* ; I = moment of 
inertia of the member in in.4 ; and L and d are the 
length and distance identified in Fig. 3-12. The area 
A can be estimated from the weld size w . 

Agreement between calculated and measured 
values for longitudinal distortion is shown for 
several examples in Fig. 3-13. 

9 p-1/4’ 

w = 0.268” ---J 

A- 
L- _ --I/ 0.80” 
7 L *..a+ 

d = + 0.289 in. 
I = 1.233 in.4 

!zzz 
Actual o.cu in. 
Calc”lated 0.027 in. 

lends “PI 

Fig, 3-13. The formula for longitudinal distortion gives values in 
reasonable agreement with those determined by measurement. 

EXAMPLES OF DISTORTION CONTROL 

T Section: A manually welded T assembly, Fig. 
3-14(a), was distorted laterally after welding, even 
though the proper size of fillet weld was used. 
Analysis showed that the center of gravity of the 
two welds was well above the neutral axis. By 
changing to deep-penetration, automatic sub- 
merged-arc welding, the center of gravity of the 
welds was lowered, Fig. 3-14(b), substantially 
reducing the shrinkage moment. Depth, or throat, of 
the weld is the same but there is now weld metal 
nearer to the neutral axis. In addition, the higher 
speed of the automatic welding also reduces 
distortion. 

Three-Member Column: The welds in the lift- 
truck column shown in Fig. 3-15(a) are balanced 
and can be made downhand by merely turning the 
assembly once. But longitudinal distortion proved to 
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Throat - 

-~ /-+ 

‘i lx pt r”e’dr 7 ~~Miomenf arm 

“LjFr ----e-J 

,a, Manual Weld 

r-7 
Throat - I i Y. CG Of “;a’ds 7 poment arm 

ibl Submerged-Are .4”tomatic Weld 

Fig. 3-14. The lateral distortion in la1 resulted from the center of 
gravity of the fwo welds being well abnve the neutral axis. The deep- 
penetration characteristics of automatic submerged-arc lb) lowered 
rhe cenw of gravity of the webds and helped reduce the distortion. 

be excessive - 0.42 in. in the loo-in. length. 
Analysis shows that the distance between the center 
of gravity of the welds and the neutral axis of the 
section is 0.682 in. If this distence could be reduced 
by a change in design, less distortion would occur. 

One way to put the welds closer to the neutral 
axis is shown in Fig. 3-15(b). With this design, the 
distance is reduced to 0.556 in. Calcuiation for dis- 
tortion (using Equation 3) shows that the distortion 
would be reduced to 0.32 in. for the loo-in. length. 
If this amount of distortion cannot be tolerated, the 
column members could be prehent about 5/16 in. in 
the opposite direction so that the assembly would 
be very near flat after being welded. 

Box Section: The lightweight boom section illus- 
trated in Fig. 3-16 exemplifies the importance of 
method of assembly in minimizing distortion. 

One method of assembly would be to tack-we!d 
all pieces together before welding, producing a rigid 
unit with counterforces to resist those generated by 
shrinkage. Analysis indicates that the center of 

/a! Ibl 
Fig. 3-15. By a design change. thedistance of the ce xer of gravity of 
the welds in this assembly from the neutral axis n’5 reduced from 
0.682 in. la1 to 0.556 in. lbl. Longitudinal distortmn was thus 
reduced from 0.42 in. to 0.32 in. for the 100-i”. length. 

Fig. 3-16. If the stiffeners to the box section were welded on after 
welding together the box-section members, the longitudinal distortion 
would be five times that produced by tack-welding the stiffeners at 
the same time the box section is tacked. 

gravity of the weld metal would be 1 .l 1 in. from the 
neutral axis of the section. In a 63-in. length, the 
deflection calculated from Equation 3 is 0.004 in. 

A second method would be to weld the box 
section first, which should produce no distortion 
because of the exact coincidence of the center of 
gravity of weld metal with the neutral axis. The only 
distortion would then be that developed when the 
two l/4-in. stiffener plates are added. The distance 
between the center of gravity of the stiffener welds 
and the neutral axis is 3.994 in. Calculating for 
deflection in a 63-in. length produces a value of 
0.006 in. Thus the distortion in the assembly using 
this sequence would be l-1/2 times that produced 
by tack-welding the stiffeners at the same time the 
box section is tacked. 

Unsymmetrical Beam: The welded spandrel 
beam shown in Fig. 3-17 is to cover a 42-ft span in a 
structure. How much horizontal deflection, or 
“sweep,” can be expected in this length? 

Inspection shows that the welds are balanced 
about the horizontal (x-x) axis and the section is 
symmetrical in respect to it. Thus, no vertical dis- 
tortion, or camber, would he expected as the result 
of welding. The vertical neutral axis (y-y) is calcu- 
lated to be 0.242 in. to the right of the centerline of 
the web plate. The section is thus fairly symmetrical 
about the vertical axis and, if the welding were 
balanced about the web plate, there should be little 
horizontal bending. 

However, the welding is not centered about the 
vertical neutral axis; computation shows the center 
of gravity of all welds to be 2.63 in. to the right of 
the centerline of the web. Thus, distance d (in 
Equation 3) between the neutral axis and the center 
of gravity of welds is 2.39 in. Horizontal deflection 



@ plate (3/8” x 72 W8”) 

318-x 8-15/16” 
2.5/8” x 4-l 12” 

Neutral axis (y-y) 

;: ‘,’ 

<i: Fig. 317. This unSymmetricat beam defiesan assembly sequence that 
?;,; lowers horizontal distortion to a point where flame~straightening 
::;:would be practical. The best sol~ifion appears to be on!? in which the 
::,“L-shaped subassehiblies would be welded in half lengths and then 

weld-joined info full+ngth unitsaffer flame-straigh?ening. 

in the 42-ft length, calculated from Equation 3, is 
about 2.4 in., if the assembly were all tacked 
together and welded. This could be too much to 
straighten by flame-shrinking. 

Another possibility might be to weld the two 
L-shaped parts as subassemblies. As isolated units, 
these pieces would have a neutral taxis approxi- 
mately 3 in. from the center of gravity of their two 
l/4-in. fillets. Calculation shows that the welds 
would cause the ends of 42-ft lengths to move about 
5.1 in. to the right. This would be an excessive 
amount. 

The L-shaped subassemblies could be broken 
into shorter pieces and then joined by butt welding. 
Since length L in the deflection equation is a 
squared term, any reduction in length substantially 
decreases deflection. If the L-shaped sections were 
welded in 21-ft lengths, end movement would be 
less than 1.3 in. - an amount that is easily handled 
in straightening. After welding the L-shaped sec- 
tions, they could be assembled into the final girder. 
Then all of the welding would lie almost along the 
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vertical neutral axis, and no distortion should occur. 
A fast welding process, avoiding multipass welds, 
would be recommended. 

Welding Sequence: A fabricator was welding 
frames of different lengths and thicknesses from 
formed mild-steel channels and plates in the 
sequence indicated in Fig. 3-18(a). He wanted to 
know if any other sequence would produce less 
distortion. 

In the analysis of this problem, it should be 
borne in mind that the shrinkage of the weld metal 
and adjacent plate will produce a tensile force. If the 
resulting compressive stress in the member does not 
exceed t,he yield strength or is not great enough to 
produce permanent set, the sequence is immaterial 
when the welds are not large compared with the rest 
of the section, and when the section is symmetrical 
and the welds are balanced about the neutral axis. 
After the fourth weld, compressive stress would be 
fairly uniform throughout the section. But, in this 
example, tlne question arises as to whether or not 
the yield point might be exceeded in compression 
with any of the possible sequences. 

After the first weld is completed, Fig. 3-18(b), 
the weld and some adjacent plate is in tension. 
Compressive forces exist in the rest of the member, 
which may be considered as an eccentrically loaded 

/ii/ 1e/ If/ 

Fig. 3-18. The sequence of placing the welds and the practicaliry of 
running two welds simultaneously ate important factors in the 
welding of this assembly. 



column. If the weld is large enough, the resulting 
stress will exceed the yield point of the member and 
cause permanent deformation. This would produce a 
larger bend than if the yield point were not 
exceeded. 

When weld No. 2 is made, Fig. 3-18(c), the same 
but opposite stress distribution should result. How- 
ever, if the first weld has caused a permanent set, 
the second weld cannot pull the member back into 
straight condition. 

If both welds are made simultaneously, a uni- 
form stress distribution results, and there is no 
movement or bending effect. Also, the stress is 
much lower, and there is very little chance that it 
would exceed the yield point. Then, when the final 
two welds are simultaneously made, Fig. 3-18(d), 
stress distribution would be &ii more uniform and 
produce no bending effect. 

If two welds are made at the same time in a 
horizontal position - weld No. 1 and No. 4, in Fig. 
3-18(e) - some bending would result because the 
yield point probably would be exceeded. The 
remaining two welds would probably not quite pull 
the member straight. 

If instead, the welds across the longer dimension 
were chosen as pairs, Fig. 3-18(f), bending would be 
about the y-y axis. Such a member would have little 
structural utility. 

Thus, if it is necessary to position the member 
to accomodate two adjacent welds; the two welds 
at the narrower dimension should be made simui- 
taneously. The resulting bending about the x-x axis 
would be slight, and a camber in this direction is 
often desirable. 

The least amount of distortion would result if 
welds 1 and 2 were made simultaneously, followed 
by 3 and 4, also simultaneously. But since this pro- 
cedure would not be practical in most cases, the 
next best procedure is to make welds 1, 4, 2, 3 in 
that order, resulting in some camber. 

Fig. 3-19. By welding the cover plaft to the boffom plate first. as in 
(bl. and straightening tf before tacking and welding the beam. ,he 
distortion in the final beam would be only about one-third thaf if all 
parts were tacked together for welding. as in (al. 

The girder in Fig. 3-19, made of high strength 
(A441) steel, needs more flange area on the bottom 
because the concrete deck on top is attached 
through shear lugs (composite girder) and will carry 
some of the bending moment. The strength and 
allowable stress for this steel decreases with 
increased thickness. Two 3/4-in. plates are used on 
the bottom because they have a higher stress- 
allowable and are stronger than a single l-3/4-in. 
plate, thus saving 16% of the steel. 

The conventional shop procedure would be to 
tack all parts of the girder together, then weld the 
assembly. However, there would be four fillet welds 
in the bottom portion of the girder and two in the 
top - an unbalanced condition. In this example, the 
center of gravity of the six welds is considerably 
below the neutral axis of the member, and the 
welding would cause the ends of the girder to move 
downward, producing camber. 

A better procedure might be to weld the cover 
plate to the bottom flange plate first. If distortion 
should occur, straightening of the subassembly 
would not be difficult. Then, when this subassembly 
and the top flange are welded to the web, only four 
fillet welds affect distortion, and the center of 
gravity of the four welds is much closer to the 
neutral axis. The deflection due to welding will be 
directly proportional to the amount of weld metal 
and to the distance d between the center of gravity 
of the welds and the neutral axis, and inversely 
proportional to the bending resistance (moment of 
inertia) of the section. 

Changing welding sequence from the first 
method to the second reduces the number of welds 
that influence distortion from six to four. In other 
words, the welds then have only two-thirds the 
effect on distortion as previously. The distance d is 
reduced by about half. Bending resistance, of 
course, remains constant. Theoretically, the second 

Fig. 3-20. The l/Z-in. plate in the hopper box at the left has about 17 
timer as much resistance to buckling under the shrinkage forces of the 
corner weldsas the 12~qaqe sheet material in the box at the right. 
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Ici 

1~ Fig. 3-21. Shrtnkagr in fk centerline iyeld Id has rhe same effect as if 
:. a turnbuckle !bi were used to shorten the centerline of the member. 

A fwk~. eiiher as shown in ICI or IdI. must result when the outer 
edges of rtle member are longer Ihan its cerlterline. 

sequence would thus produce only one-third the 
distortion (2/3 x l/2 = l/3), and, since the center of 
gravity of the welds in this case would be above the 
neutral axis, the distortion would be in the opposite 
direction - ends up. 

It must be remembered, however, that if the 
distortion in the first method was not great, it might 
not be worthwhile to change to the method that 
would require straightening the flange-cover plate 
subassembly. Both sequences should be investigated 
whenever this situation arises. 

Buckling and Twisting: Since the shrinkage force 
of the weld is a function of the square of the thick- 
ness of the material and resistance to buckling is a 
function of the cube of the thickness, it is seen that 
the buckling due to welding of a panel increases 
directly as the thickness decreases. 

Figure 3-20 illustrates two hopper boxes with 
welded corners. One is made from l/2-in. plate and 
the other, from 12-gage (0.1046-in.) sheet. The 
welds at the corners shrink and tend to leave excess 
metal under compression in the central portion of 
the panels. Distortion by buckling can result. The 

size of the corner welds in the hopper made from 
l/2-in. plate indicates that the shrinkage forces 
would be much greater than those in the hopper 
fabricated from 12-gage sheet. However, resistance 
to buckling is also much greater in the thicker 
material (because of the t3 relationship). With the 
thicknesses used in this example, the plate material 
has about 17 times more resistance to bending (or 
buckling) than the sheet material. 

Twisting can also be a problem with thin 
material because of its low torsional resistance. 
When a weld is made down the center of a member, 
Fig. 3-21(a), the weld area tends to shrink and 
become shorter. The effect is the same as if a turn- 
buckle were attached at this position and tightened, 
as in Fig. 3-21(b). Under this centrally located 
tension, a flat rectangle can not exist. 

To satisfy the conditions of a member that has 
outer edges longer than its centerline, the member 
must twist, ‘as in Fig. 3-21(c). Applying a counter 
force to untwist the weldment is futile. Once that 
force is great enough to re-establish the original 
plane, the material snaps into a twist in the opposite 
direction, as in Fig. 3-21(d). 

Twisting can be prevented or minimized in 
several ways: 

1. Minimize shrinking force by good welding 
practice - decrease volume of weld metal 
and weld at the highest practical speed. 

2. Keep the length of the welded member as 
short as practical. 

3. Incorporate as much resistance to twisting as 
feasible. Since the resistance of a plate to 
twisting is a function of the cube of its 
thickness, doubling the thickness increases 
its resistance by a factor of eight. Torsional 
resistance can also be increased, where 

id 

Fig. 522. Fillet welds fend TO shorten the flanges of a long. thin 
beam. leading to the twisting shown in (bl. Flame-shrinkage of the 
outer edges of the flanges is a corrective measure. 
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design permits, by using closed box sections 
or diagonal bracing. 

A twisted weldment can often be corrected by 
flame-shrinking. The outer edges are heat-shortened 
to the length of the centerline, and the disparity in 
dimensions responsible for twisting is eliminated. 

Sometimes a very long, thin welded beam twists 
out of shape after welding. The reason for this is 
that the member is made up of three parts, as in Fig. 
3-22(a), and the fillet welds have shortened the 
flanges at the centers, while the lengths of the out- 
side edges have remained unchanged. Unless the 
flanges have adequate torsional resistance, twisting 
results, as shown in Fig. 3-22(b). Flame-shrinkage of 
the outer edges of the flanges is the corrective 
measure for this condition. 

Horizontal or Vertical Web: In a shop having 
automatic equipment with the capability of making 
two fillet welds simultaneously, beams can be 
welded with the web either horizontal or vertical 
(Fig. 3-23). Either way is satisfactory, since dis 
tortion would be minimal in each case. When the 
web is horizontal the beam is more flexible, but 
since the welds are very close to the neutral axis of 
the girder, they have practically no bending power. 
With the web vertical, the welds are farther away 
from the neutral axis but the girder has considerable 
rigidity in this direction. 

It may be difficult, however, with the web hori- 
zontal, to keep the flanges from tilting or rotating to 
an angle less than 90 degrees. If the welds on the 
other side of the web do not correct this, the fabri- 
cator still has the option of making the fist welds 
with the flanges cocked to an angle greater than 90 
degrees. He must ascertain, however, just how much 
excess angle to use to get 90 degrees after shrinkage 

I f 

Fig. 3-23. In the automatic welding of flange to web running nwo 
fillets simultaneously. positioning the web &her horizontal or verlical 
is acceptable practice. 

Fig. 3-24. The horizontal web position is often preferred when auto- 
matic welding with two heads, since it allows angling the flanges so 
that shrinkage forces will bring the angle of web-to-flange to 90 
degrees in the finished member. 

and after completion of the final welds. In addition, 
he must make certain that his welding procedures 
remain constant. 

In general, when equipment is not available that 
can deposit two welds simultaneously, the sequence 
for depositing the four fillet welds on a fabricated 
plate girder by automatic methods can be varied 
without a significant effect on distortion. In most 
cases, the sequence is based on the type of fixture 
used and the method available for moving the girder 
from one welding position to another. When a single 
automatic welder is used, the girder is usually posi- 
tioned at an angle between 30 and 45 deg, permit- 
ting the welds to be deposited in the flat position. 

la) Inclined Fixture 

(6) Trunnion-Type Fixture 
Fig. 3-25. The welding positions and sequences normally used when 
fabricating a girder. using an inclined or trunnion-type fixture with a 
single welding head. 



Thii is desirable, since welding is faster. Flat 
positioning also permits better control of bead shape 
and allows depositing larger welds when necessary. 
Figure 3-25 shows the welding positions and 
sequences for the girder supported by an inclined 
fixture and by a trunnion-type fixture. 

Using jigs to support the girder requires a crane 
to change position after each weld. Since reposition- 
ing takes time and, since it requires the use of equip- 
ment that may be serving several welding stations, it 
should be minimized as much as possible. 

A typical setup, using a pair of jigs to support a 
girder for welding, is shown in Fig. 3-25(a). After 
weld 1 is made, the crane simply moves the girder to 
the facing jig where weld 2 is made. After weld 2, 
the crane rolls the girder over for welds 3 and 4. 

A different welding sequence results witb the 
use of a trunnion-type fixture, shown in Fig. 3-25(b). 
After weld 1 is made, the girder is rolled over 180 
deg for weld 2 without changing the position of the 
welding head. Upon completion of weld 2, the 
girder is again rolled, and the welding head is repo- 

:F,, sitioned for weld 3. After weld 3, the girder is rolled 
i, ,~ and weld 4 is made with the head following the 
{I, same path as for weld 3. 
t,,,, In both cases, welding sequence is not influ- 
$;, enced by considerations of distortion control but by 
&:’ the positioning that consumes the least amount of 
8,~ ;, time. 
:g:,: ;:;j -1, Slender, Light-Gage Columns: Slender columns 
!f;, for lights, signs, or other mounting purposes are 
‘~ ‘commonly fabricated by welding together two 

light-gage formed channels, Fig. 3-26(a). If the first 
weld cools before the second weld is made on the 
opposite side, some bowing results because the 

Fig. 3-26. A rechnique for welding slender. lightgage columns - so 
that the end result is a straight column. 

la1 Maximum camber 

161 Minimum camber 

Fig. 3-27. Weld shrinkage and gravity can be used beneficially to 
produce and control the camber in a fabricated beam. The supporting 
arrangement maximizes or minimizes the effects of gravity. 

second weld may not be capable of pulling the mem- 
ber straight. The first weld, on the top side of the 
member, initially causes the center of the column to 
bow upward, as in Fig. 3-26(b). If the member is 
turned over quickly and the second weld made 
immediately, the second weld will initially be 
slightly shorter than the length of the member. 
After the welded column cools, it will usually be 
straight. 

Control of Camber: Weld shrinkage can be used 
beneficially in fabricating a long beam or girder to 
produce a desired camber. The effects of weld 
shrinkage and of gravity can be combined to control 
the amount of camber. The technique involves 
support of the assembly so that the two effects 
work in the desired direction - either together, to 
produce a camber, or in opposition, to produce a 
straight member or one with minimum camber. 
Thus, supporting the beam near its ends causes it to 
sag at the center, and supporting it at the center and 
letting the ends overhang produces a relatively 
straight beam. 

For example, a beam is to have a cover plate 
welded to its lower flange and is to have a certain 
amount of cam.ber (ends down). It is felt that the 
shrinkage from welding will not provide enough 
camber. Since the cover plate is narrower than the 
flange, it must be welded with the beam turned 
upside down. By supporting the beam near its ends 
during welding, as in Fig. 3-27(a), the sag sup 
plements weld shrinkage and increases the camber. 

If, on the other hand, too much bending will 
result from the welding, the beam can be supported 
near the center during welding, as in Fig. 3-27(b). 
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Fig. 328. The convex side of thy panel is the one with excess metal 
and the side that requires flame-shrinking. 

The effect of gravity will then be subtractive from 
the bending resulting from welding, thus reducing 
the camber of the finished beam. 

Distortion Correction by Flame-Shrinkage: A 
high temperature is not required for flame-shrinking, 
but a large torch is necessary for rapid heat input. 
The success of the technique depends upon estab- 
lishing a steep temperature gradient in the member. 
When a length of metal is to be flame-shrunk, such 
as the edge of a twisted panel or the flange of a 
beam, the torch can be moved progressively along 
the length, or selected spots can be heated and 
allowed to cool, with intermediate observation of 
the degree of distortion-removal achieved. 

The convex side of a bent beam or buckled 
panel is obviously the one containing excessive 
metal and the side that requires shrinking. The 
buckled panels shown in Fig. 3-28, for example, 
have too much material in the central areas. If the 
part of an assembly to be shrunk is restrained - the 
case in many weldments - overheating could pro- 
duce residual, or locked-in, stresses. It is good prac- 
tice, to proceed cautiously in flame-shrinking, 

Fig. 329. Equipment for providing an atomized spray of water to 
a~~eterafe cooiing of metal when flame-shrinking. 

periodically allowing the members to cool so that 
the degree of distortion-removal can be checked. 

To speed the operation, an atomized spray of 
water is sometimes used to accelerate cooling. This 
can be accomplished by simply inserting a Y fitting 
into a compressed-air line ahead of the valve and 
running a rubber hose from the fitting to a container 
of water (Fig. 3-29). When the valve is opened, the 
rush of ah past the orifice in the fitting draws water 
into the ah stream, creating an atomized spray. 
When the spray strikes the hot plate, it turns into 
steam, absorbing a substantial amount of heat in so 
doing. Cooling is rapid and, since all of the sprayed 
water is vaporized, the work remains dry. 

t’ 
Before welding 

‘1 35 

1 , 
I 

I 
After flame Straightening 

Fig. 3-30. A beam that has been bent when welding on the cover plate 
can be straightened by flame-shrinking the other flange. 

Flame-shrinkage is often applied to long beams 
and columns that have been bent by welding. A 
beam with a welded cover plate is likely to bend, as 
shown in Fig. 3-30, because the welding is not 
balanced about the neutral axis. The welding on the 
cover plate produces shrinkage that shortens the 
length of the flange to which it is welded. Flame- 
shrinkage shortens the other flange to the same 
length, thus straightening the beam. 

Flame-shrinkage, used properly, can also 
increase the desired amount of camber in a beam. 
For example, if the rolled beam with a welded cover 
plate shown in Fig. 3-30 requires more camber than 
that produced by the welding of the cover plate, 
flame is applied to the cover-plate side. However, if 
the cover plate alone is heated and shrunk, it will 
pull against the lower beam flange, resulting in a 
considerable amount of locked-in tensile stress. An 
accidental overload on the beam in service qould 
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in the beam 

Fig. 3-31. Techr~ique for developing camber in beams wish or without 
cover plates so ihat lim? or no locked~i” stress WS”hS~ 

exceed the yield stress of the cover plate and cause 
stretching and the loss of some of the camber. Thus, 
to minimize the tensile stress developed in the cover 
plate, so that more of the strength is used for resist- 
ing loads and maintaining camber, the beam flange 
sbould also be flame-shrunk, along with the cover 
plate. 

Flame-shrinkage can be used to develop camber 
in beams with or without cover plates so that little 
or no locked-in stress results. A wedge-shaped area 
(Fig. 3-31) is first marked off on the web and lower 
flange with soapstone or other marking material that 
will withstand high temperature. The flame from 
one or more heating torches is then applied to the 
marked region until it reaches a red heat. The flame 
is removed, the area is allowed to cool, and the 

Fig. 3-32. Two beams that were fabricated in normal fashion and then 
curved by flame~shrinkage. 

camber is measured. Similar areas are then marked 
off, and the process is repeated until the required 
camber is obtained. Two beams that were fabricated 
in normal fashion, then curved by flame-shrinking, 
are shown in Fig. 3-32. 

SHOP TECHNIQUES FOR DISTORTION 
CONTROL 

Various shop techniques have been developed to 
control distortion on specific weldments. All make 
use of the principles discussed relative to restraint, 
expansion, and contraction. 

In sheet-metal welding, for example, a water- 
cooled jig (Fig. 3-33) is useful to carry heat away 
from the welded components. Copper tubes are 
brazed or soldered to copper holding clamps, and 

Copper clamps 

-7 
r Joint to be welded 

G o r Q 0 
- Copper water tubes 2 

Fig. 3-33. A water~cooled jig for rapid removal of heat when welding 
sheet meta,. 

water is circulated through the tubes during welding. 
The restraint of the clamps also helps minimize 
distortion. 

The “strongback” is another useful technique 
for distortion control during butt welding of plates, 
as in Fig. 3-34(a). Clips are welded to the edge of 
one plate and wedges are driven under the clips to 
force the edges into alignment and to hold them 
during welding. 

In a variation of this method, shown in Fig. 
3-34(b), a yoke is welded to form an inverted T 
section. The yoke is passed through a root-spaced 
joint from beneath the work. Steel wedges, driven 
into slots in the yoke, bring the plates into align- 
ment. The thickness of the yoke can be the same as 
the width of the root opening, thereby serving 
additionally as a spacer between plate edges. 

A yoke can be used in a different way on thicker 
plates, as in Fig. 3-34(c). Here, the yoke is welded to 
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clip is welded Yoke Of same thickness 
as root opening 
of joint 4 

/Cl ldl 

Fig. 3-34. Various strongback arrangements to confrol distortion 
during butt-welding. 

the top of one plate, a bar is welded to the second 
plate, and a wedge is driven between the yoke and 
the bars. After the plates are aligned, the bar is 
tack-welded to the other plate, and the yoke and 
wedge are removed and used elsewhere on the joint. 
When welding is completed, the tack-welded bars are 
removed. 

If there is concern that strongbacks may restrain 
the joint excessively against transverse movement as 
the weld shrinks, and thus increase the possibility of 
weld cracking, the strongbacks can be set at 450 to 
the joint, as in Fig. 3-34(d). This arrangement allows 
some transverse movement without loss of restraint 
in the longitudinal direction. 

Welding of very heavy materials may require 
strongbacks that extend a considerable distance on 
each side of the joint. The arrangements shown in 

Fig. 3-35. Strongback arrangements that allow pressure to be applied 
at considerable distance from the ioint~ 

n Side wa,, 
of housing 

Fig. 3-36. Stress relief before machining would facilitate the boring to 
specified diameter this hub for a bearing support. 

Fig. 3-35 allows pressure to be applied over long 
spans of material. 

Stress Relief: Except in special situations, stress 
relief by heating is not used for correcting distor- 
tion. There are occasions, however, when stress 
relief is necessary to prevent further distortion from 
occurring before the weldment is finished. 

Residual tensile stresses in the weld area can be 
of the order of the yield strength of the metal. 
Compressive stresses exist in other areas to balance 
the tensile stresses. After sufficient movement 
(distortion) has taken place to balance the stresses, 
there should be no further movement in the mem- 
ber. However, if some of the stressed material is 
subsequently machined out, a new unbalance of 
stress results. A corresponding movement of the 
member must then take place to rebalance tensile 
and compressive stresses. This new movement, or 
distortion, takes place gradually as machining prog- 
resses. To avoid this distortion, weldments are some- 
times stress-relieved before machining operations. 

An example of a weldment that required stress 
relief before machining is the hub for a bearing sup 
port shown in Fig. 3-36. The hub is welded into the 
sidewall of a housing member. The two large circum- 
ferential welds tend to shrink and assume a smaller 
circumference and diameter. The inner diameter of 
the hub resists this movement, and therefore is 
stressed in compression. Should the hub be bored 
out without a stress relief, much of the area in 



Wekiment Distortion 3. I- 19 

compression would be removed. Removal of the 
balancing compressive forces would allow the welds 
to shrink to a smaller diameter, and the hub would 
become smaller as machining progresses. Without 
preliminary stress relief, it would be necessary to 
machine out the hub with many light cuts, each 
successively less, to arrive at the final bore diameter 
for the bearing. With a stress-relief operation, boring 
would be straightforward, to the specified diameter. 

CHECK LIST FOR M!NIMlZING DISTORTION 

Do not overweld. 

Control the fitup. 

Use intermittent welds where possible. 

Use t.he smallest leg size permissible when fillet 
welding. 

Use minimum root opening, included angle, and 
reinforcement. 

;,, Select joints that require minimal weld metal; for 
;;: example, a double-V joint instead of a single-v joint. 
:,_ 
fiz Weld alternately on either side of the joint when :p:: 
g; : ,possible with multiple-pass welds. 

#; Use minimal weld passes. 
& 
;s::, Use high-deposition-rate processes. ,t: :, .,~ 

Use high-speed welding methods - iron-powder- 
covered electrodes or mechanized welding. 

Use methods that give deep penetration and thus 
reduce the amount of weld metal needed for the 
same strength and amount of heat input. 

Use welding positioners to achieve the maximum 
amount of flat-position welding. The flat position 
permits the use of large-diameter electrodes and 
high-deposition-rate welding procedures. 

Balance welds about the neutral axis of the member. 

Distribute the welding heat as evenly as possible 
through a planned welding sequence and weldment 
positioning. 

Weld toward the unrestrained part of the member. 

Use clamps, fixtures, and strongbacks to maintain 
fitup and alignment. 
Prehend the members or preset the joints to let 
shrinkage pull them back into alignment. 

Weld those joints that contract most first. 

Weld the more flexible sections first. They can be 
straightened, if necessary, before final assembly. 

Sequence subassemblies and final assemblies so that 
the welds being made continually balance each other 
around the neutral axis of the section. 
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Sclici:~g deck ~!a~2 iris’: mechanized submerged arc welding. Mechanized welding is an aid to minimize distortion 
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Arc Blow 

Arc blow is a phenomenon encountered in DC 
arc welding when the arc stream does not follow the 
shortest path between the electrode and the work- 
piece, but is deflected forward or backward from 
the direction of travel or, less frequently, to one 
side. Unless controlled, arc blow can be the cause of 
difficulties in handling the molten pool and slag, 
excessive spatter, incomplete fusion, reduced 
welding speed, porosity and lowered weld quality. 

Back blow occurs when welding toward the 
ground connection, end of a joint, or into a corner. 

,, Forward blow is encountered when welding away 
ij: : from the ground or at the start’of the joint. Forward 
[ii, ,blow can be especially troublesome with iron- 
i$:“powder or other electrodes that produce large slag 
&:;coverings, where the effect is to drag the heavy slag 
&y, or the crater forward and under the arc. 
&;,, & There are two types of arc blow of concern to 
@the weldor. Their designations - magnetic and 
@/, thermal - are indicative of their origins. Of the two, 
@:magnetic arc blow is the type causing most welding 
#$ problems. 
:‘, 

MAGNETIC ARC BLOW 

Magnetic am blow is caused by an unbalanced 
condition in the magnetic field surrounding the arc. 

” Unbalanced conditions result from the fact that at 
most times the arc will be farther from one end of 
the joint than another and will be at varying dis- 
tances from the ground connection. Imbalance also 

Direction 

8 

of flux 

Fig. 337. A current through a conductor sets up a magnetic field that 
may be represented by planes of concenfric circles - “flux lines.” 

always exists because 0; .Iie change in direction of 
the current as it flows from the electrode, through 
the arc, and into and through the workpiece. 

To understand am blow, it is helpful to visualize 
a magnetic field. Figure 3-37 shows a DC current 
passing through a conductor, which could be an 
electrode or the ionized gas stream between an elec- 
trode and a weld joint. Around the conductor a 
magnetic field, or flux, is set up, with lines of force 
that can be represented by concentric circles in 
planes at right angle to the direction of the current. 
These circular lines of force diminish in intensity the 
farther they are from the electrical conductor. 

They remain circular when they can stay in one 
medium, say air or metal, expansive enough to con- 
tain them until they diminish to essentially nothing 
in intensity. But if the medium changes, say from 
steel plate to air, the circular lines of forces are 
distorted; the forces tend to concentrate in the steel 
where they encounter less resistance. At a boundary 
between the edges of a steel plate and air, there is a 
squeezing of the magnetic flux lines, with deforma- 
tion in the circular planes of force. This squeezing 
can result in a heavy concentration of flux behind or 
ahead of a welding arc. The arc then tends to move 
in the direction that would relieve the squeezing - 
would tend to restore flux balance. It veers away 
from the side of flux concentration - and this 
veering is the observed phenomenon of arc blow. 

Figure 3-38 illustrates the squeezing and ,distor- 
tion of flux fields at the start and finish of a seam 

Forward - sack 
blow - blow 

Fig. 3-38. Concentration of magnetic flux behind the arc at start of 
joint forcer the arc forward. Flux concentration ahead of the arc at 
the end of the join! forces the arc backwards. 
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weld. At the start, the flux lines are concentrated 
behind the electrode. (One might say the flux lines 
balk at leaving the steel plate and moving out into 
the air.) The arc tries to compensate for this im- 
balance by moving forward, creating forward arc 
blow. As the electrode approaches the end of the 
seam, the squeezing is ahead of the arc, with a 
resultant movement of the arc backwards, and the 
development of back blow. At the middle of a seam 
in two members of the same width, the flux field 
would be symmetrical, and there would be no back 
or forward arc blow. If one member should be wide 
and the other narrow, however, side blow could 
occur at t.he midpoint of the weld. 

Fig. 3-39. Arc blow caused by ground effect. The magnetic flux set up 
by the ground current combines with the flux around the electrode 
causing a high flux concentralion at (xl that blows fhe arc away from 
the ground con”ecf,on. 

The representations in Fig. 3-38 are only partly 
descriptive of what really happens. Another 
“squeezing” phenomenon also has effect on the 
observed arc blow. This secondary effect results 
from the ground current within the workpiece. As 
shown in Fig. 3-39, a magnetic flux is also set up by 
the electrical current passing through the workpiece 
to the ground. The heavy line represents the path of 
the welding current and the light lines the magnetic 
field set up by the current. As the current changes 
direction, or turns the corner from the arc to the 
work, a concentration of flux occurs at x, which 
causes the arc to blow, as indicated, away from the 
ground. This is called the “ground effect.” 

Fig. 3-40. Flux set up by ground currenf is behind the arc in la). and 
ahead of fhe arc in (b). 

Fig. 3-41. Superimposed magnetic fields. Magnetic blow at the finish 
end of the joint la) is reduced because the two flux fields tend to 
offset one another. At (bl the v.w fields are additive and cause a 
strong back blow. 

The movement of the arc because of the ground 
effect will combine with the movement resulting 
from the concentration previously described to give 
the observed arc blow. Since the two movements are 
algebraically additive, ground effect may diminish or 
increase the arc blow caused by the magnetic flux of 
the arc. In fact, control of the ground effect is one 
way to control arc blow, especially useful with 
automatic welding processes. 

In Fig. 3-40(a), the ground is connected to the 
starting end of the seam, and the flux resulting from 
the ground current in the work is behind the am. 
The arc movement resulting from the ground effect 
would, thus, be forward. At the start of the weld, 
this would be additive to the arc movement shown 
in Fig. 3-38. Near the end of the seam, however, the 
forward movement from the ground effect would 
diminish the total arc blow by cancelling some of 
the back blow resulting from concentration of the 
flux from the arc at the end of the workpiece. 
Figure 3-41(a) is illustrative. 

In Fig. 3-40(b), the ground is connected to the 
finish end of the seam, and the ground effect results 
in back blow. Here, it would increase the back blow 
of the arc flux at the finish of the weld. The combi- 
nation of “squeezed” magnetic fluxes is illustrated 
in Fig. 3-41(b). A ground at the finish of the weld, 
however, may be what the weldor needs to reduce 
excessive forward blow at the start of the weld. 

Because ground effect is less forceful than con- 
centrations of arc-derived magnetic flux at the ends 
of workpieces, positioning of the ground connection 
is only moderately effective in controlling arc blow. 
Other measures must also be used to reduce the 
difficulties caused by arc blow when welding. 

Arc blow is also encountered in corners and in 
deep V joints. Although analysis of these situations 
is complicated, the cause is exactly the same as 
when welding a straight seam - concentrations of 
lines of magnetic flux and the movement of the arc 
to relieve such concentrations. Figures 3-42 and 
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Fig. 542. Arc-blow problems are frequently encountered when welds 
ing with high DC current in deep groowz joinrs such as this. The use of 
AC currenf may be an expedient soiufion. 

Fig. 543. Considerable arc blow can be expecta when placing this 
“inside” fillet. using DC currenf~ AC may be the solution. 

,3-43 illustrate situations in which arc blow with DC 
current is likely to be a problem. 

There is less arc blow with low current than with 
high current. This is because the intensity of the 
magnetic field a given distance from the conductor 
of electric current is proportional to the current. 
Usually, serious arc-blow problems do not occur 
when stick-electrode welding with DC up to about 
250 amperes, but this is not an exact parameter since 
joint fitup and geometry could have major influ- 
ence. With submerged-arc welding, still higher cur- 
rents can often be used without creating arc-blow 
problems. The granular flux used with the sub- 
merged-arc process tends to dampen the arc-blow 
caused by magnetic fields. 

The use of AC current markedly reduces arc 
blow. The rapid reversal of the current induces eddy 
currents in the base metal, and the fields set up by 
the eddy currents greatly reduce the strength of the 
magnetic fields that cause arc blow. 

THERMAL ARC BLOW 

The physics of the electric arc requires a hot 
spot on both the electrode and plate to maintain a 
continuous flow of current in the arc stream. As the 
electrode is advanced along the work, the arc will 

tend to lag behind. This natural lag of the arc is 
caused by the reluctance of the arc to move to the 
colder plate. The space between the end of the elec- 
trode and the hot surface of the molten crater is 
ionized and, therefore, is a more conductive path 
than from the electrode to the colder plate. When 
the welding is done manually, the small amount of 
“thermal back blow” due to the arc lag is not detri- 
mental, but it may become a problem with the 
higher speeds of automatic welding or when the 
thermal back blow is added to magnetic back blow. 

ARC BLOW WITH MULTIPLE ARCS 

When two arcs are close to each other, their 
magnetic fields react to cause arc blow on both arcs. 
Multiple arcs are often used to increase the welding 
speed of the submerged-arc process, and usually the 
arcs are less than one inch apart. 

Li I 

Fig. 3-44. Reactions of the magnetic fields when two arcs are close 
together: (a) arcs are of different polarities; the magnetic fields are 
additive and the arcs blow outward; (b) arcs are same POlarity; 
magnetic fields oppose and the arcs blow inward; (c) arcs are DC and 
AC; little magnetic blow occurs. 
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When two arcs are close and are of opposite 
polarities, as in Fig. 3-44(a), the magnetic fields 
between the arcs add to each other. The strong field 
between the arcs causes the arcs to blow away from 
each other. 

If the arcs are the same polarity, as in Fig. 
3-44(b), the magnetic fields between the arcs oppose 
each other. This results in a weaker field between 
the arcs, causing the arcs to blow toward each other. 

Usually, when two arcs are used, one is DC and 
the other AC, as shown in Fig. 3-44(c). The flux 
field of the AC arc completely reverses for each 
cycle, and the effect on the DC field is small. Very 
little arc blow results. 

Another commonly used arrangement is two AC 
arcs. Arc-blow interference here is avoided to a large 
extent by phase-shifting the current of one arc 80 to 
SO degrees from the other arc. A so-called “Scott” 
connection accomplishes this automatically. With 
the phase shift, the current and magnetic fields of 
one arc reach a maximum when the current and 
magnetic fields of the other arc are at or near mini- 
mum. As a result, there is very little arc blow. 

HOW TO REDUCE ARC BLOW 

All arc blow is not detrimental. In fact, a small 
amount of arc blow can sometimes be used benefici- 
ally to help form the bead shape, control molten 
slag, and control penetration. 

When arc blow is causing or contributing to such 
defects as undercut, inconsistent penetration, 
crooked beads, beads of irregular width, porosity, 
wavy beads, and excessive spatter, it must be con- 
trolled. Possible corrective measures have already 
been suggested in the preceding text. In general, 
here are some methods that might be considered: 

l If DC current is being used with the shielded 
metal-arc process - especially at rates above 250 
amperes - a change to AC current may 
eliminate problems. 

l Hold as short an arc as possible to help the arc 
force counteract the arc blow. 

Fig. 545. Arc blow. as in la], can sometimes be corrected by angling 
the electrode. as in Ibl~ 

Fig. 3-46. Direction of welding and the sequence of beads far the 
back-step technique. Note tabs on both ends of the seam. Tabs should 
be the same thickness as the work. 

Reduce the welding current - which may 
require a reduction in arc speed. 

Angle the electrode with the work opposite the 
direction of arc blow, as illustrated in Fig. 3-45. 

Make a heavy tack weld on both ends of the 
seam; apply frequent tack welds along the seam, 
especially if the fitup is not tight. 

Weld toward a heavy tack or toward a weld 
already made. 
Use a back-step welding technique, as shown in 
Fig. 3-46. 

Weld away from the ground to reduce back 
blow; weld toward the ground to reduce forward 
blow. 

With processes where a heavy slag is involved, a 
small amount of back blow may be desirable; to 
get this, weld toward the ground. 
Wrap ground cable around the workpiece and 
pass ground current through it in such a direc- 
tion that the magnetic field set up will tend to 
neutralize the magnetic field causing the arc 
blow. 
The direction of the arc blow can be observed 

.,. . with an open-arc process, but witn ine suomergeo- 
arc process must it determined by the t.ype of weld 
defect. 

Back blow is indicated by the following: 

Spatter. 
Undercut, either continuous or intermittent. 
Narrow, high bead, usually width undercut. 
An increase in penetration. 
Surface porosity at the fin&h end of welds 
on sheet metal. 

Forward blow is indicated by: 

A wide bead, irregular in width. 
Wavy bead. 
Undercut, usually intermittent. 
A decrease in penetration. 
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THE EFFECTS OF F!XT!JR!NG ON 4RC BLOW 

Steel fixtures for holding the workpieces may 
have an effect on the magnetic field around the arc 
and, thus, on arc blow. Usually, the fixturing causes 
no problem with stick-electrode welding when the 
current does not exceed 250 amperes. Fixtures for 
use with higher currents and with mechanized weld- 
ing should be designed with precautions taken so 
that an arc-blow-promoting situation is not built 
into the fixture. 

Each fixturing device may require special study 
to ascertain the best way to prevent the fixture from 
interfering deleteriously with the magnetic fields. 
The following are some points to note: 

l Fixtures for welding the longitudinal seam of 
cylinders (Fig. 3-4’7) should be designed for a 

Nonmagnetic 

M / 

The distance 
should be 

L-----J 

one in. min. /&&/ 

Fig. 3-47. Welding fixtares for clampingcylindrical work should have 
at least 1 in. of clearance between work and supporting beam. Clamps 
near the WC should be nonmagnetic. 

Fig. 3-48. A copper insert in a steel backup bar should not be used. 
The stee: of the backup bar will increase arc blow. 

minimum of l-in. clearance between the sup 
porting beam and the work. The clamping 
fingers or bars that hold the work should be 
nonmagnetic. Do not attach the ground cable to 
the copper backup bar; ground directly to the 
work if possible. 

Fabricate the fixture from low-carbon steel. This 
is to prevent the buildup of permanent mag 
netism in the fixture. 

Welding toward the closed end of “horn type” 
fixtures reduces back blow. 

Design the fixture long enough so that end tabs 
can be used if necessary. 

Do not use a copper strip inserted in a steel bar 
for a backing, as in Fig. 3-48. The steel part of 
the backup bar will increase arc blow. 

Provide for continuous or close clamping of 
parts to be seam-welded. Wide, intermittent 
clamping may cause seams to gap between clamp- 
ing points, resulting in arc blow over the gaps. 

Do not build into the fixture large masses of 
steel on one side of the seam only. Counter- 
balance with a similar mass on the other side. 
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Variables in Welding Fabrication 

Mantaining preheat on a large column splice before welding with the self-shielded flux-cored PrOc’SE 
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Preheating and Stress Relieving 

In some welding operations, it is necessary to 
apply heat to the assembly before starting the weld- 
ing. In others, a postheat - or application of heat 
after welding - is needed to relieve the internal 
stresses that have been developed. With certain weld- 
ments, heat may also be applied between welding 
passes to maintain a required temperature. Each of 
these applications of heat has a bearing on the 
quality of weld or the integrity of the finished weld- 
ment, and, in code work, control of temperature 
before, during, and after welding may be rigidly 
specified. 

PREHEATING -WHEN AND WHY 

Preheating is used for one of the following 
:’ reasons: 
r 1. To reduce shrinkage stresses in the weld and 

adjacent base metal - especially important 
,, with highly restrained joints. 

2. To provide a slower rate of cooling through 
the critical temperature range (about 
1600°F to 1330oF), preventing excessive 
hardening and lowering ductility of both the 
weld and heat-affected area of the base 
plate. 

3. To provide a slower rate of cooling through 
the 400°F range, allowing more time for any 
hydrogen that is present to diffuse away 

Fig. 549. A main purpose of preheat is to slow down the cooling rate. 
As the insets show. there is a greater temperature drop in one second 
at a given temperature IT,) when the initial temperature of the plate 
is 70°F than when the initial temperature is 3OO’F. In other words. 
the cooling rate i°F/sec) is slower when preheat is used. 

from the weld and adjacent plate to avoid 
underbead cracking. 

As suggested by the above, a main purpose of 
preheat is to slow down the cooling rate -to allow 
more “Time at Temperature,” as illustrated in Fig. 
3-49. Thus, the amount of heat in the weld area as 
well as the temperature is important. A thick plate 
could be preheated to a specified temperature in a 
localized area and the heating be ineffective because 
of rapid heat transfer, the reduction of heat in the 
welding area, and, thus, no marked effect on slowing 
the cooling rate. Having a thin surface area at a pre- 
heat temperature is not enough if there is a mass of 
cold metal beneath it into which the heat can 
rapidly transfer. 

Because of the heat-absorption capacity of a 
thick plate, the heat-affected zone and the weld 
metal after cooling may be in a highly quenched 
condition unless sufficient preheat is provided. What 
really matters is how long the weld metal and 
adjacent base metal is maintained in a certain tem- 
perature range during the cooling period. This, in 
turn depends on the amount of heat in the assembly 
and the heat transfer properties of the material and 
its configuration. Without adequate preheat, the 
cooling could be rapid and intolerably high hardness 
and brittleness could occur in the weld or adjacent 
area. 

Welding at low ambient temperatures or on steel 
brought in from outside storage on cold winter days 
greatly increases the need for preheat. It is true that 
preheating rids the joint of moisture, but preheating 
is usually not specified for that purpose. 

The Amount of Preheat Required 
The amount of preheat required for any appli- 

cation depends on such factors as base metal chem- 
istry, plate thickness, restraint and rigidity of the 
members, and heat input of the process. Unfortu- 
nately, there is no method for metering the amount 
of heat put into an assembly by a preheat torch. The 
best shop approach for estimating the preheat input 
is a measure of the temperature at the welding area 
by temperature-indicating crayon marks or pellets. 
These give approximate measures of temperature at 
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Fig. 560. The Lincoln Preheat and InterpassTemperature Calc 
ISa tonven!enl lool ior estimating preheats. 

Table 3-3. While material thickness, ranges of metal 
,’ chemistry, and the welding process are taken into 
::: account in the minimum requirements, some adjust- 

‘men& may be needed for specific steel chemistry, 
,:,;, welding heat input, joint geometry, and other 
I,,: factors. 
,,,, Generally, the higher the carbon content of a 
;:: ‘steel, the lower the critical cooling rate and the 
,,,‘:greater the necessity for preheating and using low- 

hydrogen electrodes. The Lincoln Preheat and Inter- 
~pass Temperature Calculator (Fig. 3-50), available 
from The Lincoln Electric Company, is a convenient 
tool to use in estimating preheats or adjusting 
recommended temperatures to specific carbon 
contents and low alloy additions. 

Carbon, however, is not the only element that 
influences the critical cooling rate. Other elements 
in the steel are responsible for the hardening and 
loss of ductility that occur with rapid cooling. Total 
hardenability is thus a factor to be considered when 
determining preheat requirements. Total harden- 
ability can be expressed in terms of a “carbon 
equivalent,” and this common measure of the 
effects of carbon and other alloying elements on 
hardening can be the basis for preheat and interpass 
temperature estimates. 

Carbon equivalents (C,, ) are empirical values, 
determined by various carbon-equivalent formulas 
that represent the sum of the effects of various 
elements in steel on its hardenability. One of these 
is: 

c 
-2 

,SC+%Mn %Ni %Mo %Cr %Cu 
-+-ET- R ++-r +d +-iF 

-- ..” 
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This formula is valid only if the alloy contents 
are less than the following: 

0.50% c 3.50% Ni 1 .OO% Cr 

1.60% Mn 0.60% MO 1.00% cu 

Approximate preheat and interpass temperatures, 
based on carbon-equivalent values for steels, are: 

C,, up to 0.45% . . . . preheat is optional 

C =0.45 to 0.60% . . . . 

Cl: over 0.60% . . . . . . 

200 to400°F 

400 to 700°F 

These temperatures are only approximate and 
are expressed in broad ranges. The carbon-equivalent 
method of arriving at a preheat range has utility 
largely when working with steels of unusual chemis- 
tries, when the alloy contents fall within the limits 
specified for the particular formula. Once the 
carbon-equivalent of such a steel has been deter- 
mined, it can be correlated to a steel listed in Table 
3-3 with a similar carbon-equivalent t-J judge the 
effects of plate thickness and the welding process in 
narrowing the preheat-temperature range. 

Whatever the method used to estimate preheat 
temperature, the value obtained should be con- 
firmed by welding tests on simulated or actual 
assemblies before it is committed to production 
welding. Only then can the effects of restraint and 
welding heat input be taken into account. 

Theoretically, it is possible to reduce the preheat 
temperature requirement below the value listed in 
preheat tables when using welding currents in the 
high range of the procedures for semiautomatic and 
automatic processes. The justification for this is that 
the welding heat input is likely to be much higher 
than anticipated by the preheat recommendations. 
In such cases, heat losses from the assembly might 
more than be balanced by the welding heat input, 
bringing the affected metal up to or beyond the 
minimum preheat and interpass recommendations 
before it starts to cool. 

The heat input during welding for a specific 
welding procedure is readily calculated by the 
formula: 

J 
= E160 vlooo . . . . . . . . . . . . . . . . .l 

J = Heat input in kilojoules/in. or kilowatt- 
set/in. 

E = Arc voltage in volts 

I = Welding current in amperes 

V = Arc speed in in./min. 



3.3-4 Variables in Welding Fabrication 

Since all of the welding heat input at the arc 
does not enter the plate, the following heat ineffici- 
encies are suggested for use with the formula: 

75 - 80% for manual welding 

90 - 100% for submerged-arc welding 

Only after thorough analysis and test of the heat 
input, transfer, and loss factors should one deviate 
from recommended practices. A bulletin, entitled 
“Why Preheat - An Approach to Estimating Correct 
Preheat Temperature,” by Omer W. Blodgett, avail- 
able from The Lincoln Electric Company, elaborates 
on the analysis of heat input during welding and 
describes methods for determining cooling rates and 
for calculating preheat temperatures that will pro- 
duce the required cooling rates for given heat inputs 
and plate thicknesses. 

Methods of Preheating 
The method of preheating depends on the thick- 

ness of the plate, the size of the weldment, and the 
heating equipment available. In the production 
welding of small assemblies, preheating in a furnace 
is the most satisfactory method. Another satisfac- 
tory method is torch heating, using natural gas 
premixed with compressed air. This produces a hot 
flame and burns clean. Torches can be connected to 
convenient gas and compressed-air outlets around 
the shop. Acetylene, propane and oil torches can 
also be used. On large weldments, banks of heating 
torches may be used to bring the material up to 
temperature quickly and uniformly. 

Electrical strip heaters are used on longitudinal 
and girth seams on plate up to 2 in. thick. The 
heaters are clamped to the plate parallel to the joint 
and about 6 in. from the seam. After the plate 
reaches the proper preheat temperature, the heaters 
may remain in place to add heat if necessary to 
maintain the proper interpass temperature. 

Other means of preheating are induction heating 
- often used on piping - and radiant heating. 

High accuracy is not required in preheating car- 
bon steels. Although it is important that the work 
be heated to a minimum temperature, no harm is 
done if this temperature is exceeded by lOOoF. This 
is not true, however, for quenched and tempered 
steels, since welding on an overheated plate may 
cause damage in the heat-affected zone. For this 
reason the temperature should be measured as 
accurately as possible with such steels. 

Temperature-indicating crayons and pellets are 
available for a wide range of temperatures. A crayon 
mark for a given temperature on the work will melt 

suddenly when the work reaches that temperature. ! 
Two crayon marks, one for the lower limit and one ~ 
for the upper limit of temperature, show clearly ~ 
when the work is heated to the desired temperature 
range. 

Several types of portable pyrometers are avail- 
able for measuring surface temperature. Properly 
used, these instruments are sufficiently accurate, but 
must be periodically calibrated to insure reliability. 

Thermocouples may be attached to the work 
and used to measure temperature. Thermocouples, 
of course, are the temperature-sensing devices in 
various types of ovens used for preheating small 
assemblies. 

1NTERPASS TEMPERATURES 

Usually a steel that requires preheating to a 
specified temperature also must be kept at this 
temperature between weld passes. With many weld- 
ments, the heat input during welding is adequate to 
maintain the interpass temperature. On a massive 
weldment, it is not likely that the heat input of the 
welding process will be sufficient to maintain the 
required interpass temperature. If this is the case, 
torch heating between passes may be required. 

Once an assembly has been preheated and the 
welding begun, it is desirable to finish the welding as 
soon as possible so as to avoid the need for interpass 
heating. 

Since the purpose of preheating is to reduce the 
quench rate, it logically follows that the same slow 
cooling should be accorded all passes. This can only 
be accomplished by maintaining an interpass tem- 
perature which is at least equal to the preheat 
temperature. If this is not done, each individual 
bead will be subjected to the same high quench rate 
as the first bead of a non-preheated assembly. 

PREHEATS FOR QUENCHED AND TEMPERED 
STEELS 

Since the low-alloy quenched and tempered 
steels are already in a heat-treated condition, any 
heating beyond a certain temperature will destroy 
the properties developed in them by the manufac- 
turing process. Some assemblies must be preheated 
before welding to prevent cracking on rapid cooling, 
but the preheat must be controlled so as not to 
destroy throughout the mass of material the high 
yield strength and toughness that characterize these 
steels and give them special applications. Yet, during 
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TABLE 3-4. C 
Shielded Metal-Ar, 

Plate thickness, in. 

To l/2, incl. 
Over l/2 to 518. incl. 
Over 5/S to 314. inch 
Over 314 to 718. incl. 
Over 718 to 1. I”Cl. 
Over 1 to l-3/8. inch. 
Over l-318 to l-l/Z, incl. 
Over l-112 tea 2. id. 
Over 2 to 3, incl. 
over 3 

parkon Chart of Suggested Preheat Temperatures When 
felding Representative Quel ached and Tempered Alloy Steels 

Minimum preheat or in! Ierpass temperature for welding with 

A517 
Steal 

50 
50 
50 
50 
50 

150 
150 
150 
200 
200 

low-t wd lrown electrodes. “F 

A542 
StEd 

A543 
Steel 

HY-130 
Steel 

150 100 75 
200 125 75 
200 125 125 
200 150 125 
200 150 200 
250 200 200 
250 200 225 
250 200 225 
300 200 225 
300 200 225 

Mod. 
A203D 
Steel 

50 
50 
50 
50 
50 

150 
150 
150 
200 
200 

A553 
Steel 

welding the heat-affected zone will be heated far 
:,: above the allowable preheat temperatures. This zone 
$ must then cool rapidly enough so as to re-establish 
‘$;; the original properties and avoid a brittle structure. 
!;;,I, As a consequence, preheat temperatures and welding 
t< ,beat inputs must be closely controlled. Narrow 
#j;, limits are thus placed on the procedures. 
I$~$,,,,, 
& Through research, welding procedures have been 
g::: ,, developed that assure high strength and good tough- 
&‘: ness, ductility, and impact properties in the welded 
$:;: joints. The recommended heat inputs and preheat 
,F : temperatures are intended to allow sufficiently fast 
:’ cooling rates to avoid brittle structure. In general, 
,,, this means a cooling rate of 6OF or more per second 

through the 900°F temperature range. The chemis- 
: try of these steels is such that the carbon equivalent 

is low enough to minimize the preheat. 
In welding quenched and tempered steels, the 

proper low-hydrogen welding process is selected. 
Next, the required preheat temperature is deter- 
mined, based upon the chemistry of the weld metal 
and plate thickness. Knowing the preheat tempera- 
ture and the plate thickness, the maximum permis- 
sible welding heat input per pass can be found. A 
welding procedure is then selected that will stay 
below this maximum value. Welding heat input may 
be reduced by decreasing the welding current or 
increasing the arc travel speed. Either change will 
decrease the amount of weld metal deposited per 
pass and will result in more passes being used for a 
given joint. For this reason, stringer beads are used 
extensively in welding quenched and tempered 
steels. 

Tables 3-4, 3-5, 3-6, 3-7, 3-8, and 3-9 give 
recommended minimum preheat temperatures and 

maximum welding heat inputs for various quenched 
and tempered steels in various thicknesses. Kilo- 
joules per inch of weld in the heat-input table is 
determined by the Formula (1) in this section. 
Similar data on other steels of this type are available 
from the steel producers. 

TABLE 3-5. Suggested Preheat Temperatures for ASTM A517, 
Grade B, F. and H Steels 

Minimum’ preheat or interparr 
tenlperat”re, OF 

S”bm*,gC.d.a,C 
Pracaa 

_ 
rerrrainecl welds. 

f Welding at any initial Plate remperarure below loo+ Will require extreme 
cam to lninimize moiswre on the steel being welded. 

TABLE 3-6. Maximum Welding Heat Input in 
Kilojoules/Inch for Butt Joints in ASTM 

A633, Grade B Steel 
Preheat 

and inter- Plate thickness, in. 
pars tern. 

perature. OF 114 I 3/a 1 l/2 518 3/4 

70 23.7 35.6 47.4 64.5 88.6 
150 20.9 3i .4 41.9 57.4 77.4 
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TABLE 3-7. Maximum Welding Heat Input in Kilojoules/Inch 
for Butt Joints in ASTM A517, Grade B and H Steels 

Preheat Plate thickness, in. 
and inter- 
pars tem- l-114 

perature, and 
OF 3116 114 318 l/2 5/B 314 1 cwer 

70 17.5 23.7 35.0 47.4 64.5 88.6 AW 
150 

AW 
15.3 20.9 30.7 41.9 57.4 77.4 120.0 

200 
AW 

14.0 19.2 28.0 35.5 53.0 68.9 110.3 154.0 
300 11.5 15.8 23.5 31.9 42.5 55.7 86.0 120.0 
400 9.0 12.3 18.5 25.9 33.5 41.9 65.6 94.0 

TABLE 3-B. Maximum Welding Heat Input in Kilojoules/Inch 
for Butt Joints in ASTM A517, Grade F Steel 

Preheat 
and inter- 
pars tem- Plate thickness. in. 
perature, 

OF 3116 114 112 314 1 l-114 l-112 2 

70 27.0 36.0 70.0 121.0 AW 200 21.0 AW AW 29.0 AW 
56.0 99.0 173.0 306 AW 17.0 24.0 AW AW 
47.0 82.0 126.0 175.0 400 13.0 AW 19.0 Aw 
49.0 65.0 93.0 127.0 165.0 Anv 

Sometimes, the procedures most desirable from 
the economic standpoint in welding these steels will 
lead to a total heat input - preheat plus welding 
heat - that exceeds the steel manufacturer’s recom- 
mendations. In such cases, one might question 
whether the weldment needs maximum notch 
toughness as well as high yield strength. If it does, 
the procedures should be modified to reduce the 
total heat input - not the preheat. Reducing pre- 
beat would be too risky, since sucn action might 
lead to weld cracking, and maximum toughness in 
the heat-affected zone would then be of no value. If 
maximum notch toughness is not required, total 
beat input limits can be exceeded somewhat without 
materially reducing the yield strength but there is 
little information for fatigue and impact properties. 

TABLE 3-g. Suggested -Welding Heat Input 
for Joints in HY-130 Steel 

Plate thickness-in. 

3!8 tc 5!8. i!x!. 
Over 518 to 7/8, id. 
Over 7l8 to l-3/8. id. 
Over l-318 to 4. incl. 

Heat input, Kilojoules 

Shielded 
mete-arc Gas metal- 
PNXSS arc process 

40 35 
45 I 40 
45 45 
50 50 

POINTERS ON PREHEAT 

l A cardinal rule when welding materials that 
require preheat is “keep it hot.” It is costly to 
reheat to maintain assembly temperature. 

l Preheat requirements can be reduced when 
running two automatic welding heads a few 
inches from each other - such as on each side of 
a web that is being fillet-welded to a flange. The 
heat input into the flange will be essentially 
double that resulting from a single head. 

(bl t e--- - f 

Fig. 3-51. Heat has rwo avenues of escape from a conventional butt 
weld Ibi-thermal heat flow) and three avenues of escape from a 
conventional fillet weld (tri-thermal heat flowi. 
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Don’t overlook the value of a preheat to prevent 
weld cracking in weldments with highly 
restrained joints - even though the chemistry of 
the steel does not call for a preheat. 

Heat flow from the joint is faster at a fillet weld 
than at a butt weld. Heat has three avenues for 
escape from a conventional fillet (tri-thermal 
heat flow); two, from a conventional butt weld 
(bi-thermal heat flow). This is made clear by Fig. 
3-51. 
Even though adequately preheating a thick 
section increases the fabrication cost, one exper- 
ience with field repairs usually teaches that 
preheating is well worth the cost. 

Consider the use of lower alloy metal - even for 
highly restrained joints - to minimize the need 
for preheating. 

STRESS RELIEF 

Stress relieving is defined as heating to a suitable 
temperature (for steel, below the critical); holding 
long enough to reduce residual stresses; and then 
cooling s!owly enough to minimize the development 
of new residual stresses. Stress relieving should not 
be confused with normalizing or annealing, which 
are done at higher temperatures. 

The ASME Code requires certain pressure vessels 
and power piping to be stress relieved. This is to 
reduce internal stress. Other weldments such as 
machine-tool bases are stress relieved to attain 
dimensional stability after machining. 

Heating and cooling must be done slowly and 
uniformly; uneven cooling could nullify much of the 
value of the heat treatment or even cause additional 
stresses in the weldment. In general, the greater the 

difference between maximum and minimum thick- 
ness of the component parts, the slower should be 
the rate of temperature change. If the ratio of maxi- 
mum to minimum thickness of the component parts 
is less than 4 to 1, heating and cooling rates should 
not exceed 400°F/hour divided by the thickness in 
inches of the thickest section. However, the heating 
and cooling rates should not exceed 400°F/hour. If 
the ratio of the thicknesses of the component parts 
vary more, rates should be reduced accordingly. For 
example, with complex structures containing mem- 
bers of widely varying thicknesses, heating and 
cooling rates should be such that the maximum 
temperature difference of sections of the same weld- 
ment should not exceed 75OF. Temperatures of 
critical sections can be monitored using thermo- 
couples mounted on the weldment. 

The stress-relief range for most carbon steels is 
1100 to 1200°F, and the soaking time is usually one 
hour per inch of thickness.* For the low-alloy 
chrome-molybdenum steels, with the chromium in 
the range of l/2 to 2-l/4% and the molybdenum up 
to l%, the stress-relief range is 1250 to 13000F for 
one hour. Some of the higher ahoy steels require 
more soaking time. For example, E410, E502, and 
E505 weld metal is stress relieved at 1550 to 
1600OF for two hours, and E430 at 1400 to 
1450OF for four hours. 

Local stress relieving can be done on girth joints 
of pipe and pressure vessels when required by codes. 
The same precautions are necessary as for furnace 
heating: slow heating, time-at-temperature, and slow 
cooling. 

* AWS proposes to say -per ineil Of weld thickness. when the speei- 
fied stress-relief is for dimensional stability, the holding time Shall be 
one hour per inch Of thickness of the thicker part.” However, some- 
times ASME sect. VIU refers also to the “thinner of twc. wliacent 
butt-welded plates.” 



3.3-8 Variables in Welding Fabrication 

For high production applications eiecrrode can be furnished in 600 lb coils. Large coils eliminate many coil changes 
and reduce the down time needed for rethreading. 
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I 4.1-l 

Arc-Welding Consumables 

Arc-welding consumables are the materials used 
up during welding, such as electrodes, filler rods, 
fluxes, and externally applied shielding gases. With 
the exception of the gases, all of the commonly used 
consumables are covered by AWS specifications. 

Twenty specifications in the AWS A5.x series 
prescribe the requirements for welding electrodes, 
rods, and fluxes. This section briefly reviews some 
of the important requirements of the A5.x series, 
with the intent of serving as a guide to the selection 
of the proper specification. When detailed infor- 
mation is required, the actual AWS specification 
should be consulted. 

Classifications of mild and low-alloy steel elec- 
trodes are based on an “E” prefix and a four or 
five-digit number. The first two digits (or three, in a 
five-digit number) indicate the minimum required 
tensile strength in thousands of pounds per square 
inch. For example, 60 = 60,000 psi, 70 = 70,000 psi, 
and 100 = 100,000 psi. The next to the last digit 
indicates the welding position in which the electrode 
is capable of making satisfactory welds: 1 = all 
positions - flat, horizontal, vertical, and overhead; 2 
= flat and horizontal fillet welding (see Table 4-l). 
The last two digits indicate the type of current to be 
used and the type of covering on the electrode (see 
Table 4-2). 

;; ELECTRODES, RODS, AND FLUXES 

The first specification for mild steel covered 
$,:,,electrodes, A5.1, was written in 1940. As the weld- 
:::mg industry expanded and the number of types of 
$:electrodes for welding steel increased, it became 
!?necessary to devise a system of electrode classifica- 
~:!:tion to avoid confusion. The system used appiies to 
,,: both the mild steel A5.1 and the low-alloy steel 

A5.5 specifications. 

TABLE 4-1. AWS A5.1.69 and A5.5-69 Designations for Manual Electrodes 

Originally a color identification system was 
developed by the National Electrical Manufacturers 
Association (NEMA) in conjunction with the Ameri- 
can Welding Society to identify the electrode’s 
classification. This was a system of color markings 
applied in a specific relationship on the electrode, as 
in Fig. 4-l(a). The colors and their significance are 
listed in Tables 4-3 and 4-4. The NEMA specification 
also included the choice of imprinting the classi- 
fication number on the electrode, as in Fig. 4-l(b). 

a. The prefix “E” designates arc-welding electrode. 

b. The first two digitsof four-digit numbers and the first three digits of fivedigit numbers indicate minimum tensile strength: 

ESOXX 60.000 psi Minimum Tensile Strength 
E70XX _____.____..... 70,000 psi Minimum Tensile Strength 
EllOXX 110.000 psi MinimumTensileStrength 

e. The next-to-last digit indicates position: 

EXXlX All positions 
EXX2X Flat position and horizontal fillets 

d. The suffix IExample: EXXXX-Al) indicates the approximate alloy in the weld deposit: 

-A, 0.5% MO 
-61 _. 0.5% Cr. 0.5% MO 
-62 1.25% Cr. 0.5% MO 
-63 _. 2.25% Cr. 1% MO 
-84 2% Cr. 0.5% MO 
-85 0.5% Cr. 1% MO 
-c, 2.5% Ni 
-c2 3.25% N i 
-c3 l%Ni.0.35%Mo,O.l5%Cr 
-DlandD2 _. 0.25 -0.45% MO. 1.75% Mn 
-G 0.5% min. Ni. 0.3% min. Cr. 0.2% min. MO. 0.1% min. V. 1% 

min. Mn lonlv one element reouiredl 
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TABLE 4-2. AWS A5.169 Electrode Designations 
for Covered Arc-Welding Electrodes 

CUlleilt 

DC+ only 

AC or DC+ 

AC or DC- 

AC or DC? 

AC or DC+ 

DC+ only 

AC or DC+ 

AC or DC+ 

AC or DC? 

AC or DC? 

AC or DC+ 

AC or DC+ 

Covering Type 

Organic 

Organic 

Rutile 

Rutile 

Rut&?, iron-powder 
b3pprox. 30%) 

Low-hydrogen 

Low-hydrogen 

Low-hydrogen, iron-powder 
(approx. 25%) 

High iron-oxide 

Rutile, iron-powder 
lapprox. 50%) 

Mineral, iron-powder 
(approx. 50%) 

Low-hydrogen. iron-powder 
b3pprox. 50%) 

TABLE 4-3. Color Identification for Covered 
MILD-STEEL and LOW-ALLOY Steel Electrodes 

GROUP COLOR - ND COLOR 

White 66012 E701&Al EC, 

Brown ! 
! 

! 
! 

! 
! 

! 
White 
Glee” 1 E7020G 1 

! 
I 

J 

Yellow I 1 E7020-Al 1 

Fig. 41. (al National Electrical Manufacturers Association color-rode 
method to identify an electrode’s classification; (bl American Welding 
Society imprint method. 

Starting in 1964, AWS new and revised specifi- 
cations for covered electrodes required the classi- 
fication number be imprinted on the covering, as in 
Fig. 4-l(b). However, some electrodes can be manu- 
factured faster than the imprinting equipment can 
mark them and some sizes are too small to be legibly 
marked with an imprint. Although AWS specifies an 
imprint, the color code is accepted on electrodes if 
imprinting is not practical. 

TABLE 4-4. Color Identification for Covered Low-Hydrogen Low-Alloy Steel Electrodes 

Bronze I I 1 E8016-64L 

oranIle 1 E7016G 1 67016 1 E7018 E8016-C3 

FrnlGC 

E9016G 

F9”lG.Dl 

12016G 

I 
Gray E8018-84 

aav.3, I I 

1 E8016-62 1 E8018-62 1 1 ElOC’i&D2 

Milk12018 

E8016-61 

E8016-Cl 

E8016-C2 

E8018-61 

E8018.Cl- 

E8018-C2 

E9016-63 

E8016-64 

EgOl8-63 

E9018G 

FO”lR-nl 
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TABLE 4-5..AWS A5.1-69 Minimum Mechanical Property and Radiographic Requirements 
for Covered Arc-Welding Electrode Weld Metal 

AWS 
Classification 

Tensile 
Strength. 
min. psi 

Elongation 
Yield Point, in 2 in., Radiographic V-Notch 

min. psi min. percent Standard a fmpactd 

~60 seriac b 

E6010 62,000 50,000 22 Grade II 20 ft/lb at -2O’F 
E6011 62,000 50,000 22 Grade I I 20 ft/lb at -2O’F 
E6012 67,000 55,000 17 Not required Not required 
E6013 67.000 55.000 17 Grade I I Not required 
E6020 62,000 50,M)o 25 Grade I Not required 
E6027 62,000 50.000 25 Grade I I 20 h/lb at -2O’F 

r 
Fxl !aricc = 

p 1 I ’ 2: 22 1 ggi’ Grade I 

20 ftllb at -20°F 72,000 60,000 20 ft/lb at -2C’F 
ES018 20 Not ft/lb required at -2O’F 

I 

E7024 17 Grade II Not required 
E7028 22 Grade I I 20 ft/lb at O°F 

Mild Steel Covered Arc-Welding Electrodes, AWS deposited weld metal (see Table 4-l). ’ 
A5.1-69 The chemical composition of the deposited weld 

The scope of this specification prescribes 
requirements for covered mild steel electrodes for 
shielded metal-arc welding of carbon and low-alloy 
steels. 

metal is shown in Table 4-7. The electrodes with the 
suffix “G” need have only one alloy above the mini- 
mum to qualify for the chemical requirements. 

The minimum mechanical property require- 
ments are shown in Table 4-5. Radiographic stand- 
ard Grade I has less and smaller porosity than Grade 
II. The actual standards are not contained herein, 
and, if a comparison is required, the standard in 
AWS A5.1-69 should be used. 

Standard electrode sizes and lengths are given in 
Table 4-6. Not all classifications, however, are manu- 
factured in all sizes. 

TABLE 4-6. AWS A5.1.69 Standard Covered 
Arc-Welding Electrode Sizes and Lengths 

Standard Lengths (in.) 

Core-Wire E6010,E6011. EM)20 
Diam. E6012, E6013, E7024 
(in.1 E7014. E7015. E6027 

E7016, E7018 E7028 

l/16 9 

5/64 9or12 

3/32 12 12 

l/8 14 14 

5/32 14 14 

3/16 14 14or18 

7/32 14or18 18 

114 18 18 

5/16 18 18 

Low-Alloy Steel Covered Arc-Welding Electrodes, 
AWS A5.5-69 

This specification prescribes covered e!ectrodes 
for shielded metal-arc welding of low-alloy steel. 

The same classification system is used as for 
mild steel covered electrodes, with an added suffix 
that indicates the approximate chemistry of the 
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TABLE 4-7. Composition Requirements of Low-Allov Weld Metal AWS A5.5.69 

li I F* I R”^ I I, 
Composition (%I 

C I Mn P s Si h. I -. I ..I” I I 
Carbon~Molybdsnum SeeI 

0.60 0.40 
0.60 0.40 
0.90 0.60 

0.12 0.90 0.03 0.04 0.60 0.40 to 0.64 
0.90 0.80 
0.60 0.40 
1 .oo 0.40 

Electrode 

Cla%ification 

E7010-Al 
E701 l-Al 
67016-A, 
E7016-Al 
E7018-Al 
E7020Al 
E7027-Al 

Other Low-Alloy Steel 
EXXlO-G I I I I I I I I 
EXXll-G 
EXXlSG 
EXXlB-G 1.00 min 0.80 min 
EXXIGG 
EXXlSG 
E7020-G 

0.50 min 0.30 min 0.20 min 0.10 min 

E9018-M 0.10 0.60 to 1.25 0.030 0.030 0.80 
E10018.M 0.10 0.75 to 1.70 0.030 0.030 0.60 
EllOlS-M 0.10 1.3Jto 1.80 0.030 0.030 0.w 
El2018.M 0.10 1.30 to 2.26 0.030 0.030 0.60 

E9015-D1 
E9018-Dl 

El0015-D2 
ElOOlSD2 E10018-D2 

0.12 

0.15 

ManganereMalybdenum Steel 

1.25 to 1.75 0.03 0.04 
0.W 
0.80 0.25 to 0.45 

0.60 
1.85 to 2.00 0.03 0.04 0.60 0.26 to 0.45 , 

0.80 

Note: Single value* *how” are maximUm percentages except where otherwise *pecified. 

Electrodes with the suffix “M” will meet or be complete AWS A5.5-69 specification should be 
similar to certain military requirements. consulted before conducting any tests. 

Table 4-8 shows the tensile-strength, yield- Radiographic requirements are shown in Table 
strength, and elongation requirements. The preheat, 4-9. Grade I has fewer and smaller porosity than 
interpass-temperature, and postheat treatments are Grade II. The radiographic standards can be found 
not the same for all electrodes. For this reason, the in the specification. 



TABLE 4-S. AWS A5.5.69 Tensile-Strength, 
Yield-Strength. and Elongation Requirements for 

All-Weld-Metal Tension Test a 

E8010-X 
E8011 -x 
E8013.x 
E8015-X 80,000 
E8016-X 
E8018-X 

E8016-C3 
E8018-c3 80,000 

EgOlO-X 
E9011-X t 

E10013-X 

Yield 
streilgt 

at 0.2 pen 
offset, I: 

57,000 

67.000 

68 ,ooc 
80,OOC 

77,W[ 

78,OOf 
90,OOf 

87.001 

88.W 
lW,OM 

97,Do 

98.00 
110.00 

107.00 

108.00 
120.00 

h 
Cent 
bsi 

1 

,tCl 
I 

I 

I to 
I 

I 

D to 
D 

0 

0 to 
0 

0 

0 to 
‘0 

19 
16 
19 
19 
19 

24 

17 
17 
14 
17 
17 
17 
24 

16 
16 
13 
16 
16 
16 
20 

16 

20 

14 

18 

a For the E80,6-C3, EW,S-C3. 69018-M. ElOOlS-M. 
E11018~M. and E,20,8-M e,ectrDde classifications the 
dues shown are for specimens tested in the as-welded 
condition. specimenr teSted for all other a,ectrcder are in 
the 5tre55-relie”eil condition. 

TABLE 4-9. AWS A5.5.69 Radiographic Requirements 

I EXXlO-X 
EXXll-X 
EXX13-X I Grade II I 

A&Welding Consumables 4.1-5 

Table 4-10 shows the impact requirements. The 
impact test specimens receive the same heat treat- 
ment as the tension test specimens. 

TABLE 4-10. AWS A5.5.69 Impact-Property 
Requirements 

AWS Classification 

E8016C3 
E8018-C3 

E9015-Dl 
E9018-Dl 
ElW15-D2 
E10016-D2 
ElW18-D2 

E9018-M 
ElWl8-M. 
Ell018-M 
E12018-M 

E8016-C 1 
E8018-Cl 

E8016C2 
E8018-C2 

All other classifications 

Minimum V-Notch 
Impact Requirement a 

20 ft/lb at -40°Fb 

20 ft/lb at -SOoF’ 

20 ftllb at -60°Fb 

20 ft/lb at -75 Fc 

20 ft/lb at -lOOoF= 

Not required 

a The extreme lowest value obtained together With the extreme 
higher, value shall be dkregarded for this teat. Two of the 
three remaining valuer Iha,, be greater than the Specified 20 
‘,/lb energy level: one Of the three may be 1ower but *hall 
not be ,es* than 15 Wlb. The computed aYerasP “ai”e Of the 
three remaining “dues shall be eqU.3, to or greater rhan the 
20 ff/lb energy k”d 

b As-welded impact prop*rties. 
c StreBS~relieved impact properties. 

Bare Mild Steel Electrodes and Fluxes for Sub- 
merged-Arc Welding, AWS A5.17-69 

Since the electrode and flux are two separate 
consumable items, they are classified separately. 
Electrodes are classified on the basis of chemical 
composition, as shown in Table 4-11. In the classi- 
fying system, the letter “E” indicates an electrode, 
as in the other classifying systems, but here the simi- 
larity stops. The next letter “L,” “M,” or “H,” 
indicates low, medium, or high-manganese, respec- 
tively. The following number or numbers indicate 
the approximate carbon content in hundredths of 
one percent. If there is a suffix “K,” this indicates a 
silicon-killed steel. 

Table 4-12 gives the standard electrode sizes and 
tolerances. 
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TABLE 4-11. AWS A5.17~69 Chemical-Composition Requirements 
for Submerged-Arc Electrodes 

- 
Chemical Composition, percent 

Total 
other 

Phos- COP. Ek- 
Manganess Silicon Sulfur ,,horus per a ments 

AWS 
Classification 

LOW 
Manganese 
CkSstS 

EL8 
ELSK 
EL12 

Medium 
Manganese 
ChSS2S 

EM5Kb 
EM12 
EMl2K 
EM13K 
EM1 5K 

High 
Manganese 
ChSS 

EH14 

Carbon 

0.10 0.30 to 0.55 0.05 
0.10 0.30 to 0.55 0.10 to 0.20 

0.07 to 0.15 0.35 to 0.60 0.05 

0.06 0.90 to 1.40 0.40 to 0.70 0.035 0.03 0.15 0.50 
0.07 tcl 0.15 0.85 to 1.25 0.05 
0.07 to 0.15 0.85 to 1.25 0.15 to 0.35 
0.07 tclo.19 0.90 to 1.40 0.45 to 0.70 
0.12 to 0.20 0.85 to 1.25 0.15 to 0.35 

0.10 to 0.18 1.75 to 2.25 0.05 

Fluxes are classified on the basis of the mechani- 
cal properties of the weld deposit made with a 
particular electrode (see Table 4-13). The classifica- 
tion designation given to a flux consists of a prefix 
“F” (indicating a flux) followed by a two-digit 
number representative of the tensile-strength and 
impact requirements for test welds made in accord- 
ance with the specification. This is then followed by 
a set of letters and numbers corresponding to the 
classification of the electrode used with the flux. 

Test welds are radiographed and must meet the 
Grade I standard of AWS A5.1 specification. 

Mild Steel Electrodes for Flux-Cored Arc-Welding, 
AWS A5.20-69 

This specification prescribes requirements for 
mild steel composite electrodes for flux-cored arc 
welding of mild and low-alloy steels. 

Electrodes are classified on the basis of single or 
multiple-pass operation, chemical composition of 
the deposited weld metal, mechanical properties, 
and whether or not carbon dioxide is required as a 
separate shielding gas. Table 4-14 and 4-15 show the 

TABLE 4-12. AWS A5.17-69 Standard Sizes 
and Tolerances for Submerged-Arc Electrodes 

Standard Electrode Sire, dia.. in. 

minimum mechanical-property requirements. 
Gas-shielded flux-cored electrodes are available 

for welding the low-alloy high-tensile steels. Self- 
shielded flux-cored electrodes are available for 
all-position welding, as in building construction. 
Fabricators using or anticipating using the flux- 
cored arc-welding processes should keep in touch 
with the electrode manufacturers for new or 
improved electrodes not included in the present 
specifications. 

Mild Steel Electrodes for Gas Metal-Arc Welding, 
AWS A5.18-69 

This specification prescribes requirements for 
mild steel solid electrodes for gas metal-arc welding 
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TABLE 4-13. AWS A5.17-69 Mechanical-Property Requirements 
for Submerged-Arc Flux Classification 

Yield 
Tensile Strength 

Strength at 0.2% off- 
psi wt. min. psi 

62,000 

t 

80t,:O0 
50,000 

72.000 
to 80,000 

Y5,OOa I 

Elongation 
in 2 in., 
min. % 

22e 

Charpy V-Notch 

20 ftllb at O°F 
20 ft/lb at -2O’F 
20 ft/lb at -@F 
20 ftllb at -60°F 

20 ftllb at O’F 
20 ft/lb at -20°F 
20 ft/lb at -40°F 
20 ft/lb at -EO’F 

a The letters “XxXx” as “red in this fable stand for the electrode designations 
EL8. ELBK. etc. free Table 4-l 1,. 

b The extreme b.vest value obtained. together with the extreme hughest val”e 
obtained, shall be disregarded for this test. Two of the three remaining “al”e5 
shall be greater than me Specified 20 ffllb energy IeYl?l; one Of *he three may 
be loWe‘ b”, *hall not be less *km 15 f,,lb. The cOmp”ted average “ahe Of the 
three value* shall be equal to 0, greater than the 20 Wlb energy level. 

c Note rilar ii a specific flux-elecf,odo combination “wets the requirements of a 
given F6X-xxxx clasificafion. this classification ah meet5 the requirements 
of all lower numbered classifications in the FBX-xxxx se,ie5. For instance. a 
flux-electrode cOmbi”atio” meeting the requirements Of the F63-xxxx classi- 
fication. alSo meets the ,eq”irementS Of the FB2-xxxx. FBl-xxxx. and Fix- 
xxxx clasificafionr. l-his applies to the F,x-xxxx series ah. 

d Fe, each increase of one wrcentage ,,oinf in elongation over the minimum, 
the yield strength 0, tensile strength, 0, both, may decrease 1000 Psi to a 
minimum Of 50,000 psi for the tensile zfrengfh and 4a.000 Pi for the yield 
*f,e”gth. 

e Foreach increase of one percentage poinf in elongation over the minimum, the 
,eie,d strength o, tensile rtrength. or both. may decrease 1000 psi to a mini- 
mum of 70,000 psi for the tensile strength and 58.000 psi to, the yield st,enWh- 

TABLE 4-14. AWS A6.20.69 Mechanical-Property Requirements 
for Flux-Cored Arc-Welding Weld Metala 

Classification I I 

Tensile 
AWS Shielding CU“Wlt 

oar b rind Polarit” = I I 
Strength 

mimf n-i r-. , .--.--- , v-- 
NOIE 1 DC, straight polarity 1 67,000 55,000 22 

/ None 62.000 50.000 22 
-#., .Joo 60,000 22 

a As-welded mechanical p,ope,ties. 
b Shielding gases are designated ar tollww: 

CJ2 = carbon dioxide 
None = no *epa,at* Ihielding gar 

c Reverse polarity meanr electrode is positive; straight polarity means electrode is negative. 
d Requirement for single-pass electrodes. 
e Requirement ‘0, mulfi~le-pars electrodes. 
f For each increase of one percentage point in elongation over the minimum, the minim”m required 

yield strength 0, the tensile st,e”gth, 0, both. may decrease ,000 psi. fo, a maxim”“, reduction of 
2000 psi in either the required minimum yield swengfh 0, the tensile 5frength. 0, bath. 

g Where CO2 and None a,,? indicated as the shielding garer ‘0, a give” classification. chemical analysis 
pads and test assemblies shall be prepared using both CO2 and no separate shielding 981. 
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TABLE 4-15. AWS A5.20.69 Impact-Property 
Requirements for Flux-Cored Arc-Welding Weld Metal 

of mild and low-alloy steel. The electrodes are classi- 
fied on the basis of their chemical composition and 
the as-welded mechanical properties of the 
deposited weld metal (see Tables 4-16 and 4-1’7). 
For the chemical-composition requirements of the 
deposited weld metal, see Table 4-18. 

Table 4-18 includes a Group B classification, 
entitled “Low-Alloy Steel Electrodes.” The alloy 
additions here do not meet the accepted definitions 
of mild steel. The basis for including this classifi- 
cation in a mild steel specification is that the alloy 
additions are for deoxidation and usability improve- 
ment and not for the purpose of upgrading the 
mechanical properties. 

Corrosion-Resisting Chromium and Chromium- 
Nickel Steel Covered Welding Electrodes, AWS 
A5.4-69 

These electrodes are commonly called the 
“stainless” or “corrosion-resisting” electrodes and 1 
are classified on the basis of the chemical compo- I 
sition of the deposited weld metal and usability 
characteristics. 

Chemical composition requirements are shown 
in Table 4-19. The specification does not include 
tests for corrosion resistance. The deposited weld 
metal can be expected to have the same corrosion 
resistance as the base metal of the same composi- 
tion. However, due to the heat of welding or subse- 
quent heat treatment, metallurgical changes can 
occur that may affect the corrosion resistance of the 

TABLE 4-16. AWS A5.18.69 Mechanical-Property Requirements 
for Gas Metal-Arc Welding Weld Metala 

tg+yfq ;Lik 
I I 

E70.5G not spec. not spec. 

GROUP R - LOW-ALLOY STEEI 

E70S.16 co2 DC, reverse polarity 
E7OSGB not spec. no, spec. 

GROUP C - EMISSIVE ELI 

E70U-1 m&Ad DC, straight polarity 

I 
:LE 

T 

i 
LE 

I 
EC 

I 

Tensile Tensile Yield Strength Yield Strength Elongation Elongation 
Strength Strength at 0.2% at 0.2% in 2 inches. in 2 inches. 
min., psi min., psi Offset, min. Offset, min. min. % min. % 

XTROOES XTROOES 

72,000 e,f 60,000~~’ 22 Tf 

I I 
LECTRODES 

72,000 Cf 17 cf 
72.000 e,f 22 e.f 

rRDDE 

72,aOa e 60,000e 22 e 

a Ais-welded mechanical properties 
D Shielding gases are designated as fo,,oWS: 

A0 = argon, PIUS 1 to 5 Percent oxygen 
CO2 = calbo” dioxide 

A = argon 
c ReVerse polarity mesns electrode i* pOBiti”e; straight polarity means electrode is negative. 
d Where two gases are listed as interchangeable (that is, A0 and CO* and A0 & A) for da~~ificatio” of a 

Specific electrode. the c,a**ificatio” tests may be conducted “5i”S either gas. 
e Mechanical PropertieE a* determined from an awweld-meta, fe”sio”-test specimen. 
f For each increase Of one percentage point in elongation ouer the lni”iln”rn. the yield Etrength or 

tensile rtrengm. or both. may decreare 1.000 pri to a minimum Of 70.000 Pii for the tensile Efrength 
and 58.000 psi for tile yield strength. 
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TABLE 4-17. AWS A5.18-69 Impact-Property weld and base metals. For this reason, corrosion 
Requirements for Gas Metal-Arc Welding Weld Metal tests should be made on crit.ical applications. 

i0 ft/lb atOCF 

E7O.S.1, E70S-4, I 
E7OS5, E70S-G. 
E7OS-GS 

Not required 

Mechanical property requirements are shown in 
Table 4-20. 

The usability of the electrodes is indicated by a 
suffix to the classification number in Table 4-20. A 
suffix “-15” indicates the electrode is to be used 
with DC reverse polarity (DC+). If the suffix is 
“-16” the electrode can be used with AC or DC 
reverse polarity (DC+). 

Corrosion-Resisting Chromium and Chromium- 
Nickel Steel Welding Rods and Bare Electrodes, 
AWS 5.9-69 

This specification covers corrosion-resisting 
chromium and chromium-nickel steel (stainless 

TABLE 4-18. AWS A5.18.69 Chemical-Composition Requirements 
for Gas Metal-Arc Welding Electrode 

to 

1 1.15 

no chemical requirements b 

ct 
Ii 
UP 

lemical 

%dfur 

A-M 

co 

I t 
IL1 

T- 

mposition, percent 

izr%z 
1 STEEL ELECTRO! 

l- 

0.035 

I 

Molyb-a 
denum 

Va”a-a Tita- Zirco- Alumi- 
dium nium nium num 

0.05 0.02 0.05 
0.75 0?2 0.15 to 

0.50 
to 

0.90 

GROUP 8 - LOW-ALLOY STEEL ELECTRODES 

0.07 1.60 0.50 0.40 I 
E’OS-18 

;:2 
to 0.025 0.035 0.15 to 

2.10 o:o 0.60 

E70S-G8 no chemical requirements 

GROUP C - EMISSIVE ELECTRODE 

E70U-1 j i;; 1 ;; 1 ;;: ( 0.025 0.035 
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TABLE 4-21. AWS A5.9.69 Chemical Reouirements for Bare Stainless Weldino Rods and Electrodes 

Nickd. 
percent 

a.oto11.0 
a.otoll.0 

Ph.a.- 
PhDlUI sulfur. 
percent percent 

0.03 0.03 
0.03 0.03 

t 

0.03 0.03 
0.03 0.03 
0.03 0.03 
0.03 0.03 
0.03 0.03 

Tungnen. 
percent 

ing and covered electrodes for shielded metal-arc 
welding of cast irons. These filler metals are suitable 
for welding gray cast iron, malleable iron, and some 
alloy cast irons. With the exception of the nickel- 
base alloys, classification is based on the chemical 
composition of the bare welding rod and the core 
wire of the covered electrodes. The chemical compo- 
sition of the nickel-base alloys ENi-CI, ENiFe-CI, 
ENiCu-A, and ENiCu-B is based on the composition 
of the deposited weld metal (see Table 4-23). 

Aluminum and Aluminum-Alloy Welding Rods and 
Bare Electrodes, AWS A5.10-69 

This specification prescribes aluminum and 
aluminum alloy welding rods for use with TIG weld- 
ing and hare electrodes for use with MIG welding. 

Rods and electrodes are classified on the basis of 
the chemical composition of the as-manufactured 
filler metal (see Table 4-24). Electrodes must also 
meet a usability test. For electrodes 3/32 in. and 
smaller, a butt joint is welded in the overhead 
position. For l/B-in. electrodes, the weld is made in 
the flat position. The welds are radiographed and 
must meet an X-ray standard available from AWS. 
The usability test for rods consists of making a bead 
on a plate in the flat position with a gas flame or 

TIG welding. The bead must be uniform in appear- 
ance and be free from specified defects. 

Copper and Copper Alloy Arc-Welding Electrodes, 
AWS A5.6-69 

This specification covers the requirements for 
solid and stranded bare and covered copper and 

TABLE 4-22. AWS A5.9.69 Standard Sizes 

I Filler metal in coils 
with or without sapport 

Diameter ‘, in. 

0.045, l/l6 (0.062). 5/64 (0.076). 
3/32 (0.094). 118 (0.125). 5/32 
(0.156). 3/16 (0.188) 

0.045. 1116 (0.062). 5164 (0.078). 
3/32 W.o94),7/64 (0.109). l/8 
(0.125). 5/32 (0.156). 3/16 
~o.lEEi: l/4 (0.2501~ 

Filler metal wound on 0.030,0.035,0.045, 1116 (0.062). 
standard 12.in. O.D. spools 5164 (0.078). 3132 (0.094). 7164 

10.1091 

Electrcdes wound on 0.020,0.025.0.030,0.035,0.045 
lightweight I-112 and 
Z-l/Z-lb 4.in. O.D. spools 

a Electmdel and welding rodr of diameters up to and including 
0.045 in. *ha,, not vary more than + 0.00, fK.rn the nolninal. 
diameters greater than 0.046 in. shall not vary more than 
f 0.002 from the “Orninal. 



TABLE 4-23. AWS A5.1569 Chemical Reauirements for Covered Electrodes for Cast Iron 

rota1 
Other 

Man- PhOS MdVb- Al”“% Ele- 
AWS Carbon Silicon ga”*E, phorur. Sulfur lrc.n denurn. Nick& copper,b Zinc. Tin, “urn, Lead cerium mentr,= 

Clarrification pWCB”t Percent percmt percent pwc*“t pe,CB”l percant prcent pe”X”t pHCe”t percent percent percent percent percent 

CAST-IRON FILLER METALSd 

RCI 3.25 to 2.75 to 0.6Oto 0.50 to 0.10 remainder trace frace 
ECI 3.50 3.00 0.75 0.75 
RCI-A 3.25 to 2.00 to 0.50 to 0.20 to 0.10 remainder 0.25 to 1.20 to 

3.50 2.50 0.70 0.40 0.45 1 .a 
I-K-B 3.25 to 3.25 to 0.10 to 0.05 0.03 remainder 0.50 0.20 

4.00 3.75 0.40 

COPPER-BASE FILLER METALd 

RBCuZn-A e c c c 67.0 20 remainder 0.25 to O.OlC 0.05c 0.50 

Iacuzn-B f 
61 .o 1.00 

0.04to 0.01 to E 0.25to 0.2 to 56.0 to remainder 0.8 to 0.01= 0.05= 0.50 

flcuzn-c f 
0.15 0.50 1.2 0.8 CO.0 1.1 

0.04 80 0.01 to 0.25 to _. 56.0 to remainder 0.8 m 0.01= 0.05c 0.50 
0.15 0.50 1.2 60.0 1.1 

RBC”Z”JJ e 0.04to 0.25 9.00 to 46.0 to remainder O.OlC 0.05c 0.50 
0.25 11.00 50.0 

E&S”-AS c c 0.10 to c c remainder c 4.0 to 0.01= 0.02c 0.50 
0.35 6.0 

EC&n-@ c c 0.05to c c remainder c 7.0 to 0.01= 0.02= 0.50 
0.35 9.0 

ECuAl-AZS 0.10 1.5 remainder 0.02 9.0 to 0.02 0.50 

MILD STEEL ELECTRODEd 

3 0.15 0.03 0.30 to 0.04 0.04 remainder ,; 

iNi-Cl 2.W 4.00 

INiFe-Cl 2.w 4.00 

NICKEL-BASE ELECTRODESh 

1.00 0.03 8.00 85.00 2.50 1 .oo 
min 

1.00 0.03 remainder 45.0 to 2.50 1 .oo 
60.0 

iNiCu-A 0.35 to 0.75 2.25 0.025 3.0 to 
‘. 

50.0 to 35.0to 
0.55 6.0 60.0 45.0 

iNiCu-B 0.35 to 0.75 2.25 0.025 3.oto 60.0 to 25.0 to 

1.00 

Inn 
0.55 6.0 70.0 35.0 

rare 2 Single valuer 9hOW” are maXimY”l percenfag-as. except where mherwise specified. 

a Nickel p,ur incklentd COb,.,f. 
b COPper plus incidental SilYe,. 
c Toral omer Elemenrs. including me elements marked With footnore c. *hall “Of exceed file value specified. 
d memica, ,eq”ireme”ts ‘0, the cart~iro”, coPPer~baSe and mild Efeel filler metalr are bared on the ar~man”tact”red COrnPDSifiD” Of the bare welding rod and the core wire Of the 

covered electrode. 
e This AVIS clarsificatian i* intr.nded to be identical with the same claOsifiCafio” that acspears in the laferf editiow Of rhe SPecificafion for CoDper and Copper-Alloy Welding Rods 

lAWS Designation: n5.7, an.3 Swci‘icario” ‘0, erazing Filler Metal (AiwS Derignafion: A5.8) (The chemical a”al”si* show” i* mat which appear5 in *he ,969 edition Of AWS A5.7 
and the ,959 edition Of AWS A5.8.) 

‘ ThiS AWS Cla~~ificafio” is intended fO be idenrical Wifh the *ame clarsification *ha* appears in rhe Specificatio” for copper and Copper-Alloy Welding Rods. latest e.airion. ,nw?, 
Designation: A5.7) ,ne chemical analysis IhOW” is that Which appear* in the 1959 eclirion Of nws A5.7.) 

9 This AWS ChSifiCafiO” is intended to be identical Wifh the Iame clarrification that apwarr in the SPecificafions for copper an* Copper~Alloy Welding Electrodes. ,a*est edition, 
,A\wS Derignation: A5.6) (The chemical analysis shown is that which appears in the 1969 edition of AWS A5.6.) 

h Chemical req”ireme”rr for the nic*elGx,re electrodes are based on depaifed weld metal analyrir 
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TABLE 4.24. AWS A5.10.69 Chemical Requirement for Bare Welding Rods and Electrodes 
for Aluminum and Aluminum Alloys 

AWS siticon, 

Other ElementrP 
percent 

Iron. copper Manganere, Magnerium. Chromium. Nickel. Zinc. Titanium. Al”min”m. 
Clarri‘*cstion percent percent percent percent pemmt percat percent percent percent Each Total percent 

ERllM) b b 0.050.20 0.05 0.10 0.05 0.15 99.00 Ini”.! 
ER1260 
ER231Si 
ER4145 
ER4043 
ER.4047 
E RS039 
ER5554. 
ER56541 
ER5356 
FRSS5R 

0.04 
5.8-6.8 
3.347 
0.30 
0.30 
0.03 
0.10 
0.05 
0.10 
0.10 

0.01 
0.20-0.40 

0.15 
0.05 
“15 _._ 

0.30.0.50 
0.50-l a 

0.01 
0.05-0.20 
0.60-1.0 

0.02 
0.15 
0.05 
0.10 

334.3 
2.4-3.0 
3.1-3.9 
455.5 
4.7-5s 

0.15 

0.10-0.20 
0.05-0.20 
0.150.35 
0.050.20 
0.05-0.20 

0.10 0.10-0.20 
0.20 
0.10 0.20 
0.20 

2.4-3.2 0.10 
0.25 0.05020 
0.20 0.05-0.1s 
0.10 0.06-0.20 
0.25 0.05-0.20 

0.03 
0.05 0.15 
0.05 0.15 
0.05 0.15 
0.05 0.15 
0.05 0.10 
0.05 0.15 
Cl.05 0.15 
0.05 0.15 
0.05 0.15 

99.60 min.” 
remainder 
remainder 
remainder 
remainder 
remainder 
remainder 
remainder 
remainder 
remainder _ . _ _ 

ER5183 0.40 oio 0.10 0.50-1.0 435.2 0.c50.25 0.25 0.15 0.05 0.15 remainder 
RC4A” 1.5 1.0 4.0.5.0 0.35 0.03 0.35 0.25 0.05 0.15 remainder 
R-CbMZAa 0.7 1.0 x5-4.5 0.35 1.2.1.8 0.25 1.7-2.3 0.35 0.25 0.05 0.15 remainder 
R-SCSIAa 4.555 0.8‘ 1.0-1.5 0.50‘ o.‘lo-0.m 0.25 0.35 0.25 0.05 0.15 remainder 
R-SG70Aa 6.5-7.5 0.6 0.25 0.35 0.20-0.40 0.35 0.25 0.05 0.15 M”*i”d*, 

TABLE 4.25. AWS A5.6.69 Chemical Requirements for Coo !r and Cower Allov Arc-Welding Electrodes 
L 

Phor- 
,,horur. 
percent 

0.15 

0.10 to 
0.35 

0.05 to 
0.35 



4.1-14 Consumables and Machinery 

TABLE 4-26. AWS A&6-69 Tensile-Strength 
Requirements for Copper and Copper Alloy 

Weld Metal 

TABLE 4-28. AWS A5.769 Tensile-Strength Requirements 
for Copper and Copper Alloy Weld Metal 

copper-alloy arc-welding electrodes for use with the 
shielded metal-arc, gas metal-arc, and submerged-arc 
welding processes. The specification is not intended 
to cover rods used with the TIG process. Such rods 
are covered in “Specification for Copper and 
Copper-Alloy Welding Rods, AWS A5.1.” 

Electrodes are classified on the basis of the 
chemical composition of the bare electrode or core 
wire for covered electrodes (see Table 4-25). The 

Steei I 

OAW. GTAV 

GTAW 

OAW, GTAV 

40,000 OAW 

50,000 OAW 

50,000 OAW 

6WOO OAW 

GTAW 

GTAW 

TABLE 4-27. AWS A5.7.69 Chemical Requirements for Copper and Copper Alloy Welding Rods 

capper 
Including 

AWB wuer. 
cammon Name Clasifbation prcent 
copper RC” 98.0 

Illi” 
Copper-silicon 

,liliW” 
bronzes RC”Si-A 98.0 

min 
cwmer.tin ,pilos- 

pilor bronze, RC”S”-A 93.5 
min 

COPPW”iCk?l RC”Ni rermin- 
de, 

NaYal bras RBCuZn-AC 57 to 61 

LOW.fuming 
bronze Inickel, RCuZn-B 56 fO 60 

Lowf”mi”g 
Lwonm RCuZn-C 56 CO so 

Nickel bronze RBCUZn-DC 46 to 50 

copper- 
d”flG”Wl RC”AI-A2 remains 
,d”mi”“m der 
bronze, RC”.wB renlai”. 

Ller 

Zi”C. Tin. 
percenf PerCent 

* 

1 .o 

1.5b 1 1.5b 

4.0 to 
5.0 

* .- 

reInal”- 0.25 to 
&?i 1.w 

$ 

remain- 0.8 fO 
de‘ 1.1 

rema,n- 0.8 to 
der 1.1 

remal”. 
d‘x 

0.02 

0.02 

T 

l.!e 1 0.5 



TABLE 4.29. AWS A5.13.70CHEMlCAL REOUIREMENTS FOR SURFACING WELDING RODS 

TOM 
Ma”&- T”“W Chrw MOl”b. “mm- AIYlni. Pllor- Other 

AWS carbon, “me, Cobalt, SW”, Nickel. rni”rn, denurn, !!O”. diwn, copper, ““Ill Zi”C, SiliC.3”. l.sad, Tin, pllorur, EleWl*“tS, 
Clarrifieation percent percent pqrcent percent percent parcent percmt pWm”l prcant p*rcmf percent percant p*rcmt percmt penwnt p*,cem PWCe”ta 

R=e5-A 0.7 to 0.60 5.0 to 3.0 fO 4.0 to CWIlk”lJW 1.clto 0.50 1.0 
1 .o 7.0 5.0 6.0 2.5 

we5-B 0.5 to 0.50 ,.oto 3.0 to 5.0 to remainder 0.8 to 0.50 1 .o 
0.9 2.5 5.0 9.5 1.3 

RFeCr-Al 3.7 to 2.0 10 27.0ta remainder l.lofo 1 .o 
5.0 6.0 35.0 2.6 

RCOCr-A 0.9 to mo remainder 3.0 to 3.0 26.0 to 1 .o 3.0 2.0 0.60 
1.4 6.0 32.0 

RCmYB 1.2 to 1 .oo remainder 7.0 to 3.0 26.0 to 1.0 3.0 2.0 0.60 
1.7 9.6 32.0 

RC”Cd 2.0 to 1.00 remainder ll.OfO 3.0 26.0 to 1.0 3.0 2.0 0.60 
3.0 14.0 33.0 

0.30 1.60 66.0 min 0.01a rend”- 0.04 to 0.05’ *.ooto 0.60 
der 0.26 3.00 

94.0 min O.OP 1.P 2.8 to 0.02a 19 a 0.50 
4.0 

1.5 remainder 9.0 to 0.02 0.10 0.02 0.60 
11.0 

3.0 to WTA”dW ll.OW 0.02 0.10 0.02 0.60 
4.26 12.0 

3.0fO remainder 12.0 to 0.02 0.04 0.02 0.60 
5.0 13.0 

3.0 to reminder 13.0 to 0.02 0.04 0.02 0.60 
6.0 14.0 

3.0 to remainder 14.0 to 0.02 0.04 0.02 0.60 
6.0 16.0 
a 93.6 min O.OP a a 0.02” 4.0 to 0.10 to 0.60 

5.0 0.36 
88.6 nli” 0.01a O.@ 9.0 to 0.10 to 0.60 

11.0 0.30 
remainder 14.0 to 6.0 to 0.30 to 0.60 

18.0 7.0 0.60 
1.x to 2.00 to 3.00 percent boion 1.25 to 0.50 
3.26 3.25 

3.00 to 2.00 to 4.00 percent boron 3.ooro 0.50 
6.00 6.00 

3.60 to 2.60 to 4.50 wrcenf boron 3.50 to 0.50 
6.60 6.60 

RC”Al.AZb 

RcuA!-Bb 

RCllAI-C 

RC”AlE 

r3C”AI.E 

Rcusn~Ab a 

RC”Sn-0 

RC”S”.E 

RNC-A o.?,oto 
0.M) 

RNiWB 0.4010 
0.80 

RNiCr-C 0.50 to 
1 .oo 

1.50 

1.26 

,.oo 

a 

a 

renlain- B.Oto 
der 14.0 

renlain- 10.0to 
de, 16.0 

relnai”. 12.oto 
cler 18.0 



TABLE 4.30. AWs A5.13.70 CHEMICAL RWNJIREMENTS~ FOR SURFACING ELECTRODFS 

ECuAl-&e 

ECUAIW 

s.o*o 
4.25 

3.010 

11.0 
reminder 11.0fO 0.02 0.10 0.02 0.50 

12.0 
remainder 12.0 to 0.02 0.04 0.02 0.50 

5.0 13.0 
ECUAIm 3.0 to remainder 13.0 to 0.02 0.04 0.02 0.50 

EC"A1.E 

Ecus”.A*? b b 

5.0 
3.0f0 

5.0 
b 

14.0 
remainder 14.0 to 0.02 0.04 0.02 0.50 

15.0 
remainder O.Olb b b 0.02b 4.0 to O.lO 10 0.50 

EC”S”.CC 

EC”S”.EC 

b 

,. 

6.0 0.35 
b b remainder O.Olb b b 0.09 7.0 to 0.05 to 0.50 

9.0 0.35 
remainder 14.0 to 5.0 to 0.30 to 0.50 

ENiC,-A 

ENiC,-B 

ENiCr-C 

18.0 7.0 0.50 
0.3oto 1.50 remain- 8.0 to 1.25 to 2.00 to 3.00 percent boron 1.25to .,. ,., 0.50 

0.60 der 14.0 3.25 3.25 
o.‘wto .,. 1.25 ,.. renlai”- 10.0to 3.00 to 2.00 to 4.M) wrcenf boron mote 0.50 

0.80 der ‘6.0 5x4 5.00 
0.50 to 1.00 remain- mote 3.50 fO 2.50 to 4.50 ~~rcenf boron 3.50to 0.50 

1.00 der 18.0 5.50 5.50 

Note y Analyrir Iha,, be made ‘0, the e,amentr to, which lpscific W,Y.I are lhown in this fable. I‘, hoWwe,, the p,e9ence 0,otlle, s,e”en,r is ir,dicated in *he CO”r$e o‘ ro”tine ana,yr;r, ‘“rc,>e, 
a”alv.m. shall be made to defwmine that the total of there other eIe”mnf. is “of wese”f in sxcess of the limits r~acified ‘or “fma, ofher elemenfs” 4” the Ias, column in the table. 
Note 2 -~ Single “alue~ rhown BW maximum ~er~enfa~es, excer)f where 0fher~i.e specified. 
a Fur bare elecfrodel the .n.,ylir giwn is ‘or the a~~man~facfured electrode. and t,,rcovered elsctroder the anal”& given ir ‘or de~o~ifed weld metal: exce,,f for copper.a,,oy covered clecrroder ‘or 

Whit!> the analysis given is ‘or the bare core wire. 
b Total “the, rlomenfr. ilrcluding *he eleme”FI marred With foofnoteb. rhall not exceed the “a&Us rllecifisd. 
L This e,FCfr”de available Only as rfraighf length bare electrode. 
d Thk o,ocfr”do llZ” avai,at,,e in bare soiled form ‘0, use with the gas metal-arc (conr”mable.elec*rodel proEOsI. 
0 This AWS E,es.i‘iEation is intended to be identical Wifh the Iamo clarrificafian that appears in the ,atert edida” Of ,he Specificvfio” to, collper and Copper~A,,o” Welding Electrode.. nws 

oerignation A5.6. ,The dwmica, arvdyrir rllown is chat which appears in 1969 edition Of nws A5.6.1 
f one or bO,h Of there e,ementr may be Drsrenf within the timi,r rpecified. 
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deposited weld metal must meet the tensile 
properties shown in Table 4-26. 

Covered electrodes are available in sizes from 
3/32-in. through l/4-in. Bare electrodes for MIG 
welding are available in diameters from 0.035-m to 
3/16-in. in a variety of spool and coil sizes. 

Copper and Copper-Alloy Welding Rods, AWS 
A&7-69 

This specification covers copper and copper- 
alloy welding rods for the oxyacetylene and gas 
tungsten-arc welding processes. Rods are classified 
on the basis of the chemical composition of the rod 
and the mechanical properties of the welded joint. 

The chemical requirements are shown in Table 
4-2’7. The tensile-strength requirements are shown in 
Table 4-28. Strength is determined by a transverse 
test of a welded butt joint. 

Surfacing Welding Rods and Electrodes, AWS 
6.13-70 

This specification covers the requirements for 
:,,’ bare and covered surfacing welding rods for use with 
i, oxyacetylene, gas tungsten-arc, carbon-arc, and 
i, atomic hydrogen welding processes. The section on 
:; electrodes deals with covered electrodes intended 
f;i ,for surfacing with the shielded metal-arc welding 
:: ,’ process. Also, some bare metal-arc welding 
,:,~: electrodes are included. 

Weld-surfacing applications are extremely diver- 
sified, and, as a result, there are a great many differ- 
ent brand-name products available. This specifi- 
cation makes no attempt to classify all filler metals 
suitable for weld surfacing. Only those filler metals 
are covered that have gained some degree of indus- 
trial standardization and for which technical data 
are available. 

Chemical requirements for welding rods are 
given in Table 4-29 and for electrodes in Table 4-30. 
Surfacing rods and bare electrodes are classified on 
the basis of the chemical composition of the 
as-manufactured product. Copper-base alloy covered 
electrodes are classified on the basis of the chemical 
composition of the core wire. All other covered 
electrodes are classified on the basis of the chemical 
composition of the deposited weld metal. 

SHIELDING GASES 

Shielding gases are consumables used with the 
MIG and TIG welding processes. The American 
Welding Society does not write specifications for 

gases. There are federal specifications, but the weld- 
ing industry usually relies on “welding grade” to 
describe the required purity. 

The primary purpose of a shielding gas is to 
protect the molten weld metal from contamination 
by the oxygen and nitrogen in air. The factors, in 
addition to cost, that affect the suitability of a gas 
include the influence of the gas on the arcing and 
metal-transfer characteristics during welding, weld 
penetration, width of fusion and surface shape, 
welding speed, and the tendency to undercut. 
Among the inert gases - helium, argon, neon, 
krypton, and xenon - the only ones plentiful 
enough for practical use in welding are helium and 
argon. These gases provide satisfactory shielding for 
the more reactive metals, such as aluminum, mag- 
nesium, beryllium, columbium, tantalum, titanium, 
and zirconium. 

Although pure inert gases protect metal at any 
temperature from reaction with constituents of the 
air, they are not suitable for all welding applications. 
Controlled quantities of reactive gases mixed with 
inert gases improve the arc action and metal-transfer 
characteristics when welding the steels, but such 
mixtures are not used for the reactive metals. 

Oxygen, nitrogen, and carbon dioxide are reac- 
tive gases. With the exception of carbon dioxide, 
these gases are not generally used alone for arc 
shielding. Carbon dioxide can be used alone or 
mixed with an inert gas for welding many carbon 
and low-alloy steels. Oxygen is used in small quanti- 
ties with one of the inert gases - usually argon. 
Nitrogen is occasionally used alone, but is usually 
mixed with argon, as a shielding gas to weld copper. 
The most extensive use of nitrogen is in Europe, 
where helium is relatively unavailable. 

Argon and Helium as Shielding Gases 
As noted, the inert natures of argon and helium 

are not the only characteristic that makes them suit- 
able for gas shielding. Other characteristics are 
important and are deciding factors in the choice of 
gas for TIG or MIG welding with specific materials. 

For a given arc length and current, arc voltage 
with helium is higher than with argon. Because more 
heat is produced with helium than with argon, 
helium is more effective for welding thick materials, 
particularly high-conductivity metals such as copper 
and aluminum alloys. Argon is more suitable for 
welding thin materials and those with lower heat 
conductivity, especially in welding positions other 
than flat. 

The heavier a gas, the more effective it is for arc 



Inert Gases with Reactive Gas Additions 
Improved metal transfer, a more stable arc, and 

less spatter result from the addition of oxygen or 
carbon dioxide to an inert shielding gas. These addi- 
tions when welding carbon and low-alloy steels also 
promote wetting and flow of weld metal, thus 
reducing or eliminating undercut. Effects on pene- 
tration and bead shape of oxygen additions are 
illustrated in Fig. 4-2. 

Noticeable change in arc action and metal- 
transfer characteristics in gas metal-arc welding 
result from addition of as little as 0.5% oxygen or 
carbon dioxide to argon. However, 1 to 5% oxygen 
is generally added. Oxygen or carbon dioxide is 
seldom added to helium or argon-helium mixtures. 

Addition of 5% oxygen or 10 to 25% carbon 
dioxide to argon produces a significant pinch effect, 
with a DC, straight-polarity arc. The filler wire 
tapers, the metal transfers in the form of a fast- 
moving stream of droplets, and the penetration pat- 
tern approaches that of reverse polarity. At the same 
time, melt-off rate is reduced considerably. With 
pure argon, melt-off rate with straight polarity is 
almost double that with reverse polarity. However, 
most MIG welding with an inert gas or carbon 
dioxide is done with DCRP (see Tables 4-14 and 
4-16). Mixtures of 5% oxygen or 25% carbon 
dioxide with argon are commercially available. 

Because of oxidizing effects, addition of oxygen 
or carbon dioxide to argon may cause porosity in 
some ferrous metals, as well as loss of such alloying 
elements as chromium, vanadium, aluminum, 
titanium, manganese, and silicon. Consequently, 
filler wires used with oxygen-containing shielding 
gas require additions of deoxidizers to counteract 
the effects of the oxygen. 

Porosity in aluminum welds can be decreased by 
adding a small percentage of chlorine to argon or 
helium. For maximum effectiveness, the chlorine 
should be introduced separately through the welding 
torch. Chlorine’s disadvantages of being poisonous 
and corrosive discourage its widespread use. When it 
is used, extreme caution and all applicable safety 
rules should be observed. 

Carbon Dioxide as a Shielding Gas 
Carbon dioxide may be used as a shielding gas 

for the MIG welding of carbon and low alloy steels, 
but since it is a reactive gas the electrodes used must 
contain sufficient deoxidizers to counteract the 
effects of oxygen. Recently, stainless steel elec- 
trodes with high silicon have been developed for use 
with argon-25% carbon dioxide mixtures. 

shielding. Helium is very light; argon is about 10 
times heavier than helium and about 30% heavier 
than air. When argon is discharged from the welding 
nozzle it forms a protective blanket over the weld 
area, while helium rises and disperses mpidly. For 
this reason, higher flow rates are generally required 
with helium (or with mixtures high in helium) than 
with argon shielding. 

Shape of a weld bead and penetration pattern 
are determined, to a large extent, by metal-transfer 
characteristics which, in turn, are affected by the 
shielding gas used. 

Metal is generally deposited either by spray 
transfer or by globular transfer. Spray transfer 
(usually the more desirable) produces relatively deep 
penetration at the center of the bead and shallow 
penetration at the edges; globular transfer produces 
a broader and shallower penetration pattern 
throughout the bead. 

Argon generally promotes more spray transfer 
than helium and at lower current levels. But even 
with argon shielding, spray transfer cannot always 
be achieved at usable current levels - one of the 
problems in welding ferrous metals by the gas 
metal-arc process. 

The physics of metal transfer across an arc is not 
completely understood. In an argon atmosphere 
with DCRP, the size of the metal droplet crossing 
the arc decreases as the current increases. At a criti- 
cal level of current the mode of transfer changes 
abruptly. The tip of the electrode becomes pointed, 
metal transfers from the electrode to the work in a 
fine spray, the arc becomes very stable, and there is 
little or no spatter. Figure 4-2 illustrates the appear- 
ance of electrode tips in various shielding gases. A 
degree of spray transfer is possible with 20% argon 
and SO% heiium. Here the argon has predominating 
effect because of its higher density. 

@ & Straight Polarit” 
Fig. 4-2. Electrode tip shape. bead contow and penetration patterns 
for variousshie!ding gases. 



The low cost of carbon dioxide makes its use as 
a shielding gas very attractive. With the development 
of better electrodes, sound weld deposits with good 
mechanical properties can be made. 

Two types of metal transfer occur with carbon 
dioxide shielding gas - globular and short-circuiting. 
The spray transfer experienced with argon or argon- 
oxygen mixture does not occur. Globular transfer 
produces a harsh arc with excessive spatter. By 
control of welding conditions, the short-circuiting 
type of metal transfer is promoted. 

In the short-circuiting type of transfer, a globule 
of molten metal collects on the end of the electrode. 

To promote the short-circuiting type of transfer 
when welding carbon and low-alloy steels, argon is 
often used as the dominant gas in a mixture, with 
the carbon dioxide content cut to 20 to 30%. Other 
mixtures with higher percentages of carbon dioxide 
also give short-circuiting transfer, with its advantages 
of low penetration, all-position capizbility, and the 
ability to handle poor fitup on light-gage material 
without burnthrough. 
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The electrode is being fed toward the work and, 
before the globule detaches from the end of the 
electrode, it contacts the molten crater and forms a 
short circuit. The high current due to the short 
circuit blasts the globule from the electrode into the 
crater. An arc then forms in the gap between the 
crater and the tip of the electrode, which starts 
another globule forming on the tip of the electrode. 
This cycle of metal transfer is repeated about 20 to 
200 times per second. 

Shielding Gases for TIG Welding 
Either argon, helium, or a mixture of the two is 

In the manual welding of thin material, argon is 

commonly used in gas tungsten-arc welding. Argon 
provides the advantage of easier arc starting, 

recommended because its lower arc-voltage charac- 

smoother arc action, better cleaning action for the 
AC welding of aluminum and magnesium, and 
superior resistance to draft. In addition, argon costs 
iess than helium and requires a lower arc voltage for 
comparable currents and, arc lengths. 

TABLE 4-31. SHIELDING GASES AND GAS MIXTURES FOR GAS METAL-ARC WELDING 

Shielding Gas 

AKWll 

Helium 

Chemical 
Behavior 

Inert 

,“Wt 

User, Remarks 

For welding most metals. except steel 

Al and Cu alloys. for greater heat and to minimize 
porosity 

A and He (20-80 to 50.50%) 

A and Cl (trace Cl1 

Al and Cu alloys. for greater heat input and to 
minimize porosity. Quieter. more stable arc than 

Al alloys, to minimize porosity 

N2 Reducing On Cu. permits very powerful arc: used mostly in 
Europe. 

A + 25.30% N2 Reducing On Cu. powerful but smoother operating, more 
rexlily controlled arc than Nz aione: used 
mostly in Europe. 

A f l-2%02 Oxidizing Stainless and alloy steels, also for some 
deoxidized copper alloys 

A + 55% O2 Oxidizing Plain carbon, alloy, and stainless steels; requires 
deoxidized electrode 

A + 20.30% CO> Various steels; used principally with short- 

Various steels; requires deoxidized wire: used 
chiefly in Europe 

Oxidizing Plain-carbon and low-alloy steelr: deoxidized 
electrode is essential 
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teristic reduces the tendency for burnthrough. In 
vertical or overhead welding, this same characteristic 
reduces the tendency for the metal to sag and run. 

Helium’s higher arc-voltage characteristic is 
desirable when welding thick material or metals with 
high heat conductivity and for the high-speed mech- 
anized welding of stainless-steel tubing. Mixtures of 
argon and helium are used to balance the arc 
characteristics. 

Mixtures of argon or helium with hydrogen 
provide higher arc voltage and heat in the welding 
region than helium alone. This reactive gas, however, 
can damage many metals and alloys, including 
aluminum, copper, and magnesium-base materials. 
Mixtures of inert gas with hydrogen can be used in 
wielding only a few materials, such as certain 
stainless steels and nickel alloys. 

The rate at which some metals are joined by gas 
tungsten-arc welding and the quality of the resulting 
welds are significantly affected by gas purity. The 
reactive metals particularly can be degraded by gas 
impurities of a few hundredths of one percent. 
Copper, carbon steel, and stainless steels can tolerate 
much higher levels of impurities with no adverse 
affects. 

Purity of commercially available argon and 

helium averages over 99.95%, and in some cases 
exceeds 99.995%. Impurities in shielding gases 
usually consist of water vapor, oil, oxygen, or nitro- 
gen - usually from sources other than the original 
gas supply. Water vapor or atmospheric gases can 
diffuse through the hose lines, or contaminants can 
be drawn in at leaks in the lines. Tubing that is not 
su,sceptible to gas diffusion should be used to supply 
shielding gas for welding of materials that are 
sensitive to impurities. 

Shielding Gases for MIG Welding 
The most commonly used gases for gas metal-arc 

welding are given in Table 4-31. 
Initially, only argon, helium, or a mixture of 

these inert gases were used for gas metal-arc welding. 
Other gases were not considered, because the pri- 
mary use of the gas metal-arc process was for weld- 
ing the more reactive metals, such as aluminum and 
magnesium, which require an inert gas shield.; 
Today, however, the process is used for welding; 
many metals that do not require inert-gas shielding. 

Carbon dioxide shielding is widely used for MIGI 
welding of carbon and low-alloy steels in conjunc-1 
tion with deoxidmed electrode. Its advantage over 
the inert gases is its lower cost. 
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All arc-welding processes require a continuous 
supply of electrical current in sufficient amount 
(amperage) and of proper voltage to maintain an arc. 
This current may be either alternating (AC) or direct 
(DC), but it must be supplied to the welding elec- 
trode through a device that enables its precise con- 
trol. Only when the welding current is carefully 
controlled can the desired welding arc characteristics 
- and thus maximum welding efficiency - be 
obtained. The controlling device is called a power 
source or welder. Current may be supplied to it 
from utility power lines, or developed within it by 

j:, generators or alternators driven by close-coupled 
ii,; gasoline or diesel engines. 
t:; :, ” Various types of power sources provide a range 
//“,of voltage across the welding arc from 1’7 - the 
I$;, minimum voltage for starting an arc - to approxi- it;;:;; f, 
b;‘mately 45 volts. The currents supplied through the 
&power source may range from less than 10 amp to 
&:::,,1500 amp or more, the higher currents for 
$:;,- :automatic welding. 

For efficient welding, the power source must 
i:’ permit control of the arc characteristics needed for a 
,:, specific job. In one job, a forceful, deeply pene- 

trating arc may be required, while, in another, a 
soft, Less-penetrating arc may be necessary to avoid 
burnthrough. Electrodes are designed for various 
welding positions and they help compensate for 
power sources that have no arc characteristic adjust- 
ment. The welding process also dictates the type of 
power source needed. Table 4-32 shows the power 
source requirements for various processes. 

TABLE 4-32. Power Requirements for Arc-Welding 
PrOCeSSI 

Power Sources 

CLASSlFlCATlON OF POWER SOURCES 

Power sources are classified according to the 
type of current - AC or DC - and according to 
their voltage output, which may be either variable or 
constant. A further classification designates the 
method by which energy is supplied to the power 
source - from a power line directly or through an 
electric motor, or from a gasoline or diesel engine. 

Whatever the type of power source, its main 
function is to supply the type of current needed for 
welding. Alternating current direct from the power 
line goes through a transformer in AC welders that 
allows control of the current. Thus, a simple AC 
welder is fed 230-volt single-phase current the same 
as a kitchen stove, and a selector switch enables the 
operator to use what AC current he needs for the 
job - say, a 225-amp output for 3/16-in. electrodes 
or 180-amp for 5/32-in. electrodes. A DC welder 
al& gives similar control of the current. Direct cur- 
rent is produced from AC line power by either using 
the line power to run an electric motor that turns a 
DC generator (an electric motor-generator set) or 
running the line power through a transformer and 
then a rectifier (a rectifier set). Direct current may 
also be produced by driving a DC generator with any 
type of fuel-burning engine, such as a gasoline or 
diesel engine (engine-driven-generator set). A fuel- 
burning engine may also be used to produce AC 
current for welding by using it to drive an alternator 
instead of a generator. Combination welders, pro- 
ducing both AC and DC, are basically transformer- 
rectifier sets. 

Arc Welding machines of all types are rated ac- 
cording to their current output at a rated voltage 
and duty cycle. This rating is generally set by manu- 
facturers in accordance with standards established 
by the National Electrical Manufacturers Associa- 
tion (NEMA). These standards are established on a 
conservative bases, requiring a rating well below the 
maximum overload capacity of the machine so that 
it will provide safe operation efficiently over a long 
period of time. 

Ratings are given with a percentage “duty 
cycle.” The duty cycle of a welder is the percent,age 
of a ten-minute period that a welder can operate at a 
given output current setting. For example, if a 
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welder is rated 300 amp at a 60% duty cycle, it 
means that the machine can be operated safely at 
300-amp welding current for 6 out of every 10 
minutes. If this duty cycle is reduced in actual oper- 
ation, the maximum permissible current is increased. 
Thus, at 35% duty cycle, this same 300~amp 
machine could be operated at 375 amp. 

As noted previously, welders are classified as 
“variable voltage” (also called constant-current) or 
“constant voltage.” A variable-voltage machine is 
one that delivers a current that changes only slightly 
with changes in voltage. A constant-voltage machine 
is one that delivers current with the voltage rising or 
dropping only slightly with changes in current 
output. 

801 

1 

Fig. 4-3. Typical output curve ior a variabie~voltage power source. 
adjusted for minimunr wrren! variation. 

Figure 4-3 shows a typical output curve for a 
variable-voltage welder. This type of output is used 
for submerged-arc, gas tungsten-arc, and shielded 

metal-arc applications. Figure 4-4 shows typical out- 
put characteristics of a constant-voltage welder. 
Here, the voltage in the constant-voltage curve (a) 
rises slightly at. the low currents and drops at the 
high currents. Most constant-voltage welders are 
designed with a small downward slope, as in curve 
(b), and have adjustments to increase the downward 
slope, as in curve (c). Some welders have a rising 
slope, as in (d), but this type of output is becoming 
less common. 

AC WELDERS 

Transformer Welders: The transformer welder is 
a voltage step-down transformer that changes high- 
voltage, low-amperage AC input current to low- 
voltage, high-amperage AC welding current. Trans- 
former welders usually operate on single-phase 
power. Most AC power produced in the United 
States is 60-hertz, and each time the polarity 
changes the voltage goes through zero, which tends 
to create an unstable condition in the arc. This 
problem, however, has been solved by designing 
better transient characteristics in the welder and 
better AC electrodes. 

Transformer welders have controls to stabilize 
and adjust the welding current. A system for con- 
trolling the output current is provided either 
through a series of taps into the secondary windings 
or by a movable or saturable reactor in the output 
circuit. The taps provide step controi. A reactor 
provides a continuous stepless control. Various 
types of starters are used and some are equipped 
with low-voltage contactors to reduce open-circuit 

Fig. 4-5. A typical sm11 AC transformer welder for light-duty and 
limited-service welding. 
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Fig.4.6. A typical engine-driven power source that supplies AC CUT- 
rent for welding or power for lightsand tools. 

voltage when the machine is not operating. Some 
machines have an “arc booster” that gives an extra 

: surge of current for a few seconds at the start of the 
‘~ arc in order to get deeper penetration at the begin- 
!j ,ning of the weld. Most welding transformers can be 
:;~ Iequipped with condensers to improve power factor 
F: and reduce the amount of input current used. 
:;, For the inert-gas shielded arc welding processes, 
:r,, ‘;, ” transformer welders are equipped with necessary 
t;,,:, auxiliary controls. A device is required with TIG 
,:, welding to help establish and maintain the arc. 
,: Small, inexpensive transformer welders are 
: widely used in light industry, maintenance work, 

and by farmers. Figure 4-5 illustrates a typical small 
(225-amp) AC welder. Rotating the switch at the 
center of the machine changes taps on the secondary 
coil, which, in turn, changes the welding current. 

Small welders (180-amp or less) are available to 
meet Rural Electrification Administration input re- 
quirements. 

Transformer welders rated at 600 amp or more 
are used primarily for automatic welding. Available 

with these machines are optional accessories re- 
quired for automatic welding, such as line contac- 
tors, remote current control, and DC for control 
power. With single submerged-arc welding, single- 
phase power is used. When two AC arcs are used, the 
welders are connected to a three phase power 
system to equalize the load. Three transformers 
can be used with the primaries connected to the 
three phase line and the secondaries connected 
closed delta. Each transformer must have a separate 
reactor to adjust the welding current and the phase 
angle between the arc currents. The Scott connec- 
tion can also be used. Two transformers with a 
center tap connection on one primary are connected 
to a three phase power line. The unique connections 
between the two transformers establishes the proper 
phase relation between the arcs. With two elec- 
trodes, it is necessary to have approximately 
90°-out-of-phase operation to prevent interactions 
between the electrodes that would produce severe 
arc blow. Reactors are used to adjust the welding 
current. Details of the connection can be supplied 
by the equipment manufacturer. 

TABLE 4-33. Typical Ratings and Outputs for 
AC Variable-Voltage Welders 

NEMA Rating Output 

Rated Duty 
- current 

C”WS?“t AK Cycle 
Flange 

lamp) Voltage I%) 
lamp1 

180 25 20 30.180 

225 25 20 W-225 

250 30 30 30-300 

300 32 60 x-450 

400 36 60 40-600 

500 40 60 50-750 

600 44 60 50.850 

1000 44 60 200-l 250 

Note: Input power is ring,e-ptlare. 

TABLE 4-34. Typical Ratings and Outputs for 
Alternator Welders and Auxiliarv Power Sources 
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Fig. 4-7. A typical industrial type AC three-phase input, DC ;mtpui 
variable voltage welder. The heavy duty welders are available in a wide 
range of sizes. see Table 4.36. 

Table 4-33 shows typical AC welder ratings and 
output currents. A disadvantage of many trans- 
former welders is that the output current changes 
with a change in line voltage. In most shops this is 
not a serious problem, but if the power-line voltage 
regulation is poor, the welding may not be 
satisfactory. 

Alternators: AC welding current can also be 
obtained from an engine-driven alternator. A gaso- 
line engine is usually used, and the engine-alternator 
set serves both as a portable welder and as an 
auxiliary power supply. Power output - 115 to 230 
volts AC - can be used for lights, smal! tools, or as a 
standby energy source. A typical machine is illus- 
trated in Fig. 4-C;. Table 4-34 shows typical alterna- 
tor ratings and output currents. 

DC AND AC-DC WELDERS 

Transformer-Rectifier Welders: Rectifiers for 
converting AC current to DC have been developed 
to a stage of efficiency and reliability. A result of 
this development has been the combination of a 
rectifier with a transformer to form a DC welder. 
Various semiconducting materials have been used in 
current rectifiers, but, at the time of publication, 
the silicon rectifier has replaced most other types in 
welding machines. 

In principle, the single-phase rectifier welder is a 

TABLE 4-35. Typical Ratings and Outputs for 
Transformer-Rectifier Welders with Both 

AC and DC Variable-Voltage Outputs 

NEMA Rating 

I 

Duty 
C@? 

1%) 

30 

60 

60 

60 

60 I 

Output Current 

TABLE 4-36. Typical Ratings and Outputs for 
Three-Phase Transformer-Rectifier Welders 

NEMA Rating 

Current 
hlPl 

300 

300 

400 

400 

500 

600 

600 

800 

Voltage 

32 

32 

36 

36 

40 

44 

44 

44 

-r 

Duty 
Cycle 

(%I 

60 

100 

60 

80 

60 

100 

60 

100 

OU 

CC 
C”W2”t 
(amp1 

45. 375 

50. 375 

60. 500 

50. 500 

75. 650 

70. 750 

75. 750 

100-1000 

sut Current 

Type 

Variable-voltage 

Constant-voltage 

Variable-voltage 

Constant-voltage 

Variable-voltage 

Constant-voltage 

Vaviable-voltage 

COlXt~~t-VOlt.3~t- 

transformer welder with a rectifier added to obtain a 
DC output. Adjustment of the welding current is 
through the AC sect.ion, as described for transformer 
welders. The output charact,eristic can be either 
const,ant or variable voltage. Welders built especially 
for gas metal-arc welding have adjustments for 
changing both the slope of the output curve and the 
reactance in the circuit for better performance when 
welding with short-circuiting transfer. 

Transformer-rect,ifier welders are often designed 
with provisions for both 4C and DC welding. These 
power sources, called combination welders, are 
especially convenient for structural work where the 
vertical welding is done by DC with E7018 elec- 
trodes, and flat. welding is done by AC with E7028 
electrodes. Combination welders are also convenient 
for gas tungsten-arc welding; AC is available for 
welding aluminum, and DC is available for welding 
stainless and carbon steel. Table 4-35 shows typical 
ratings and outputs for combination AC-DC 
transformer-rectifier welders. 

Another type of transformer-rectifier welder is 
the step-down transformer, in which three-phase AC 
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Fig. 4-8. An AC~DC transformer~rec,ifier welder designed for gas 
tungsten~iirr’ welding. 

is fed to rectifier units which, in turn, feed DC to a 
single output circuit. The output can be either vari- 
able or constant voltage, but only DC is available 
since the AC is three-phase and cannot be used for 
welding. Table 4-36 shows typical ratings and out- 
puts for three-phase transformer-rectifier welders. 
See Fig. 4-7. 

Making optimum use of some welding processes 
may require that. accessory equipment be added to 
the power source. This is especially true if the 
process is automated. A good example is the AC-DC 
transformer-rectifier welder built for the gas tung- 
sten-arc process, sometimes called a TIG welder. A 
typical machine is shown in Fig. 4-8. 

This welder can be used for any process using 
AC or DC variable voltage, but the accessories are 
designed primarily for gas tungsten-arc. A high- 
frequency voltage is superimposed on the output 
voltage so that the arc is established without 
touching the electrode to the work. The high freq- 
uency also stabilizes the arc by igniting the 60-cycle 
current each time it goes through zero. The intensity 
o1f the high-frequency voltage can be adjusted. The 

elding current is adjusted electrically by a small 
eostat, and a provision is made to connect a 

remote current control, which can be used to com- 
pensate for poor fitup or for crater filling in critical 
welds. The current can be adjusted to a very low 
value - some .welding is done at less than 10 amp. 
Solenoid valves start and stop the flow of cooling 
water and gas. The gas valve has an electronic delay 
so that gas continues to flow after the arc is extin- 
guished - to protect the crater and electrode from 
oxidation. 

The transformer-rectifier welder has the same 
disadvantage as the transformer welder. A change in 
voltage on the transformer primary changes the 
welding current. The transformer-rectifier shown in 
Fig. 4-6 has line voltage compensation to eliminate 
the problem. 

DC Generators: In the direct-current generator, 
an armature rotates in an electrical field. Current is 
generated in the armature and is taken off for use 
through a commutator. The armature is rotated 
either by an electric motor or an internal- 
combustion engine. The speed of rotation of the 
armature and the electrical design of the generator 
change the output characteristics. The arc character- 
istics of a generator can be precisely controlled. This 
fact lends DC welding more versatility than AC 
welding. Polarity of the electrode can be changed 
with a flip of a switch. 

Fig. 4-9. Output tar a DC generator welder having adjusrments in 
both the series and shunt fields. Output curves produced by adjusting 
the series field are shown in (a); CUW~S produced by adjusting the 
shunt field are shown in ibi. 

The DC motor-generator welder is driven by AC 
utility por+r. It can provide either variable or con- 
stant voltage, or a single unit may provide both 
types of output. The motor is usually a three-phase 
induction motor. 

The variable-voltage type is a compound gener- 
ator with a series field that causes the voltage to 
decrease as the current is increased. Two adjust- 
ments can be made to change the welding current: 

1. For a given voltage, the output current can 
be changed by adjusting the series field. This 
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produces an output change as shown in Fig. 
4-9(a), and is sometimes called the 
“current” control. 

2. For a given current control setting, the out- 
put can be changed by adjusting the shunt 
field. This produces. an output change as 
shown in Fig. 4-9(b). 

Combining both adjustments can produce out- 
put characteristics similar to those shown in Fig. 4-3 
or 4-11. A typical motor-generator welder is shown 
in Fig. 4-10. 

DC-generator power sources, in general, have an 
adjustment that can provide an output of the type 
shown in Fig. 4-11. This output is highly suitable for 
vertical and overhead welding, where the operator 
uses a whipping motion that alternately raises and 
lowers the arc voltage. With the flatter characteristic 
shown in Fig. 4-11, there is greater change in current 
for a given change in voltage than with the output in 
Fig. 4-3. Since deposition varies with current, the 
weldor can vary deposition and thereby exercise 
more control of the molten puddle with the flatter 
output characteristic. 

The constant-voltage motor-generator welder is a 
compound generator with a series field designed to 
keep the voltage nearly constant wit,hin the current 
capacity of the machine, as in Fig. 4-4(a). The slope 
of the output curve can be changed by an adjust- 
ment in the series field, as in curves (b) and (c). In 
some welders, an output shown by curve (d) can be 
obtained. These welders are always used with auto- 
matic or semiautomatic wire-feeding equipment, and 
the current is changed by changing the speed of the 
wire feed. The arc voltage is changed by adjusting 
the shunt field in the generator. 

Current (Ornp) 
Fig. 4-11. Typical output curve preferred for vertical and overhead 
shielded metal-arc welding 

Motor-generator welders that provide both vari 
able-voltage and constant-voltage are gaining wide I 

application, because they can meet a wide range o 
process requirements. Variable voltage is used t 
manually tack weld an assembly, and the welding i 
then completed with an automatic or semiautomati 
process using constant voltage. Table 4-37 1 show 
typical ratings and outputs for these motor- 
generator welders. 

Every type of DC welder driven by an electric 
motor can be duplicated with a gasoline or diesel- 
engine drive. On heavy-duty machines of 200 amp 
and larger, the engines are liquid cooled. Gas engines 
are equipped with governors to maintain constant 
engine speed and with idling devices to reduce the 
engine speed when welding is not being done. 
Machines with air-cooled engines are available for 
light-duty work. 

TABLE 4-37. Typical Ratings and Outputs for 
Motor-Generator DC Welders 

I Ratina 

Fig. 4-10. A typicai moror~generator welder, 

CUrrent i 

! 

VOltage 

28 

30 

32 

32 

36 

36 

44 

44 

44 I 

Duty 
CV& 

1%) 

60 

30 

60 

60 

60 

60 

80 

80 

80 

Output 



Diesel engines cost more than gasoline engines, 
but the diesel has several advantages. Diesel fuel 
costs less than gasoline, is less hazardous to handle, 
and is consumed less rapidly. Less maintenance is 
required with diesels, and engine life is longer. 

Multiple-Output Power Source: A multiple- 
output power source is a single welding machine 
capable of providing welding current to several 
operators simultaneously. The use of such machines 
is limited to manual welding where several operators 
are working in a relatively small area. Many factors 
limit the economic use of these units; when an appli- 
cation appears feasible, the equipment manu- 
facturers should be consulted. 

POINTERS ON SELECTING A POWER SOURCE 

In selecting a power source, two important con- 
siderations are its output capacity and its suitability 

,, for the particular job. 
The size or rated output of a machine required 

ii;,‘:, for a given job depends on the thickness of the 
9 metal to be welded and the amount of welding to be 
ii;~,! done., If a conservatively rated machine, made by a., 
t;,,’ reputable manufacturer, is purchased, the selection p_ 
8;;~:: can be made with confidence on that rating. There is 
!? no need to buy more capacity than will be required 
i$$ by the job. Be sure, however, to check the duty 
,% cycle. Machines with a low duty cycle should be 
i,:,,, used only for maintenance or intermittent welding. 

Continued operation of a machine beyond its rated 
capacity will shorten its service life. Of course, prop- 
erly made and rated machines have large overload 
capacity, which means that higher than rated amper- 
ages can be used for shorter periods than the rated 
duty cycle allows. 

In selecting the type of welder, an essential 
consideration is the energy source available. Motor- 
generator sets are generally available for only three- 
phase utility AC power, but can be ordered to 
different cycles and voltages. They are also available 
for DC power. AC machines are generally available 
for only single-phase power in various cycles, with 
or without power factor correction in the machine. 
Fortunately, in most manufacturing, the source of 
power does not present a limiting factor on the 
selection of a welder. The decision can be made on 
the basis of which is the most efficient and economi- 
cal machine for a given job. 

Where utility power service is through a 3KVA 
transformer on residential or rural lines, an indus- 
trial-type AC welder cannot be used. Here, it is 
necessary to use a limited-input transformer welder, 
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which is designed so that no more than a specified 
maximum amount of input current (37.5 amp) can 
be drawn. 

The most important factor to be considered in 
selecting a power source is performance - what type 
machine will do the job easiest and enable better 
welding to be done at lower costs. 

There is one best way for every welding job. 
Sometimes it is AC; sometimes it is DC. For one job, 
sensitive control may be required for maximum 
efficiency. For another, certain types of controls 
may be unnecessary. A welder should be selected, 
therefore, according to the job to be done. 

The following may be used as a guide to select 
the proper power source based on the type of 
current. 

DC only 
Gas metal-arc welding 
Flux-cored arc-welding 
ExxlO type electrodes 
Exxl5 type electrodes 

DC preferred 
Fast freeze applications 
Fast follow applications 
Welding stainless steel 
Nonferrous electrodes 
Surfacing with high alloy electrodes 

AC preferred 
Fast fill applications 
Iron powder electrodes except out of 

position welding 
Where arc blow is a problem 

AC or DC depending on the application 
Gas tungsten-arc welding 
Submerged-arc welding. 

The small transformer-welder shown in Fig. 4-5 
is widely used on farms, in garages and small 
machine shops, and by hobbyists. Obviously AC is 
not always the best type of welding current for such 
a wide variety of applications. However, the special 
electrodes and accessories developed for this type of 
welder make it very versatile even though limited to 
AC welding current. In this case, the selection of the 
power source is based on low cost, low power input 
requirements, and versatility rather than AC or DC. 

If a job is entirely downhand in heavy plate, an 
AC machine will be most efficient. If the job is 
exclusively sheet metal welding, a DC machine will 
be most efficient. If the work is a combination of 
jobs, involving out-of-position welding, as well as 
straight downhand work, a combination AC-DC 
machine is the logical choice. These machines can be 
adapted to individual job requirements. combining 
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larger AC capacity with smaller DC capacity, or in fore, is most efficient for general purpose welding. It 
any way that is required. For most manufacturing gives the weldor the opportunity to select for him- 
situations, both AC and DC are needed for maxi- self the type of arc and current he can use most 
mum efficiency. The combination machine, there- efficiently for the job at hand. 

Typical example of welded high pressure pipe in a ga.s processing plant. Note the enginedriven welding machines. 



Welding Equipment 

Since there are several major arc-welding pro- 
cesses and various stages of mechanization in each, 
the welding equipment, in addition to the power 
source, involves numerous mechanisms and devices 
to facilitate laying a weld bead. It is beyond the 

‘scope of this handbook to catalog the many 
hundreds of items that are available. However, by 
observing the items of equipment required for the 

Isimplest form of arc welding - stick-electrode 
relding - and, then selectively replacing elements 
sf this simple process with the counterparts that 
ive increasing mechanization, it is believed that the 
Fader can be given an understanding of the relation F,,,, 
If,~ any item of welding equipment to the basic (@y 
c,h,eme of fusion-joining by arc heating. In essence, 

_::items of welding equipment other than the 
stective shields and clothing worn by workers are 

@&es introduced in the basic welding circuit 
&cussed in Section 1.3. Also, the differences 

@een processes at the basic level amount to no 
&e than different ways for accomplishing the gfie end. 

@n Fig. l-31, the basic welding circuit is illus- 
&ted. In this circuit is the power source, with 
ables running from it in one direction to the work 
nd in the other direction to the electrode, from the 
ip of which the arc is struck. On each side of the 
power source - extending to the work or the 
c-delivering electrode - are other items of equip- 
ent needed to accomplish welding. This equipment 

1 

‘11 vary according to the welding process and its 
egree of mechanization. 

HE WELDING CABLE 

Whatever the process, the first item of equip- 
rent on both sides of the power source is a cable 
)r carrying electrical current. The cable from the 
ower source to the electrode carries current to the 
lectrode and via the arc to the workpiecc. The 

ble from the power source to the workpiece is the 
round cable; it completes the circuit from the 
rorkpiece back to the power source. 

These conductors are extremely important to 
s efficiency and success of welding. They must be 
operly sized to deliver the required current to the 

relding arc. The size must be adjusted to the length 

of cable, and the cable assembly must be so designed 
and built that it performs its current-conducting 
function efficiently while giving wear resistance 
where wear is needed and flexibility where flexi- 
b;lity is advantageous. 

The conductors in a welding cable are made 
from strands of fine copper or aluminum wire - 
preferably copper. The fine wires may be bunched 
in bundles, with a twisted assembly of bundles 
enclosed by a paper wrapping. A high-grade insulat- 
ing material - usually natural or synthetic rubber - 
over the paper wrapping provides positive insulation. 
The paper wrapping allows the copper wire to slip 
within the rubber cover, enhancing the cable’s flexi- 
bility. A special cable design adds cotton or rayon 
braiding, followed by a second “outside” covering 
of rubber. This outside covering is often fluted to 
increase the cooling area and enhance flexibility. 

Figure 4-12 shows the construction of a 
premium-type cable, designed to give good flexi- 
bility and long service life. Often a “whip” cable of 
this flexibility grade would be used within 10 to 12 
feet of the electrode holder in manual metal-arc 

Stranded Copper Wires withstand con-- 
tinuous flexing. 

Paper Wrapping improves cable flexibility - : 4 

and facilitates clean stripping of insulation 
for making connections. A 

60% Natural Rubber insulation and cover 
jacket: 

l Has excellent flexibility even at low -Y 
tWlpWAt”K?S. 

l Outstanding resistance to moisture. 

l Resists abrasion. gouging. and impact. 

\ Rayon Braid contributes to impact resist- - 
ante and helps bond insulation to cover , 
jacket without reducing overall flexibility. 

Jacket Fluting increases cooling surface - 
area. improves flexibility, and is easw to 
grip than round cables. 

I 

Fig. 4-12. Construction of a typic& welding cable designed for good 
flexibility. A cable of this type wotiid be used as the “whip” section 
of a cable assembly in manual metai~arc welding. 



Electrode 
Holder 

Whip Lead 
(10.12 Length) 

Q-O Connector 

Fig. 4-13. All connections in a cable are important io efficient 
weidirtg. ia) A quick~detachable connector, used for splicing or to 
connect ICI rhe whip section to the main cable. lb! Thp tyw of lug 
used at ielmln~ls. 

welding, where its flexibility would allow ease in 
maneuvering the electrode. Such a whip section 
would use the smallest size permissible for its length 
and the current to be carried, in order to assure 
maximum flexibility. A whip section of highly 
flexible cable is usually connected to a stiffer length 
of cable that runs to the output terminal of the 
power source. This section of cable is similar in 
construction, except that often synthetic rubber is 

used for insulating coverings to provide toughness 
and impact and abrasion resistance. The ground 
cable extending from the power source to the 
workpiece is also usually made from the stiffer, 
highly wear-resistant type of cable. 

The size of cable used depends on the amperage 
to be carried and the total length of the electrical 
circuit. The longer the circuit, the larger the size 
wire needed to prevent voltage drop and the 
dissipation of current by resistance heating within 
the conductor. 

Table 4-38 shows recommended copper cable 
sizes for manual welding. Using this table, one can 
determine the size needed for the particular welding 
station. Thus, if the maximum machine current is 
200 amp and the station is 250 ft from the power 
source, l/O cable would be required. This size would 
allow up to a 60% duty cycle - or welding 6 out of 
every 10 minutes - without excessive heating of the 
cable or excessive voltage drop. 

Just as the proper construction and size of the 
cable are important to efficient welding, so are all 
connections within it or at its terminals. Quick- 
detachable (Q-D) connectors, Fig. 4-13(a), are pro- 
vided for splicing cable lengths or for attaching the, 
whip length to the main cable, Fig. 4-13(c). These 
connectors are designed to lock so they canno 
accidentally be pulled apart or work loose. The 
also are insulated. Cable lugs, Fig. 4-13(b), ar 
needed for connecting welding cables to powe 
sources, panels, switchboards. and some types o 
ground clamps or electrode holders and are provide 

i 

TABLE 4-38. RECOMMENDED CABLE SIZES FOR MANUAL WELDING* 

Machine Sire 
in Amperes 

100 
180 
180 
200 
200 
225 
250 + 
300 
400 
500 
600 
650 

T- 3uty Cycle 
I%) 

20 
20 
30 
50 
60 
20 
30 
60 
60 
60 
60 
60 

Copper Cable Sizes for Combined Lengths of Electrode plus Ground Cabie 

Ip to SO feet 

#8 
#5 
#4 
#3 
#2 
#4 

ff 1% 
#2/O 
#2/O 
#3/O 
#3/O 

50.100 fee1 

#4 
#4 
#4 
#3 
#2 
#3 
#3 

#i/O 
#2/O 
#2/O 
#3/O 
#3/O 

00-150 feet 

#3 I 
#3 
#3 
#2 
#2 
II2 
ll2 

#l/O 
#2/O 
#3/O 
#3/O 
#4/O 

150-200 feet 

#2 
#2 
#2 
#l 
#l 
#l 

#Z#ib 
#3/O 
#3/O 
#4/O 

* * 

200.250 feet 

#1 
#l 
#l 

#l/O 
#1 IO 
#l/O 
#l/O 
#3/O 
#4/O 
#4/O 
fff 
*a* 



Replaceable Pans, including nope 
insulation and contact jaws. 

lal \ 
Ventilated Handle 

Heavy spring tightly 
clamps jaws to work or 
table. Infernal cop!xr strap 
connects both jaw for 
positive contact, even if 
one jaw is insulated from 
the work. \ ; 

Cable lug bolts directly to 
the ground clamp. Cbl 

4-14. (a) An electrode holder with replaceable jaws. ventilated 
Idle. and nose and ar~v insulation. (bl A ground clamp for attach- 
the ground cable to fhr workpiece or fixture. 

sizes to fit the cables. Lugs and Q-D connectors 
ould be soldered to the cable. 

iE ELECTRODE HOLDER 

Following the basic welding circuit, there is one 
,re item of weiding equipment between the power 
urce and the electrode in manual metal-arc weld- 
; - namely, the electrode holder. This is basically 

more than a clamping device for grasping and 
rking firm electrical contact with the electrode, 
th an insulated hnnd!e for the operator’s hand. lt 
n be designed, however, with a number of 
Oinements, such as replaceable jaws, a ventilated 
ndle, and a hand shield. Figure 4-14(a) shows a 
pe of holder with replaceable jaws, ventilated 
mdle, and nose and arm insulation. The cable con- 
actor may be connected to the holder by a nut- 
Id-bolt arrangement, or the holder may come from 
e supplier with a whip section of cable perma- 
mtly attached by some type of fused joint. Solder 
mnections are provided in some designs. 

Insulated electrode holders are used almost 
riversally to prevent grounding the holder should it 
zcidentally touch the work or the fixture holding 
,e work. 

Welding Equipment 4.3-3 

Electrode holders are rated according to their 
current capacities, which are usually in the range of 
300 to 600 amperes, and are produced in sizes to 
accommodate the sizes of electrodes required. Since 
operator comfort is desired, the smallest holder that 
will do the job is usually chosen. If a holder 
becomes hot while welding, the operator knows that 
it is too light for the welding current being used. 
There should be a margin between the current rating 
for the holder and the amperage used on the job. 
Thus, if the welding is done at 275 amp, the holder 
should be rated at least 300 amp. 

GROUND CONNECTIONS 

On the ground side of the power source, there 
must be a means of connecting the ground cable to 
the workpiece. A ground clamp, bolted to the lug at 
the end of the ground cable, is a simple and versatile 
connector. A ground clamp is shown in Fig. 4-14(b). 
The ground clamp may be attached to the work- 
piece directly or to a fixture that holds the 
workpiece and makes good electrical contact with it. 

The ground connection varies with the process, 
and, in highly automatic welding installations, may 
be a permanent stationary connection or a con- 
nection made through brushes or rotating or sliding 
shoes (see Section 4.4). The ground must make a 
firm, positive connection, and its placement in 
respect to the layout of the assembly and direction 
of welding is important for good arc characteristics 
and the prevention or minimization of arc blow (see 
Section 3.2). The experienced weldor knows that 
good grounding is essential to good work and that 
attention to this factor cannot be overemphasized. 

In some welding installations, it is the practice 
of using a steel bar or a reinforcing rod as a common 
grounding connection between two or more work- 
holding fixtures. When this is done, care must be 
taken to assure that the steel grounding bar has 
adequate cross-sectional area to match the copper 
welding cable in electrical conductivity. Since the 
conductivity of copper is almost 7 times that of 
mild steel, the cross-sectional area of any common 
steel grounding bar should be at least 7 times the 
cross section of the welding cable conductor. If the 
grounding bar is inadequate in cross section, high 
resistance will develop in the circuit, the voltage will 
drop, and poor performance will result. 

Grounding is discussed repeatedly in subsequent 
sections, emphasizing its importance to efficient 
welding. A point to bear in mind is that the ground 
connection should occupy the total surface of 
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contact and the area of that surface must be at least 
equal to the cross-sectional area of the conductor. 
This means that the area of contact must be free 
from any scale, rust, oil, grease, oxides, or dirt that 
would act as points of insulation. Brightening the 
area of contact with sandpaper or a wire brush 
before making the connection is good practice. 

There is a simple way to test the soundness of 
the circuit during welding - namely, any time the 
circuit is off, run the hand over the length of the 
cable from the power source to the electrode. If a 
“hot” section or a section warmer than the rest of 
the cable is felt, one knows that undue resistance 
heating is occurring in that section. If the hot 
section is near a terminal, the connection at the 
terminal is suspect; if any place along the cable, the 
cause is probably broken strands within the cable. If 
the entire cable is hot to touch, it is probably 
undersized for the welding current being used. 

With mechanized welding equipment, conduc- 
tors other than those carrying the welding current 
may also be required between the power source and 
the welding gun or head. These conductors are small 
wires that carry just enough current to operate 
controlling devices. They are usually in a cable 
separate from the welding current cable, but, in 
some instances, may be incorporated in the weld- 
ing-cable construction. 

THE SEMIAUTOMATIC GUN AND WIRE 
FEEDER 

Once any degree of welding mechanization is 
attempted, the equipment becomes complicated - 
but still it is merely a modification of the primary 
elements in the basic welding circuit. Thus, when 
one moves from stick electrode to semiautomatic 
welding with continuous electrode, a semiautomatic 
gun and an electrode wire-feeding mechanism take 
over the funct.ion of the simple electrode holder. A 
passageway, or conduit, made from plastic tubing or 
spirally-wound steel wire, is provided for movement 
of the continuous electrode. This conduit is usually 
incorporated into the cable carrying the welding 
current, which may also contain wires for the 
control circuit that initiates electrode feeding. 
Additionally, tubing or another arrangement may be 

required to supply granular flux or shielding gas to 
the arc, depending on the process. 

If the mechanization is carried a step further - 
to full automation - a welding head with all the 
auxiliary equipment required is substituted for the 
simple electrode holder in the basic welding circuit. 

One of the simplest semiautomatic processes in 
terms of equipment is the self-shielded flux-cored 
electrode process, a schematic of which is shown in 
Fig. 4-15. Here, a wire-feeding mechanism with its 

REEL OF CONTINUOUS 
ELECTRODE FEED UNIT 

ELECTRODE \ 

INPUT CABLE 
GUN AND CABLI 

GROUND CABLE 

DC POWER SOURCE 

Constant voltage required 
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Fig. 4-16. ia) A typica: wire~feeding mechanism. as used wit11 semiautomatic self~shielded flux-cored or submerged~arc 
welding. ib) How the driwroll and control unit may be separated from the coil of electrode to give even greater flexi~ 
biiity to semiautomatic welding. 

mtrols and a reel of electrode wire has been 
terposed in that part of the basic welding circuit 
!tween the power source and the arc, and the 
ectrode holder used in stick-electrode welding has 
!en replaced with a welding gun. 

Figure 4-16(a) depicts a typical wire feeder with 
me wire drive-roll and control unit built integrally 
ith the wire reel. Note that two cables exit from 
,e mechanism. The large one contains both the 
elding current cable and the conduit passage for 
.e electrode wire. The small cable contains the 
ires for the circuit that activates wire feed and also 
:tivates contactor circuit so electrode is cold when 
A welding. The electrode feed rate is set by the 
mtrols on the control box, and this rate, in turn, 

egulates the amperage supplied by the constant- 
oltage power source. 

In Fig. 4-16(b) the drive-roll and control unit are 
een detached from the reel housing -- a modifica- 
ion that permits working farther from the electrode 

supply and moving the control mechanism into 
tighter working quarters. Here, the drive mechanism 
pulls wire from the reel and then pushes it the 
remaining distance to the welding gun. Wire feeding 
is initiated and the welding circuit energized when 
the operator presses a trigger on the welding gun. 

Flux-cored e!ectrodes require drive-rolls that will 
not flat.ten or otherwise distort the electrode. 
Various grooved and knurled surfaces are used to 
advance the wire. Some wire feeders have a single 
pair of drive-rolls; others, two pairs with at least one 
roll of each pair powered. 

Good, trouble-free wire feeding depends on the 
size of the drive motor, the diameter of the 
electrode, the length of cable between feeder and 
gun, the type of gun - straight-through or curved 
nozzle - and the surface condition of the electrode. 
Thus, a system that is satisfactory for driving a 
3/32-in. electrode through a lo-ft conduit and a 
straight-through gun may be unsatisfactory for 
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Fig. 4-17. Various designs of guns ior semiautomatic self-shielded 
flux-cored electrode welding. The one at the top is rared at 350 amp. 
the middle one at 450 amp, and the lower one at GO0 amp. The joinf 
lo LIE weldud aifects selection of nozle curvature. 

driving a 7/64-in. electrode 15 ft through a cable 
and through a 60° curved-nozzle gun. 

The semiautomatic welding gun (Fig. 4-17) is 
designed for comfortable holding and ease in manip- 
ulation. The gun provides internal contacts that 
initiate wire feed and complete the welding circuit 
at the press of the trigger switch. Most semiauto- 
matic guns for the self-shielded, gas-shielded, and 
submerged-arc processes are designed for air cooling, 
which permits them to be small, light, and highly 
maneuverable. Water-cooled guns are also available, 
but this requires separate tubing for supply and 
return of water and a bulkier construction to 
provide water passages; thus, ease of handling add 
maneuverability are lessened. 

Guns may have either straight or curved nozzles. 
The curved nozz’le may vary from 450 to 800. 
Straight-through nozzles are favored for fillet welds 
and when the work flows under the gun. Curved 
nozzles are preferred for depositing butt welds in 
heavy sections. The curved nozzle enhances flexi- 
bility and ease in manipulation, but requires 
heavier-duty wire-drive units. Curved nozzles are 
generally favored with the self-shielded process. 

Semiautomatic guns should be of simple con- 
struction for minimum maintenance, but must be 
rugged to withstand physical abuse. Nozzles, contact 
tips, and switches should be designed for long life 
and ease of replacement. Nozzles should be rugged, 
insulated to prevent shorting to the workpiece and 
resist adherence of spatter..Contact tips should be 

made of a suitable alloy and should have sufficient 
cross-sectional area to provide optimum life for the 
size of electrode and current used. 

The equipment for gas-shielded or submerged- 
arc semiautomatic welding requires additional 
features - such as equipment for containing, meter- 
ing, and conducting shielding gas to the welding gun; 
tanks and hoses for submerged-arc flux; and modi- 
fications at the gun for dispensing the shielding 
material. The sections treating the individual 
processes discuss some of the specific items of 
equipment. Several types of semiautomatic guns for 
submerged-arc welding are shown in Fig. 4-18. 

Fig. 4-18. Semiautomatic guns for submrrgrd-arc weidirig The 
concentric rmzzie supplies flux as well as electrude wfre~ The yun at 
the too is rated at 350 amp: the others a GO0 a,,~ Note the mecb 
anlzed hand travel unit attached to the bottam gun this small mator- 
ired unit pacertheweiding travel lsee Fig 4.1Yi. 

Semiautomatic welding equipment appears quite 
simple compared to full-automat.ic welding equip- 
ment, but possibly represents even a higher stage in 
mechanization ingenuity because of its simplicity. 
Semiautomatic welding attempts to put a degree of 
mechanizat.ion in t.he great, bl!!k of welding work 
t.hat is not subject to full mechanizat,ion. This work 
requires extreme flexibiiit,y, which is impossible 
with any fully mechanized equipment. With semi- 
aut.omatic welding, the operator still holds the 
equivalence of an electrode holder (the gun) in hand 
and travels and maneuvers it,, but fren,uent electrode 
changing is eliminated and the pace of welding is 
established by the preset, electrode feeding rate. 

MECHANIZED TRAVEL UNITS 

Semiautomatic welding takes a step toward full 
mechanization when devices and mechanisms are 
used with the semiautomatic gun to relieve the 
operator of holding, guiding, and traveling it. Thus, 
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g. 4.19. A srd motorized unit added to the submerged~arc gun 
tablishes The lravel rate and supports the gun as it travels the seam 
?re, the weidor n~jerely guides the semiiautumat~c gurl and cuntrols 
srlinq arrd stonping. 

small mechanized travel attachment mounted on 
le nozz!e of the submerged-arc gun, shown in Fig. 
.19, establishes the rate of travel over a seam and 
lpports the weight of the gun. Or, a small self- 
repelled trackless carriage, such as shown in Fig. 
.20, relieves the operator of holding and guiding 
le gun over the joint. His only function left is 
lacing it on the work, starting and stopping its 
peration, and monitoring its performance. The 
retches in Fig. 4-21 show how the spring-loaded 
lide rolls of the unit are set to maintain the desired 
ath over the assembly. 

ULL-AUTCiMATIC WELDING HEADS 

With fully mechanized welding, a great variety 
j equipment - much of it custom-designed - is 
;ed, but still all of this equipment may be viewed 
I a substitute for the simple electrode holder used 

stick-electrode welding. In a fully mechanized 

Fig. 4-20.The final step before full mecha~ 
niration is when a motorized unit not only 
carries the semiautomatic welding gun and 
establishes travel rare. but also guides the 
gun aiong the weld joint. 

installation, the manual skill of the weldor is 
replaced entirely. Machines supply the skill - and 
the operators of such machines provide the instruc- 
tions and watch over the machines to make sure that 
instructions are followed. 

The welding head replaces the welding gun at 
the fully mechanized stage of arc-welding develop- 
ment. The head may be stationary with the work 
moving under it, or it may move across the work. 
The head may feed one wire (single-arc head) or two 
wires (Twinarc”), and two or more heads may be 
used together (tandem-arc and multiarc). 

Figure 4-22 shows sketches of various wire- 
feeder arrangements for full-automatic submerged- 
‘Twinarc is a re%istered tradename. 

OF GUN I OF GUN 

open butt joint Tight b”ff joint 

Flaf fillet 

Fig. 4-21. These sketches show how the outboard guide wheels of the 
motorized unit shown in Fig. 4-20 are set to follow various types Of 
joints. 
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Fig. 4-22. Schematics of \Jarious wire-feeder arrangements for full-automatic submerged~arc we!ding 

Fig. 4-23. A typical full~automatic welding head for submerged-arc 
welding. 

arc welding. Here, the heads also meter out tha 
granular flux needed for shielding the arcs. Witi 
gas-shielded processes, attachments to the heat 
similarly supply the gases needed for shielding. 

A typical full-automatic submerged-arc weldint 
head is shown in Fig. 4-23. It is depicted as it woulc 
ride on a beam over a joint, carrying a reel o 
electrode wire. The wire feeder is an integral unit, a 
is the flux hopper. The control circuit automaticall: 
varies the wire feed speed to maintain the arc length 
The head is adjustable to various positions fo 
different fixtures and applications, as illustrated ir 
Fig. 4-24. 

Full-automatic welding is not limited to fixec 
locations. By use of a self-propelled trackles 
tractor, the welding equipment may be taken to thl 
work, rather than the work brought to the weldint 
equipment. Self-propelled units, such as the DC-AC 
tandem submerged-arc welder shown in Fig. 4-25 
are widely used in ship a.ld barge building: beam 
girder, and column fabrication; bridge deck welding 
and for long seams on ot,her weldmentsl either in th 
shop or in the fie!d. 



Fig. 4-25. A typical self-propelled trackless tractor that takes 
full-automatic submerged-arc welding lo the work. either in the field 
or in the shop. The unit shown isa DC-AC tandem welder. 

The installation for full-automatic welding can 
become extremely complex - with as many as 20 
arcs used simultaneously. Figure 4-26 shows the use 
of two electrode wires with one head (Twinarc 
welding) in the welding of a preformed box beam by 
the submerged-arc process. This is possibly what 
might be regarded as the first step toward increased 
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Fig. 4-27. Welding with two tandem-arc heads simultaneously. TWO 
groove welds in a side member of a foundry flask are deposiied ii1 one 
traverse of the heads. Lead electrodes are operated at 700 amp and 35 
vuI;s DC negative and rhe trail elecrroder at 650 amp and 35 volts AC. 

complexity in fully mechanized welding. The attach- 
ment that permitted the use of two arcs with one 
head in this particular application almost doubled 
the welding rate that had been experienced when 
using a single electrode with the beam-supported 
head. Normally a 50% increase in speed can be 
expected. 

In Fig. 4-27, an increased degree of complexity 
is seen. Here, two tandem-arc heads are being used 
to make two groove welds in one traverse in fabri- 
cating foundry flasks. Electrode wire is supplied 
from four reels. Additional examples of full- 
automatic welding installations are shown in Section 
4.4. 

EQUIPMENT FOR ARC HEATING 

Heretofore, in this section, welding equipment 
has been presented as those elements that might be 
interposed in the basic welding circuit - from the 
power’source to a consumable electrode and from 
the power source to the workpiece. 

As indicated in Section 1.3, the electrode in the 
basic welding circuit could be nonconsumable, and 
the arc struck by it could be for the purpose of 
heating the joint, to fuse parts together or to melt 
separately applied filler metal into the joint. When 
the electrode is nonconsumbale, the arc is much like 
an acetylene-oxygen torch - a method of heating. 

I Current selection control 

Fig. 4-28. Rep;esentativc items of equipment used in TIG weld 

Fig, 4-29. A trdnsformer-rectifier welder iai designed for AC~C 
welding or ior AC~DC welding with consumable covered elec 
lb! a high-frequency generator for adapting an AC or DC m 
welder for use with the TIG process. 
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Fig. 4.30. The arc torch is a tool for welding, brazing, soldering, and heating for bending, straightening, and shrinking 

(Welding may be done with the arc heat - or the 
b&?at may be used for brazing, soldering, or such 
,&p,erations as bending and straightening. 
j$!,,:, A nonconsumable electrode of t~ungsten allows a 
%&ld to be made ” from a separately applied filler rod 
or, ,wire and is the basis for the tungsten inert-gas 
(TIG) process. Figure 4-28 shows representative 
items of equipment used in TIG welding, and Fig. 
4-29(a) shows a transformer-rectifier welder that can 
be used either for AC or DC TIG welding or for AC 
or DC welding with consumable covered electrodes. 
The unit illustrated by (b) in Fig. 4-29 is a 
high-frequency generator for adapting an AC or DC 
metal-arc welder for use with the TIG process. Both 
of the illustrated units have inert-gas and 
cooling-water valves. 

A carbon electrode can also be used as a 
nonconsumable in the basic welding circuit to 
develop arc heat and permit welding. Carbon-arc 
welding, however, has disadvantages and is no longer 
an accepted industrial process. If the workpiece is 
eliminated from the circuit, however, and the leads 
from the power source are run to two carbon 
electrodes, the tips of which are close to each other, 
an arc can be established that has practical use in 
welding, brazing, soldering, and heating for other 
purposes. Figure 4-30 illustrates the arc torch that 
results. 

Note that the torch has arrangements for adjust- 
ing the positions of the rods in the holder and has 

thumb controls for moving the carbon tips in 
respect to each other to adjust arc length. The 
carbon rods are available in several diameters and 
with a copper coating to increase service life. 

The arc torch is used in welding aluminum and 
copper alloys and in brazing and soldering. Since it 
can be held any distance above a workpiece, it is 
also useful for spot or area heating to enable the 
bending or straightening of metals or for heat- 
shrinking to remove distortion from a part or 
assembly. 

Tungsten and carbon-arc torches are “open-arc” 
arc-heating processes. When the arc struck by a 
nonconsumable electrode is passed through a con- 
stricting orifice - such as a water-cooled copper 
orifice - a plasma jet results. While a conventional 
gas-tungsten arc is attracted to the nearest ground 
and is deflected by even low-strength magnetic 
fields, a plasma jet goes in the direction pointed and 
is less affected by magnetic fields. High current 
densities and power concentrations can be produced 
by arc constriction, and gas temperatures of 
18,000°C and higher can be realized. A plasma-arc 
torch, thus, makes possible the melting of the most 
refractory materials and the welding of the higher 
melting-point metals. 

Plasma-arc heating and welding is applicable to 
the more exotic manufacturing endeavors, but is 
only of passing interest to the steel fabrication 
industries. The AWS Welding Handbook, Sixth 
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Edition, Section 3, Part B, is a source of information 
on plasma-arc heating and welding and the 
equipment and procedures involved. 

PROTECTIVE EQUIPMENT 

Arc-welding equipment also includes items worn 
by welding personnel to protect the face and eyes 
from the direct rays of the arc and the hands and 
body from burns. Such items include face shields, 

head shields, welding lenses, goggles, aprons, and 
glasses. The requirements for such protective equip- 
ment are treated in Section 15. 

Welding booths and screens around welding 
stations may also be looked upon as welding 
equipment. Such temporary or permanent structures 
are desirable to protect plant workers from the arc 
rays and spatter of molten metal and sparks. A 
ventilation system to remove smoke and fumes is 
also desirable and is provided by modern factory 
designs, whether or not welding operations are to be 
conducted. 
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Fixtures and Manipulators 

Once the production welding operations reach a 
stage of mechanization beyond that of the hand- 
held and manually manipulated semiautomatic gun, 
fixtures, manipulators, and weldment positioners 
become important items of welding equipment. In 
fact, even with the hand-held semiautomatic gun 
some device for rotating the weldment or mechanic- 
ally positioning it may be essential for realizing the 
maximum potential of semiautomatic welding. 

Thus, the trunnion-type fixture shown in Fig. 
$;31 for positioning t.he weldment so that welding 
$m be downhand with the semiautomatic self- 
@elded flux-cored arc process is a vital feature of 
the portrayed welding station. Similarly, in Fig. 
$;3,2, the equipment that rotates cylindrical tanks 
&der the semiautomatic welding gun is important 
go,,: the total scheme of “almost fully mechanized” 
F,elding. In this case, also, a fixture is provided for 
!@esting” the weldor’s hand, so - without tension or 

Fig. 4-32. The finturing equipment being used with the senKwton-a~ic 
welding gun here in the welding of a head io a cylinder for a srordge 
tank takes the work even a step further than rhe fixture ,i, Fig 4.31 
toward full mecha~lizarion A roller mechanism IS being used to Iurn 
the cylmder under the gun. and the weldor’s hand rests or, a su~>port 
so he cat> hold the gun ,,recisely in reference to the centerline ot the 
cylinder. 

Fig. 4-31. The trunnion-type fixtwe used at this station 10 1)ositioo 
the weldment for flat welding under the wGautornatic welding gun 
lives an approach to full mechanization. 

strain - he can hold the arc an inch or so back of 
the centerline of the cylinder, so that the molten 
weld metal solidifies before it begins its downward 
path. 

These two figures illustrate the fact. that there is 
a gradual transition from what is termed “semiauto- 
matic” welding to fully mechanized welding, and 
that holding and positioning devices are elements in 
that transition. 

When the full-automatic welding head is used, a 
fixturing device becomes a necessity. It may be 
nothing more than a support for holding the 
material to be welded while a self-propelled tractor 
carries the welding head over the joint, or it may be 
a complex mechanism, electrically or electronically 
controlled, and capable of such functions as “sens- 
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TABLE 4-39. WELDING EQUIPMENT FIXTURES 

I’BDDM 
BOOM 

MANIPULATORS 
I 

Work Fixtures Used ( 
with the Above I 

WITH SPUD 
CARRIAGE WELDING MILLS TRACTORS 

I I I , 
Full Semi 

I I L-T-‘-’ 
Rolls 
Positioners. 
(Material is usually 

pre-assembled1 

ROIIS. Centering Pip; mill. Usually 
Clamps. Clamp with Spiral mill. “Cl 
Jigs. Rotating Forming mill. fixtures 
Positioners. Head. Ge”eratOr 

I I frame. I 
I 

Typical Applications 1 

Tanks (Large). 
Machine bases. 
Hardfacing. 
Structural aearns 

Tanks. Spuds in 
Hardfacing. hot-water 
Box beams. tanks. 
Automotive Small diameters 

Pipes. 
Box sections. 
Ge”WC3tOr 

frames. 

St,“CtUKil 
beams (Medium 
to Large). 

Ship building. 
& Columns. parts. 

Hot-water 
tanks. 

Refrigerator 
housings. 

Light poles. 

&oving types of fixtures are rotating positioners, 
&wer turning rolls, lathes, and mill-type setups, as 
iilustrated in Fig. 4-33. g&i::,, 
gtSi Fixtures that act on the welding equipment -’ 
s?sme types are called welding manipulators - simi- 
@y may provide a stationary support only or both 
ju,pport and move (travel) the welding equipment. 
The welding equipment may be a welding head or a 
welding gun, or it may include all of the equipment 
n the welding circuit, including the power sources 
nd even the flux-recovery unit. 

The fixtures for holding the head stationary 
ange from a simple arm and mounting bracket to 
he very complex installations common in con- 
inuous-mill welding. The types of fixtures that both 
uppori :.nd travel the welding equipment include 
he ~eam.wit~h-carriage, the self-propelled tractor, 

3p.i weUer, and a variety of boom-type welding 
(Fig. 4-34). Variations in the boom- 

><’ ?n::n+:.ulators include column-stationary and 
cem-travel !a~iabic and both. boom and column 
:\ah% with variable travel. Table 4-39 charts some 

i5t more frequently used work and welding- 
uipment fixtures and the weldments on which 
y are generally used. 
Welding fixt~ures may also perform other func- 
s that are nr,t directly related to the actual weld- 

peratio;r. Thus, the fixturing may be an integral 
of a conveyor system or may also position the 

for a machining operation, such as drilling or 
ing. Sometimes the designer even tries to 

where piece is storage I wide seams 
too large to racks. of tank. 
rotate. Tubing. etc. 

Structural Beams A”” Ion9 
(Small to Medium). welds. 

incorporate part-forming into the welding fixture 
system. This is not recommended, however, since 
experience has proved that divorcing the welding 
fixture from all forming operations leads to more 
trouble-free operation. 

CONSIDERATIONS IN FIXTURE SELECTION 

Elaborate welding equipment or work fixturing 
usually requires tremendous production volume of a 

Fng. 4-35. The wve!d!ng f:xture here combines a work-holding dewce 
iir~; J bc,am.with~carriage support for the welding head. The elevatOr 
doo~~s being tabricared are held in perfect alignment as a submerged- 
a:c wtt weld is made at 150 inches per minute. 
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Fig. 4-36. M;h~g ,I r:il,:lrinferr,,liJI weld with the welding haid 
~,,.,,,<I,,;,,~ ,,,K, ,1x. vwrk rriiwrng Here the siibrwigrd~x~: head is 
‘,//,/,,/,r ,i’d ihy ,/ ,,rr>plti ,,rdt?;tai ,irr;iwmw~il~ 

single or reasonably similar parts. If part volume 
does not exist, the next t.hing to consider is sub- 
stantial foot.age of we!ding that lends itself to 
mechanization. In this case, fixture adaptability, 
simplicity, and cost often are the important fixture- 
selection factors. This may mean combining a 
variety of work-supporting or holding devices with a 
simple beam-with-carriage fixture, as in Fig. 4-35. 
Even a small self-propelled tractor - if it can be 
classified as a welding fixture ~ mounting a semi- 
automatic welding gun may produce the best answer 
for a given job, since it features fixturing simplicity 
and represents a nominal equipment investment.. 

Joint geometry also plays an important role in 
the selection of a welding fixture. For example, 
circumferential welds are made with the welding 



supper-ting, clamping, grounding, and part 
movement. 

The expanding use of multiarc welding -- where 
three, four, and even six welding heads are installed 
on the same welding fixture - is increasing th.e num- 
ber of head-stationary welding installation~s. The 
shear weight and bulk of the welding equipment 
needed for these multihead installations tends to 
become excessive for a standard beam-with-carriage 
fixture or boom-type welding manipulator. The 
stationary head also eliminates the problem of find- 
ing ways to travel the control system, power 
sources, flux supply and recovery system, consum- 
able electrode, and welding cables that must be 
solved with head-movable welding. 

Welding Head Movable 
With head-moving welding fixtures, the work 

!remains stationary, and the welding head travels 
%long the joint. -.e-- ;;;,,<,, H 4 movement may rcsuh from tbc 
@ravei of a carriage on a beam or raii, from a tiavel- 
F&g boom mounted on a stationary column, from I,@ 
&he travel of the entire manipulator riding on a track 
@, the floor (Fig. 4-39) or from the travel of a 
&tractor riding the surface of the workpiece (Fig. 
&,. 
&!C;:l,, The beam-with-carriage-type welding-equipment 
Sfixture usually offers head travel in straight lines 
&at run parallel to and on one side of the support 
;j;f& the beam (Fig. 4-41). The length of the weid 
z&at can be made without stopping is limited by the 
length of the beam. 

A boom-type welding manipulator equipped for 
both boom and column travel can swing the welding 
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head through a 360° arc. It is’capabie of welding in 
a straight line in any direction away from the 
column to a distance somewhat less than the length 
of the boom and can service welding stations located 

I 
Fig. 4.39. This boorn.iypc weidiity ~nanipulator travels everything 
along the joint be,ng welded ~. ~cquipmrnt, ilun. flux recovery syitem. 
wire-electrode. power sources. and ~or~lrill~. 

Fig. 4-41. The beamwith-cdrrlage fixture usually iitfers ihead tmw 111 
srraighr !ines paraiM to tlx beam. The lwgth of rhe weld thai can be 
~rmdr ~vithout stopping is limited by the length of the beam 
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Fig. 4-42. A boom~type welding manipulatar can service a number of 
weld~~tg stations. If the loading. unloading. and welding cyclesare all 
~~cqwrlv sequence, the welding operating factor can be substantially 

,m:,,sed. 

anywhere within this area (Fig. 4-42). It duplicates 
the performance of a beam-with-carriage-type fix- 
ture when the boom is held stationary and the entire 
manipulator is traveled on the floor tracks. In addi- 
tion, it can weld orreither side of the column sup- 
porting the boom. Weld length is limited by the 
length of the tracks on which the manipulator carri- 
age is traveling. Both the beam-with-carriage and the 
boom-type welding manipulator can serve as 
welding-head-stationary fixtures. 

FIXTURE DESIGN AND PERFORMANCE 

The efficient performance of a work station 
equipped for mechanized welding requires that. the 
work fixture be well integrated with the welding- 
equipment fixture. In addition, careful attention 
must be given to the finding answers for perfor- 
mance problems related to clamping, weld backup, 
workpiece grounding, weld-cycle timing, and arc 
blow. 

Clamping and Fitup 

Although the work-mounting fixture should not 
be used to “form” the workpiece, it must achieve 
complete, uniform joint closure and proper align- 
ment. When possible, the clamping system should 
also provide follow-up pressure to compensate for 
weld shrinkage as the bead is run the length of the 
joint. This means that a pneumatic, hydraulic, or 
spring-loaded clamping system is preferred over a 
solid clamping arrangement. 

WRONG RIGHT 

Fig. 4.43. When seam weidtnp two iormed sections. numerous press 
sure ,,oirm are needed to keep the seam fro”, opei~ing and caus~nr: 
burnrhrough as welding progresses. 

A good clam.ping system has many small clamps 
or pressure-application points rather than a few large 
clamps or points of pressure. Box beams, for 
example, are drfficult t ;o hold. They should bt 
clamped at closely spaced intervals along their entire 
length; otherwise gaps will develop during welding, 
and that promotes burnthrough and causes distor- 
tion of the finished part. A 6 or 8-m. channel box 
section should be clamped every 6 inches. One-foot 
spacing will let the joint open up ahead of the arc a: 
welding progresses, as illustrated in Fig. 4-43. 

WRONG RIGHT 

Fig. 4.44. Such n hexagondl 50x SK,lOl not cldy requ,res clamplilg 
two directions. but also at fairly shorr ~ntervais f~ prevent gapping 
welding progresses 



A corner weld in a box section is particularly 
sensitive to gapping. Heat in the edge causes it to 
expand outward. as illustrated in FiE. 4-44. Usually 

backup is fdasible for this type of joint, and, 
less a constant-pressure clamping system is used, 
! gap will open and cause burnthrough as well as 
tortion. 
Cylindrical sections likewise tend to open at the 

Im. The material, if improperly clamped, will lift 
Y the backup bar (Fig. 4-45), causing holes that 
1 be mistaken for porosity. To offset this possi- 
ity, the cylinder should be compressed so it is 
;htly oval-shaped during welding. Sometimes the 
ges of the tank are preshaped before welding to 
re the same effect. 

backup 

against backup 

reinforcement 
wafer cooling 

Cvlinder - 

If solid clamping is used in lieu of a pneumatic. 
draulic, or spring-loaded mechanical system. con- 
leration should be. given to the method for 
erting pressure. iLluch time can often be saved by 
ing wedges where applicable in place of bolts or 
readed clamps. A wedge can be quickly hammered 
;o or out of position, whereas tightening or 

~,,, :,,~ :., ~~,,,~, ,::,,,,,,,,~ ~j,,~ ~, ~,~ ,,, 
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loosening a bolt requires appreciable time. In addi- 
tion, a modified “follow-up“ pressure can be 
attained while welding is in progress. A tap of a 
hammer on a wedge can take up slack created by 
weld shrinkage. 

Weld Backup 
With some joints, a copper backup strip is 

needed to achieve high welding speed and good weld 
quality. The purpose of the backup is to support the 
molten weld metal during solidification and prevent 
burnthrough. Copper is used because of its high heat 
conductivity. This characteristic prevents the weld 
metal from fusing to the backup strip. Where it is 
desirable to reinforce the underside of the weld, the 
backup strip may be grooved to the desired shape of 
the reinforcement, as illustrated in Fig. 4-45(b). 

The backup strip must have enough mass to pre- 
vent it, from being heated to its me!ting point 
beneath the arc and, thus, contaminating the under- 
side of the weld with copper. Sometimes water is 
passed through the interior of the backup bar to 
keep it cool. This method of removing heat from the 
backup bar is usually used for jobs where the pro- 
duction rate is high. 

A water-cooled backup bar is easily made by 
soldering or brazing copper tubing into milled slots 
in the back of the bar (Fig. 4-45 (0)). A word of 
caution is necessary concerning the use of a water- 
cooled backup bar. It is possible to let, the backup 
bar get “too cool.” A “too cool” bar will collect 
condensation on its surface before or even between 
welds and cause porosity in the weld. The experi- 
enced operator will begin welding before turning on 
the cooling water for t.he backup bar. He also shuts 
the water off if the welding operation is interrupted 
for an extended period of time. It might also be 
point,cd out that. the cooling water need not be cold. 
In fact.. warm water will keep a copper backup bar 
cool, as compared to its melting temperature. 

Occasionally, the job may call for a moving 
backup, such as a sliding shoe or a roll. For example, 
a mill welder for manufacturing pipe usually uses a 
spring-loaded copper shoe t.hat is anchored inside 
the pipe immediately below the arc by an arm 
est,ending through the semiclosed crack just ahead 
of the welding arc. Sliding copper shoes are also 
used for long beams, an.d copper rolls on rounda- 
bouts. 

When welding small diameters, a copper backup 
roll, positioned inside a pipe or cylindrical tank 
while welding the circumferential seams, should 
have a diameter slightly less than the inside diameter 
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being welded. This will make the area of contact as 
long as possible. It must be small enough, however, 
~to prevent the simultaneous shrinkage of the object 
being welded and expansion of the backup roll from 
freezing it into position. For large cylindrical assem- 
blies, the roll diameter shotrId permit the surface of 
the roll and inside surface of the weldment to be in 
contact long enough t6 allow weld metal 
solidification. 

Fig. 4-47. C ciami~r attached to tl~e work provide a good ground and 
help maintain the urliform voltage and current Cclntm needed for 

In general, a copper backup should be pressed 
tightly against the workpiece to promote maximum 
beat iiow and give a uniform surface appearance to 
the completed weld. 

Flux, under moderate pressure, is sometimes 
used as a backup material. Its function is the same as 
the copper backup - to support the molten weld 
metal until it solidifies. Usually, the loose granular 
flux rests in a trough on a thin piece of nonconduc- 
ting material. This nonconducting material, in turn, 
usually sets on an inflatable rubberized canvas fire 
hose. The air pressure fed to the hose to develop 
moderate “flux pressure” on the underside of the 
weid is usually no more than 5 to 10 psi. 

A special adaptation of the principle of flux 
backup is shown in Fig. 4-46. This “flux-fed belt” is 
sometimes used when making t.he inside circum- 
ferential weld on large tanks or other types of 
cylindrical weldments. 

Grounding the Workpiece 
The method of grounding is an important con- 

sideration in fixture design, since it can affect arc 
action, the quality of the weld, and the speed at 
which it can be produced. The ground must make 
good contact with the workpiece through a copper 
clamp or through copper-graphite brushes or sliding 

or rotating shoes. Aiuminum is too soft, easily 
melted, and oxidizable to make a good grounding 
material for welding. 

The grounding cable or cables should be neatly 
organized in reference to t.he work - not strung 
about haphazardly. A spring-actuated ground clamp 
as used in hand welding, will not assure good con 
tact and doesn’t have the capacity needed fo- 
mechanized welding. Ground cables should bf 
lugged and C-clamped or bolted tr: the work (Fig 
4-47). 

When grounding is through a sliding shoe, two o 
more shoes should always be used. This will preven 
interruptions ,3f current in case one is lifted out ( 
contact by an unexpected surface protrusion, sue 
as the reinforceme-lt o: another weld, a piece o 
weld spatter, or gra;l&ar flux. 1 

Preioaded, tapered roller bearings are excellel 
for rotating grounds and give better performanc 
than sliding brushes. To assure trouble-free pe 

1 formance, the contact area of the bearing sbpuld b 
sufficient to carry the current capacity of the we18 
ing cable used in the installation. Since most me& 
anized welding installations use two 4/O cables 
parallel, the tapered bearings must be fairly large. 



A brief examination of the ground cables and 
lfiections of an operating welding installation will 
whether the grounding system is adequate and if 
ground is~making good contact. If the ground 

lies are uniformly hot their entire length, they are 
iersized and should be replaced. If the ground 
1 ,the workpiece are hqt~near the point of contact, 
+5ntict is poor and should be correct@. 
: P&r, ground ‘,contatit can cause arcing and weld 
‘,ground to the workpiece. In addition, a voltage 
,p ~$ill~ occur across a poor ground, which reduces 
! Voltage available to the arc. In extreme cases, the 
tage drop across a poor ground can cause an 
itable arc condition and impair weld quality. 

!v&ting Arc Blow 
,:$:operly designed fully mechanized equipment 
iids the problem of arc blow (see Section 3.2) by 

rs for a “stake-type” fii- 
ade from a nonmagnetic 

Id be connected directly to 
the backup bar. The point 

n should be as far from the arc 
he ground can be split to offset 

f the backup is not good practice, 
11 bring a magnetic material too 

?;$,.,,With subnierged-arc welding the direction of 
:~;:: ‘,, travel should be away from the ground; 

,,” toward the ground with open-arc welding. If 
the weld path crosses over or runs near a 
large section of steel, it may be necessary to 
use an auxiliary ground. 

6. When possible, the fixture should be built 
from low-carbon steel and large masses of 
steel should be normalized to minimize 
residual magnetism. 

7. With horn-type fixtures, the welding should 
be toward the closed end. 

8. The electrode angle should be adjusted to a 
position that tends to overcome arc blow. 

Ingenuity in grounding is often required io 
minate arc blow. For example, long, marrow weld- 
mts are more susceptible to arc blow than wider 

tE!iJ ------ - ------------ i 
Fig. 4-48. An arrangement for eliminating end arc blow when sewn 
welding hot-water tanks. The shoe slides with the head. witching j:o a 
forward position near the end of the weld. 

assemblies. An arc-blow problem on these assemblies 
frequently appears in the form of porosity, which 
usually occurs at the finish end of the weld. If 
changing the position or method of grounding 
doesn’t correct the problem, the porosity can 
usually be eliminated by placing a one-inch tack 
weld at the finish before welding the seam. Figure 
4-48 shows a “last resort” remedy for eliminating 
end arc ‘blow in the seam welding of hot water 
tanks; Fig. 4-49, a method of coping with arc blow 
when welding inside a tank. 

Arc Starting and Timing 
Starting problems are usually caused by a lack of 

rigidity in either the head or work mounting, or 
backlash in the drive system. In most cases, rigid- 
izing the system will take care of starting problems 



energized when 
arc is struck 

PENDULUM CAM 
hangs down until 
energized If the pendulum has delayed energized 

start, cam gear can be omitted. 

Pendulum-Cam Type 
A pendulum cam hangs from the center of a second gear. When the arc is started, a solenoid locks the cam to a face plate and the 

whole cam assembly rotates around th ..e :haft, which in turn operates the limit switches. The work is rotating when the arc is struck. 

TIME SWITCH 

WELDMENT 

Time-Switch Type 

Switch assemblv 

NO second gear is required with this type of timer, and the weld can start at any ppint. The work is rotating prior to striking it with 
the electrode. This system has advantages where striking with a hot electrode is desired, but requires a close setting of the time witch to 
match the time of arc revolution plus overlap. 

Rack-and-Pinion Type 
This is the simplest of the three tvpes. Overlap is simply adjusted, and various diameters can be welded with the least amount of 

Setup time. The starting point can be fixed or initiated by the striking of the arc. 

Fig. 4-50. Three types of synchronous timers for circular weldments. Electric timers are used more frequen ;ly than mechanized timerx 
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when “hot starting.” Poor arc starting can also be 
caused by an electrode diameter too large for the 
current being used, or an incorrect electrode drag 
angle causing improper contact between the work 
and electrode. Only in the rare case is there need to 
resort to high frequency to cure starting problems. 

Electric timers are preferred to cams for 
sequencing action during the welding cycle. A timer 
can be adjusted easily, whereas a cam must be 
removed and reshaped. Cams can magnify a backlash 
problem in gearing that might be tolerated with elec- 
tric timing. Timers also have the additional advan- 
tage of simpler sequencing, permitting any variation 
of pattern in skip welding. 

A timer should have a range of at least 150% of 
the time required to make the weld. The extra range 
will allow the use of slower welding speeds if neces- 
$ary. When multiple heads are used, each should be 
tsynchronized with travel through its own timer, 
.‘$herwise variations in arc striking could result in 

weld being incomplete at the end of the cycle. 
time-switch, pendulum-cam, and rack-and- 

n types of timers for circular weldments are 
wn in Fig. 4-50. 
,Tzf;,>: 

cal Considerations 
fixture design must take into account 

mechanical factors that can affect the 
ty of the weld and operating efficiency. 

y stationary-head fixturing, it is exceed- 

ortant that the head mounting be rigid, 
all movement of the mounting will be 

;gagnified at the arc. Any head-positioning adjust- 
ments must retain rigidity. A fixture design should 
<always include provisions for head mounting in the 
original plan, rather than “hanging the head on” 
after the basic fixturing has been built. 

Boom and beam-with-carriage fixtures are built 
as commercial items, and their manufacturers 
incorporate the necessary rigidity and stability into 
them. If the fabricator builds his own equipment, he 
must make sure that it is designed to minimize 
deflection. The weight of the welding head at the 
:end of a 12-ft boom requires an exceptionally rigid 
assembly. 

A fixture should be designed so that the welding 
head is easily accessible to the operator for making 
Iprocedure adjustments and servicing when neces- 
sary. The same applies to the positioning of welding 
controls. If an operator must climb a ladder to make 
a change in current settings, welding productivity 
will suffer. When installed, the equipment should be 
positioned for easy access on all sides. 

Whenever the fixturing must be aligned before 
or during welding, there should be provision for easy 
adjustment. Frequently a fixed position is not the 
optimum, and the ability to make a 1/4-m. adjust- 
ment will make the difference between a perfectly 
functioning machine and one that is performing 
poorly. 

The drive system should be as free as possible 
from backlash and be designed to minimize accelera- 
tion time. V-belt drives should not be used in the 
final stages of the fixture. There is a time lag as the 
side of the belt in tension is stretched to the point 
where it can pick up the load, and this may be 
accentuated by slippage on the sheaves. Universal 
joints should be avoided, if possible, since they tend 
to become sloppy and develop backlash. 

If backlash is unavoidable, preloading with a 
brush or some other method to create a drag in the 
proper direction may correct the situation. Soft 
rubber may be used on idler rolls to allow the 
embedment of seams, but never should be used on 
drive rolls. Backlash is also minimized by.~ nsing 
large-diameter gearsin the final stages of the drive 
system. Table 4-40 lists the types of fixture drive 
controls commonly used. 

In fixturing for submerged-arc welding, due con- 
sideration must be given to the methods for hand- 
ling flux. Most fluxes have an angle of repose of 

TABLE 4.40. TYPES OF FIXTURE DRIVE CONTROLS 

Mu&Amp Control 
This control permits a wide range of speed. The system can use 
solid-state components to achieve trouble-free performance. 
Through the use of feedback windings, small currents are used to 
control large outputs. 

!3CR ISilicon Controlled Rectifier) 
The SCR control circuit is small. efficient. and reliable. Very use- 
ful for AC circuit control, operates on a small control signal and 
acts as a switch for gate mechanism. 

Variable Auto Transformer 
This control gives a wide range of speed from one dial. usuallv 
from zero to 100%. Instability may exist if the speed is less than 
10% of maximum speed. Since it is a transfoimer. it requires AC 
input and is subject to line fluctuation. 

Shunt Motor (DC. with Field Control) 
The control gives steady speed, but the speed range is less than 2 
to 1. It usually requires the changing of gears to develop an ad* 
quate range of speeds in many welding applications. 

Variable-Voltage Generator Control 
Very steady speeds and a wide speed range are obtained with this 
drive. A drawback is the added cost of an extra generator. 

Air Cylinder with Hydraulic Control 
Provides very uniform travel speed. Should be used for short runs. 

Air-Motor Drive 
Air-powered equipment has shown merit on some aPPliCatiOns. 
Speed can be controlled through air-pressure gages. 
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about 450. This means that tubes or troughs carry- relative movement between the flux and the plate. 
ing flux by gravity must have a drop in excess of this Thus, any enclosure around t,he arc to retain the 
amount. flux must not cause the granules to slide over the 

The best bead shape results w-hen the flux plate. Poor bead shape and appearance can also be 
system places just enough flux to give good coverage caused by conditions that confine and compact the 
of the arc and weld. There should be little or no flux 
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5.1-l 

The Shielded Metal-Arc Process 

electrode’s covering. It also melts, vaporizes, or 
breaks down chemically nonmetallic substances 
incorporated in the covering for arc shielding, 
metal-protection, or metal-conditioning purposes. 
The mixing of molten base metal and filler metal 
from the electrode provides the coalescence required 
to effect joining. 

As welding progresses, the covered rod becomes 
shorter and shorter. Finally, the wel.ding must, be 
stopped to remove the stub and replace it with a 
new electrode. This periodic chang~ing of electrodes 
is one of the major disadvantages of the process in 
production welding. It decreases the operating 
fact,or, or the percent of the weldor’s time spent in 
the actual operation of laying weld beads. 

Another disadvantage of shielded metal-arc 
welding is the limitation placed on the current that 
can be used. High amperage?, such as those used 
wit.h semiautomatic guns or automat,ic welding 
heads, are impractical because of the long (and vary- 
ing) length of electrode between the arc and the 
point of electrical contact in the jaws of t,he elec- 
trode holder. The welding current is limited by the 
resistance heating of the electrode. The electrode 
temperature must not exceed the “break down” 
temperature of the covering. If the temperature is 



too high the, covering ohemicals react with each 
other or with air and therefore do not function 
properly at the arc. Coverings with organics break 
down at lower temperatures than mineral or low 
hydrogen type coverings. 

The versatility of the process, however - plus 
the simplicity of equipment - are viewed by many 
users whose work would permit some degree of 
mechanized welding - as overriding its inherent 
disadvantages. This point of view was formerly well 
taken, but now th,at semiautomatic self-shielded 
flux-cored arc welding has been developed to a simi- 
lar (or even superior) degree of versatility and flex- 
ibility in welding (see Section 5.3), there is less 
justification for adhering to stick-electrode welding 
in steel fabrication and erection wherever substantial 
amounts of weld metal must be placed. In fact, the 
replacement of shielded metal-arc welding with 
semiautomatic processes has been a primary means 
by which steel fabricators and erectors have met 
cost-price squeezes in their welding operations. 

Notwithstanding the limitations of shielded 
metal-arc welding, it is certain to remain a primary 
arc-welding process. It is the one well suited by 
minimal cost of equipment and broad application 
prssibilities for the home mechanic, the farmer, the 
repair shop, the garage, the trailer-hitch installer, 

in and many ot,hers who are concerned entirely with 
;:,~ getting a welding job done. 

,,’ PRlNClPLES OF OPERATION 
,, Section 1.3 describes the basic welding circuit. 
in and in Section 4.3 various items of equipment are 

‘: described, which when introduced into the basic 
welding circuit create the shielded metal-arc process. 
As noted, welding begins when the arc is struck 
between the work and the tip of the electrode. The 
heat of the arc melts the electrode and the surface 
of the work near the arc. Tiny globules of molten 
metal form on the tip of the electrode and transfer 
through the arc into the molten weld “pool” or 
“puddle” on the work surface. 

The transfer through the arc stream~is brought 
about by electrical and magnetic forces. As dis- 
cussed in Section 1.3, movement of the arc along 
the work (or movement of the work under the arc) 
accomplishes progressive melting and mixing of 
molten metal, followed by solidification, and, t.hus, 
the unification of parts. 

It would be possible to clamp a bare mild-steel 
electrode into the electrode holder and fuse-join two 
steel parts. The resulting weld would lack ductility 

and soundness if judged by the present standards of 
weld quality. The weld metal so deposited would’ 
contain oxides and nitrides resulting from reaction 
of the molten metal with oxygen and nitrogen of 
the atmosphere. An essential feature of the elec- 
trode used in the shielded metal-arc process is a 
covering or coating, applied to the core metal by 
extrusion or dipping, that contains ingredients to,- 
shield the arc and protect the hot metal from- 
chemical reaction with constituents of the 
atmosphere. 

The shielding ingredients have various functions 
One is to shield the arc - provide a dense, impene-’ 
trable envelope of vapor or gas around the arc and, 
the molten metal to prevent the pickup of oxygen 
and nitrogen and the chemical formation of oxides 
and nitrides in the weld puddle. Another is to pro-’ 
vide scavengers and deoxidizers to refine the weld’ 
metal. A third is to produce a slag coating over 
molten globules of metal during their transfer 
through the arc stream and a slag blanket over then, 
molten puddle and the newly solidified weld. Figure 
5-l illustrates the decomposition of an electrode 
covering and the manner in which the arc stream 
and weld metal are shielded from the air. 

Another function of the shield is to provide the 
ionization needed for AC welding. With alternating, 
current, the arc goes out 120 times a second. For it, 
to be reignited each time it goes out, an electrically, 
conductive path must be maintained in the arc’ 
stream. Potassium compounds in the electrode 
covering provide ionized gaseous particles that 
remain ionized during the fraction of a second that 
thel~arc is extinguished with AC cycle reversal. An 

Fig. 5-l. Schematic representation of shielded me?&arc 

in the electrode covering - including wpor~zed slag - provide a den 

oxygen and nitrogen. 
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$h of the welding dons in building conStruction is the shielded 
f,,i$,!:arc process. 
*sj,& 

&:,,, 

Some electrodes for the shielded metal-arc 
process are fabricated with a tubular wire that con- 
tain= glln~nn ?laterials in the core. These are used in 

h-alloy deposits. Just as the conven- 
YYl.lY Y”“J “‘6 1 

producing hig 
tional electrodes, they Iiave an extruded or dipped 
covering. 

9e,ctCcal path for reignition of the arc is thus pb$,?C, gsmtained. 
gg;i; ~~~~z~~~,he mechanics of arc shielding varies with the 
;!,ectrode type. Some types of electrodes depend 
@@y on a “disappearing” gaseous shield to pro- 
ject the arc stream and the weld metal. With these 
?lectrodes, only a light covering of slag will be found 
$-the finished weld. Other electrode types depend 
$r&ly on slag for shielding. The explanation for the 
${dtective action is that the tiny globules of metal 
?eing transferred in the arc stream are entirely 
%ated with a thin film of molt.en slag. Presumably, 
;he globules become coat,ed with slag as vaporized 
ilag condenses on them - so the protective action 
iti!! arises from gasification. In any event, the slag 
deposits with these types of electrodes is heavy, 
completely covering the finished weld. Between 
hese extremes are electrodes that depend on various 
ombinations of gas and slag for shielding. 

see Section 4.1) are related to their slag-forming 
roperties. Electrodes with heavy slag formation 

I 

The performance characteristics of the electrode 

ave high deposition rates and are sujtable for mak- 
g large welds downhand. E!ectrodes that develop a 

aseous shield that disappears into the atmosphere 
nd give a light slag covering are low-deposition and 
est suited for making welds in the vertical or 
verhead positions. 

A solid wire core is the main source of filler 
metal in electrodes for the shielded metal-arc 
process. However, the so-called iron-powder elec- 
trodes also supply filler metal from iron powder 
contained in the electrode covering or within a 
tubular core wire. Iron powder in the covering 
increases the efficiency of use of the arc heat and 
thus the deposition rate. With thickly covered iron- 
powder electrodes, it is possible to drag the elec- 
trode over the joint without the electrode freezing 
to the work or shorting out. Even though the heavy 
covering makes contact with the work, the electrical 
path through the contained powder particles is not 
adequate in conductivity to short the arc, and any 
resistance heating that occurs supplements the heat 
of the arc in melting the electrode. Because heavily- 
covered iron-powder electrodes can be dragged along 
the joint, less skill is required in their use. 

POWER SOURCE 

Shielded metal-arc welding requires relatively 
low currents (10 to 500 amp) and voltages (17 to 

..I I.._.. ..__.. “_.. r”“_.“” l.,_” ~., ~ ,... .,...,.,. ,_l . .._ ..I_... il r.r_ 
sornetimcs under adverse conditions. 
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45), depending on the type and size electrode used. 
The current may be either AC or DC; thus, the 
power source may be either AC or DC or a combi- 
nation AC!DC welder (see Section 4.2). For most 
work, a variable voltage power source is preferred, 
since it is difficult for the weldor to hold a constant 
arc length. With the variable voltage source and the 
machine set to give a steep volt-ampere curve, the 
voltage increases or decreases with variations in the 
arc length to maintain the current fairly constant. 
The equipment compensates for the inability of the 
operator to hold an exact arc length, and he is able 
to obtain a uniform deposition rate. 

In some welding, however, it may be desirable 
for the weldor to have control over the deposition 
rate - such as when depositing root passes in joints 
with varying fitup or in out-of-position work. In 
these cases variable voltage performance with a 
flatter voltage-amperage curve is desirable, so that 
the weldor can decrease ihe deposition rate by 
increasing his arc length or increase it by shortening 
the arc length. 

Figure 5-2 illustrates typical volt-ampere curves 
possible with a. variable voltage pOwer source. The 
change from one type of voltage-ampere curve to 

Stick-electrode process is used to repair a worn conveyer screw. 

Fig. 5-2. Typical volt-ampere curves possible with a variable voltage 
power source. The steep curve IA: allows minimum current change. 1 
The flatter curve (Bl permits the weldor to control current by 
changing the length of the arc. 

another is made by changing the open-circuit voltage 
and current settings of the machine (see Sections 4.2 
and 6.2). 

The fact that the shielded metal-arc process can 
be used with so many electrode types and sizes - irl 
all positions - on a great variety of materials -and 
with flexibility in operator control makes it the 
most versatile of all welding processes. These advan: 
tages are enhanced further by the low cost of equip: 
ment. The total advantages of the process, however; 
must be weighed against the cost of per foot of weid 
when a process is to be selected for a particular job 
Shielded metal-arc welding is a well recognized wa$ 
of getting the job done, but too faithful adherent 
to it often leads to getting the job done at 
welding costs. * 



Submerged-arc welding differs from other arc- 
,welding processes in that a blanket of fusible, granu- 
~,;lar material -; commonly called flux - is used for 
shielding the arc and the molten metal. The arc is 
struck between the workpiece and a bare wire elec- 

‘; trode, the tip of which is submerged in the flux. 
Since the arc is completely covered by the flux, it is 
‘:not visible and the weld is run without the flash, 
(ispatter, and sparks that characterize the open-arc 
$)rocesses. The nature of the flux is such that very 
@ttle smoke or visible fumes are developed. 

@3 MECHANICS OF FLUX SHIELDING 
& ;, 
&The process is either semiautomatic or full- $$& 
.;&omatic, with electrode fed mechanically to the 

lding gun, head, or heads. In semiautomatic weld- 
!!!: the weldor moves the gun, usually equipped 
&a flux-feeding device, along the joint. Flux feed 
Ly,be by gravity flows through a nozzle concentric #@,:’ 

g&@ electrode from a small hopper atop the 
gn;y::or it may be through a concentric nozzle tube- 
&ne+.ed to an air-pressurized flux tank. Flux may 

,5-3. The mechanics of the submerged-arc process. The arc and the 
molten weld metal are buried in the laker or flux. which prefects the 
reld metal from contamination and concentrates the hear into the 
Mt. The molten flux arises through the pool. deoxidizing and cleans- 
NJ the molten metal. and forms a prowctive slag over the newly 
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also be applied in advance of the welding operation 
or ahead of the arc from a hopper run along the 
joint. In fully automatic submerged-arc welding, 
flux is fed continuously to the joint ahead of or 
concentric to the arc, and full-automatic installa- 
tions are commonly equipped with vacuum systems 
to pick up the unfused flux left by the welding head 
or heads for cleaning and reuse. (See Sections 4.3 
and 6.3 for descriptions of submerged-arc 
equipment.) 

During welding, the heat of the arc melts some 
of the flux along with the tip of the electrode as 
illustrated in Fig. 5-3. The tip of the electrode and 
the welding zone are always surrounded and 
shielded by molten flux, surmounted by a layer of 
unfused flux. The electrode is held a short distance 
above the workpiece, and the arc is between the 
electrode and the workpiece. As the electrode prog- 
resses along the joint, the lighter molten flux rises 
above the molten metal in the form of a slag. The 
weld metal, having a higher melting (freezing) point, 
solidifies while the slag above it is still molten. The 
slag then freezes over the newly solidified weld 
metal, continuing to protect the metal from con- 
‘camination while it is very hot and reactive with 
atmospheric oxygen and nitrogen. Upon cooling and 
removal of any unmelted flux for reuse, the slag is 
readily peeled from the weld. 

There are two general types of submerged-arc 
fluxes, bonded and fused. In the bonded fluxes, the 
finely ground chemicals are mixed, treated with a 
bonding agent and manufactured into a grandular 
aggregate. The deoxidizers are incorporated in the 
flux. The fused fluxes are a form of glass resulting 
from fusing the various chemicals and then grinding 
the glass to a grandular form. Fluxes are available 
that add alloying elements to the weld metal, 
enabling alloy weld metal to be made with mild steel 
electrode. 

ADVANTAGES OF THE PROCESS 

High currents can be used in submerged-arc 
welding and extremely high heat developed. Because 
the current is applied to the electrode a short dis- 
tance above its tip, relatively high amperages can be 
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used on small diameter electrodes. This results in 
extremely high current densities on relatively small 
cross sections of electrode. ‘Airrents as high as 600 
amperes can be carried on electrodes as small as 
5/64-in., giving a density in the order of 100,000 
amperes per square inch - six to ten times that 
carried on stick electrodes. 

Because of the high current density, the melt-off 
rate is much higher for a given electrode diameter 
than with stick-electrode welding (see Table 6-22). 
The melt-off rate is affected by the electrode 
material, the flux, type of current, polarity, and 
length of wire beyond the point of electrical contact 
in the gun or head. 

The insulating blanket of flux above the arc pre- 
vents rapid escape of heat and concentrates it in the 
welding zone. Not only are the electrode and base 
metal melted rapidly, but the fusion is deep into the 
base metal. The deep penetration allows the use of 
small welding grooves, thus minimizing the amount 
of filler metal per foot of joint and permitting fast 
welding speeds. Fast welding, in turn, minimizes the 
total heat input into the assembly and, thus, tends 
to prevent problems of heat distortion. Even rela- 
tively thick joints can be welded in one pass by 
submerged-arc. 

Welds made under the protective layer of flux 
have good ductility and impact resistance and uni- 
formity in bead appearance. Mechanical properties 
at least equal to those of the base metal are consist- 
ently obtained. In single-pass welds, the fused base 
material is large compared to the amount of filler 

:: metal used. Thus, in such welds the base metal may 

pipe flanges 

Submerged arc automatic welding installation custom fabricates a 
wide range of nonstandard beams for arc welded steel structures. 

greatly influence the chemical and mechanical prop-‘, 
erties of the weld. For this reason, it is sometimes, 
unnecessary to use electrodes of the same composi-’ 
tion as the base metal for welding many of the 
low-alloy steels. The chemical composition and: 
properties of multipass welds are less affected by the,, 
base metal and depend to a greater extent on the 
composition of the electrode, the activity of the’ 
flux, and the welding conditions. 

Through regulation of current, voltage, and, 
travel speed, the operator can exercise close control; 
over penetration to provide any depth ranging from’ 
deep and narrow with high-crown reinforcement, to 
wide, nearly flat beads with shallow penetration. 
Beads with deep penetration may contain on the 
order of 70% melted base metal, while shallow beads 
may contain as little as 10% base metal. In some 
instances, the deep-penetration properties of sub- 
merged-arc can be used to eliminate or reduce the 
expense of edge preparation. 

Multiple electrodes may be used, two side by 
side or two or more in tandem, to cover a large, 
surface area or to increase welding speed. If shallow 
penetration is desired with multiple electrodes, one 
electrode can be grounded through the other 
(instead of through the workpiece) so that the arc 
does not penetrate deeply. 

Deposition rates are high - up to ten times 
those of stick-electrode welding. Figure 5-4 shows 
approximate deposition rates for various sub- 
merged-arc arrangements, with comparable deposi- 
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Fig. 5-4. Approximate deposition rates of various submerged-arc arrangements, compared with 
the deposition rates of stickelectrode welding. 
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:ii’ 

,,,, tion rates”‘for manual welding with covered 
,,,,,, electrodes. 

:~:~ 
Submerged-arc welding may be done with either 

,, DC or AC power. Direct current gives better control 
of bead shape, penetration, and welding speed, and 

~,,“” arc starting is easier with it. Bead shape is usually 
best with DC reverse polarity (electrode positive), 
which also provides maximum penetration. Highest 
deposition rates and minimum penetration are 
obtained with DC straight polarity. Alternating cur- 
rent minimizes arc blow and gives penetration 
between that of DCRP and DCSP. (See Section 6.3.) 

APPLICATIONS AND ECONOMIES 

With proper selection of equipment, submerged- 
arc is ~widely applicable to the welding requirements 
of industry. It can be used with all types of joints, 
and permits welding a full range of carbon and low- 
alloy steels, from 16-gage sheet to the thickest plate. 
It is also applicable to some high-alloy, heat-treated, 
and stainless steels, and is a favored process for 
rebuilding and hardsurfacing. Any degree of mech- 
anization can be used - from the hand-held semi- 
automatic gun to boom or track-carried and 

fixture-held multiple welding heads. 
The high quality of submerged-arc welds, the 

high deposition rates, the deep penetration, the 
adaptability of the process to full mechanization, 
and the comfort characteristics (no glare, sparks, 
spatter, smoke, or excessive heat radiatiqn) make it 
a preferred process in steel fabrication. It is used 
extensively in ship and barge building, railroad car 
building, pipe manufacture, and in fabricating struc- 
tural beams, girders, and columns where long welds 
are required. Automatic submerged-arc installations 
are also key features of the welding areas of plants 
turning out mass-produced assemblies joined with 
repetitive short welds. 

The high deposition rates attained with sub- 
merged-arc are chiefly responsible for the economies 
achieved with the process. The cost reductions when 
changing from the manual shielded metal-arc process 
to submerged-arc are frequently dramatic. Thus, a 
hand-held submerged-arc gun with mechanized 
travel may reduce welding costs more than 50%; 
with fully automatic multiarc equipment, it is not 
unusual for the costs to, be but 10% of those 
attained with stick-electrode welding. 

Other factors than deposition rates dnter into 
the lowering of welding costs. Continuous electrode 
feed from coils, ranging in weight from 60 to 1,000 
pounds, contributes to a high operating factor. 
Where the deep-penetration characteristics of the 
process permit the elimination or reduction of joint 

Operators work on a tandem fixture to make 3/8 inch fillet weldsol 
low-alloy, high strength “T” sections for a water reservoir structure 
They are using a trackless tractor that develops full mechanized wclc 
ing performance while featuring extreme portability and simplicity. 



‘C preparation, expense is lessened. After the weld has 
been run, cleaning costs are minimized, because of 

I:, the elimination of spatter by the protective flux. 
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or the assemblies may be turned or rotated by a 
crane. Substantial capital investments in positioning 
and fixturing equipment in order to use submerged- 
arc welding to the fullest extent, and thus gain full 
advantage of the deposition rate, have proved their 
worth in numerous ,industries. As explained in 
Section 6.3, special fixturing and tooling have been 
developed for the retention of flux and molten 
metal in some applications, so that “three-o’clock” 
and even vertical-up welding is possible. 

Although they are not truly limitations, prob- 
lems can arise in the use of submerged-arc resulting 
from improper joint preparation and improper pro- 
cedures. Thus, “flash-through” of the arc, burn- 
through, and weld porosity result from such factors 
as improper procedures, poor fitup and joint 
contaminants. These and other problems and the 
remedies for them are discussed in Section 6.3. 

When submerged-arc equipment is operated 
properly, the weld beads are smooth and uniform, 
so that grinding or machining are rarely required. 

Since the rapid heat input of the process minimizes 
distortion, the costs for straightening finished assem- 

e reduced, especialiy if a carefully planned 
welding sequence has been followed. Submerged-arc 

, in fact, often allows the premachining of 
ding to fabrication cost savings. 

A limitation of submerged-arc welding is that 
by the force of gravity. In most instances, 

t must be positioned flat or horizontal to 
ihold the granular flux. To deal with this problem, 
&weldment positioners (see Section 4.4) are used to 

mblies to present joints flat or horizontal - 
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The Self-Shielded 
Flux-Cored Process 

The self-shielded flux-cored arc-welding process 
an outgrowth of shielded metal-arc welding. The 

:rsatility and maneuverability of stick electrodes in 
an& welding stimulated efforts to mechanize the 
,ielded metal-arc process. The thought was that if 
me way could be found for putting an electrode 
ith self-shielding characteristics in coil form and 
eding it mechanically to the arc, welding time lost 
changing electrodes and the material loss as elec- 

ade stubs would be eliminated. The result of these 
forts was the development of the semiautomatic 
@J full-automatic processes for welding with con- 
iaous flux-cored tubular electrode “wires.” Such >_,;,,, 
Qrkated wires (Fig. 5-5) contain in their cores the 
&edients for fluxing and deoxidizing molten metal 
[&or generating shielding gases and vapors and 
gyveriw. ?I&;,;, 
;g,: 

1. 5-5. Principles of the self~shielded fltix-cored arcwelding process. 
e electrode may be viewti as an “inside-out” construction of the 
:k elec:rade used in shielded metal-arc welding. Putting theshield- 
lerating materials inside the electrode allows the coiling of long. 

ntinuous lengths of electrode and gives an outride conductive 
?ath for carrying the welding current from a point c1x.e to the 8~. 

In essence, semiautomatic welding with flux- 
cored electrodes is manual shielded metal-arc weld- 
ing with an electrode many feet long instead of just 

a few inches long. By the press of the trigger 
completing the welding circuit, the operator acti- 
vates the mechanism that feeds the electrode to the 
arc (Fig. 5-6). He uses a gun instead of an electrode 
holder, but it is similarly light in weight and easy to 
maneuver. The only other major difference is that 
the weld metal of the electrode surrounds the 
shielding and fluxing chemicals, rather than being 
surrounded by them. 

Full-automatic welding with self-shielded flux- 
cored electrodes is one step further in mechaniza- 
tion -the removal of direct manual manipulation in 
the utilization of the open-arc process. 
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EFFECT OF ELECTRODE CONSTRUCTION ON 
DEPOSITION RATE 

One reason for incorporating the flux inside a 
tubular wire is to make feasible the coiling of elec- 
trode; outside coverings such as used on stick elec- 
trodes are brittle and wouid not permit coiling. The 
“inside-out” construction of the fabricated 
electrodes also solved the ~problem of how to make 
continuous electric contact at a point in the welding 
gun close to the arc. 

As noted in Section 5.1, one of the limitations 
of the stick electrode is the long and varying length 
of electrode between the point of electrical contact 
in the electrode holder and the electrode tip. This 
limits the current that can be used because of elec- 
trical resistance heating. High currents - capable of 
giving high deposition rates - in passing through an 
electrode length more than a few inches long would 
develop enough resistance heating to overheat and 
damage the covering. But when electrical contact 
can be made close to the arc, as with the inside-out 
construction of tubular electrodes, relatively high 
currents can be used even with small-diameter 
electrode wires. 

The inside-out construction of sel,f-shielded elec- 
trode, thus, brought to manually manipulated weld- 

,,: ing the possibility of using higher-amperage currents 
: than feasible with stick-electrode welding. As a 
: result, much higher deposition rates are possible 
:; ,, with the hand-held semiautomatic gun than with the 
~’ hand-held stick-electrode holder. 

Higher deposition rates, plus automatic ~elec- 
‘: ,’ trode feed and elimination of lost time for changing 
‘, electrodes have resulted in substantial production 

economies wherever the semiautomatic process has 
been used to replace stick-electrode welding. 
Decreases in welding costs as great as 50% have been 
common, and in some production welding deposi- 
tion rates have been increased as much as 400%. 

The intent behind the development of self- 
shielded flux-cored electrode welding was to mech- 
anize and increase the efficiency of manual welding. 
The semiautomatic use of the process does just that 
- serves as a direct replacement for stick-electrode 
welding. The full-automatic use of the process, on 
the other hand, competes with other fully automatic 
processes and is used in production where it gives 
the desired performance characteristics and weld 
properties, while eliminating problems associated 
with flux or gas handling. Although the full- 
automatic process is important to a few industries, 
the semiautomatic version has the wider application 
possibilities. In fact, semiautomatic self-shielded 

Fin 5.7 -rho --iaiAomatic self-shielded flux-cored arc-weldi& 
I reduces costs in reDair. reb~~ilding. and main-, 

and structural ‘, 

Fig.’ 5-7. T~he semiaiAomatic self-shielded flux-cored arc-welding” 
process substantially reduces costs in repair, rebuilding. and main-, 
tenance work, as well as in manufacturing. fabrication. and structural ‘, 
steel erection. Here, the weldor is using the process to repair and :, 
rebuild shovel crawler pads. 

flux-cored welding has potential for substantially ; 
reducing welding costs when working with steel 
wherever stick-electrode welding is used to deposit 
other than minor volumes of weld metal. This has: 
been proved to be true in maintenance and repair; 
welding (Fig. 5-7), as well as in production work. 

Although the AWS-accepted term for the 
process is self-shielded flux-cored arc welding, it is’ 
often referred to as open-arc “Squirt” welding: 
vapor-shielded welding, or cored-electrode welding.: 
The prefix “semiautomatic” or “full-automatic” is 
used to distinguish the degree of mechanization. In 
shop practice, the proprietary name for the elec- 
bode is often the term employed in referring to the 
process, with the semiautomatic version generally; 
implied. Thus, in many shops the trade name 
“Innershield” is used to mean semiautomatic self:, 
shielded flux-cored welding. Should the full{ 
automatic method be employed in the same shop, it 
would likely be called “automatic Innershield.” ‘?:,i 

I 

ADVANTAGES OF THE PROCESS 

The electrode types, performance character- 
istics, equipment, and operating techniques for the 
self-shielded flux-cored process are described in 

I 

Section 6.4. Some of the benefits of the process are 
brought out or become apparent in the discussion of 
operating techniques. However, the impact of a 

‘4 



echanized, all-position, nianually maneuvered 
c-welding process on weldment production and 
cuctural steel fabrication and erection is not 
ways obvious and merits mention. 

Since the semiautomatic process can be used any 
.ace stick-electrode can be used, it makes possible 
ae-process welding in the erection of structural 
eel in building framing. As proved on major high- 
se projects, this factor is possibly as important as 
ie higher deposition rates of semiautomatic weld- 
ig in reducing erection costs. One process substanti- 
ly reduces the amount of equipment needed on 
ie job and allows every welding operator to be 
ualified for every joint. This, in turn, permits the 
iore systematic deployment of men, equipment, 
ad materials and reduces delays and minimizes 
auipment handling. One-process welding -- from 
ick welding to column-splice and beam-to-column 
gelding - gives erect,ors the opportunity to take a 
$stems approach” to erection logistics, with the 
$lt, that cost savings above those attributable to 
k;:e, speed of the semiautomatic process are 
@zable. @r:,, 

lded flux-cored arc 
@ding were developed, beam web-to-column connections in building 
ection were made with stick electrodes. If the flange-to-column 
mints were made with semiautomatic equipment. the operaror had to 
lange fo the stick electrode for the vertical joint, or the connection 
3d to be made by bolting the web to an angle welded to the column. 
he all-position electrode wires were the development that made 
xsible one-process mechanized welding in building erection. with all 
f its incidental benefits in the scheduling of erection operations. 

The Self-Shielded Flux-Cored Process 5.3-3 

Figure 5-8 shows the welding of a beam web-to- 
column connection in the erection of a major high- 
rise building. When this weld was made possible by 
the development of all-position electrode one- 
process mechanized erection welding became 
feasible. 

The tolerance of the semiautomatic process to 
poor fitup is also a decisive benefit to steel fabri- 
cators. Although every reasonable effort should be 
made to guard against poor fitup, its avoidance is 
economically impractical with some weldments, 
especially those made from heavy material and 
pieces of complex configuration where appearance 
or perfection in detail has little or no value in the 
end product. In manufacturing where fitup has been 
a major problem, use of semiautomatic self-shielded 
flux-cored arc welding has reduced rework and 
repair without affecting final product quality. This 
factor has been of cost-saving value as important to 
the company as the cost savings resulting from the 
increased welding speeds when changing from 
manual shielded metal-arc welding. The tolerance of 
the semiautorr&ic process to poor fitup has 
expanded the ;rse of tubular steel members in struc- 
tures by making possible sound connections where 
perfect Qtup would be extremely difficult or too 
costly io achieve. 

The advantages of the self-shielded flux-cored 
arc-welding process may be summarized as follows: 

1. When compared with stick-electrode weld- 
ing, gives deposition rates up to four times as 
great, often decreasing welding costs by as 
much as 50 to 75%. 

2. Eliminates the need for flux-handling and 
recovery equipment, as in submerged-arc 
welding, or for gas and gas storage, piping, 
and metering equipment, as in gas-shielded 
mechanized welding. The semiautomatic 
process is applicable where other mecha- 
nized processes would be too unwieldy. 

3. Has tolerance for elements in steel that 
normally cause weld cracking when stick- 
electrode or one of the other mechanized 
welding processes are used. Produces crack- 
free welds in medium-carbon steel, using 
normal welding procedures. 

4. Under normal conditions, eliminates the 
problems of moisture pickup and storage 
that occur with low-hydrogen electrodes. 

5. Eliminates stub losses and the time that 
would be required for changing electrodes 
with the stick-electrode process. 
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6. 

7. 

Welding Processes 

Eliminates the need for wind shelters 
required with gas-shielded welding in field 
erection; permits fans and fast air-flow venti- 
lation systems to be used for worker 
comfort in the shop. 

Enables “one-process,” and even ‘<one- 
process, one-electrode,” operation in some 
shop and field applications. This, in turn, 
simplifies operator training, qualification, 
and supervision; equipment selection and 
maintenance; and the logistics of applying 
men, materials, and equipment to the job 
efficiently. 

. Enables the application of the long-stickout 
principle to enhance deposition rates, while 
allowing easy operator control of 
penetration. 

. Permits more seams to be welded in one 
pass, saving welding time and the time that 
otherwise would be consumed in 
between-pass cleaning. 

10. Is adaptable to a variety of products; 
continuous operation at one welding station, 
even though a variety of assemblies with 
widely different joint requirements are run 
through it. 

11. Provides the fast filling of gouged-out voids 
often required when making repairs to weld- 
ments or steel castings. 

12. Gives the speed of mechanized welding in 
close quarters; reaches into spots inaccessible 
by other semiautomatic processes. 

13. Provides mechanized welding where mecha- 
nized welding was formerly impossible, such 
as in the joining of a beam web to a column 
in building erection (Fig. 5-8). 

14. Enables the bridging of gaps in fitup by 
operator control of the penetration without 
reducing quality of the weld. Minimizes 
repair, rework, and rejects. 

Tubular support assembly for a bulldozer blade is being welded with the self-shielded 
flux-cored electrode process. 
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As noted in the preceding sections, the shielded 
metal-arc process (stiyk-electrode) and self-shielded 
flux-cored electrode process depend in part on gases 
generated by the heat of the arc to provide arc and 
puddle shielding. In coritrast, the gas-shielded arc- 
welding processes use either bare or flux-cored filler 
metal and gas from an external source for shielding. 
The gas is impinged upon the work from a nozzle 

may be an inert gas 
or carbon dioxide 

is suitable for use in 
of the inert gases, 

also ar:’ used to produce 

gas-shielded arc-welding 
have broad, applicztion in industry. 

‘ae the gas-shielded flux-cored process, the gz-s 
(TIG) process, and the gas metal-arc 

,,/;,,::; .,,,, 
Bg<E GAS-SHIELDED FLUX-CORED PROCESS 
@j!The gas-shielded flux-cored process may be 
pted upon as a hybrid between self-shielded flux- 
,‘>, 

Flux-cored Shielding gas 

Current conductor &IN 

I 7 *Wire wide and 

L Molten weld 
meta, 

5-9. Principles of the gas-shielded flux-cored process. Gas from an 
shielding; the core ingredients are for 

purposes. 

The Gas-Shielded 
Arc-Welding Processes 

cored arc welding and gas metal-arc welding. 
Tubular electrode wire is used (Fig. 5-9), as in the 
self-shielded process, but the ingredients in its core 
are for fluxing, deoxidizing, scavenging, aqd some- 
times alloying additions, rather than for these func- 
tions plus the generation of protective vapors. In 
this respect, the process has similarities to the self- 
shielded flux-cored electrode process, and the 
tubular electrodes used are classified by the AWS 
(see Sections 6.4 and 6.5) along with electrodes used 
in the self-shielded process. On the other hand, the 
process is similar to gas metal-arc welding in that a 
gas is separately applied to act as arc shield. 

The guns and welding heads for semiautomatic 
and full-automatic welding with the gas-shielded 
process are of necessity more complex than those 
used in self-shielded flux-cored welding. Passages 
must be included for the flow of gases. If the gun is 
water-cooled, additional passages are required for 
this purpose. Figure 5-10 shows typical guns for 
semiautomatic gas-shielded flux-cored arc welding, 
and Fig. 5-11 typical nozzle assemblies for full- 
automatic operation. The wire feeder is similar to 
the wire feeder used with the self-shielded flux- 
cored electrode process. Figure 5-12 shows a 
schematic fpr a full-automatic welding facility with 

Fig. 5-10. Typical guns for semiautomatic gas-shielded flux-cored arc 
welding. 
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Air cooled side 
nozzle aaembly 

Electrode 

Fig. 5-11. Typical nozzle assemblies for full-automatic welding with 
gas-shielded flux-cored electrode or with solid-wire electrode IMIG 
weldingl. 

either self-shielded or gas-shielded flux-cored elec- 
trode; the dotted line indicates the addition required 
with the gas-shielded version when using CO2 as the 
shielding gas. 

The gas-shielded flux-cored process is used for 
welding mild and low-alloy steels (see Section 6.5). 
It gives high deposition rates, high deposition effi- 
ciencies, and high operating factors. Radiographic- 
quality welds are easily produced, and the weld 
metal with mild and low-alloy steels has good duc- 
tility and toughness. The process is adaptable to a 
wide variety of joints and gives the capability for 
all-position welding. 

GAS METAL-ARC WELDING 

Gas metal-arc welding, popularly known as MIG 
welding, uses a continuous electrode for filler metal 
and an externally supplied gas or gas mixture for 
shielding. The shielding gas -helium, argon, carbon 
dioxide, or mixtures thereof - protects the molten 
metal from reacting with constituents of the atmos- 
phere. Although the gas shield is effective in shield- 
ing the molten metal from the air, deoxidizers are 
usually added as alloys in the electrode. Sometimes 
light coatings are applied to the electrode for arc 
stabilizing or other purposes. Lubricating films may 
also be applied to increase the electrode feeding 
efficiency in semiautomatic welding equipment. 
Reactive gases may be included in the gas mixture 
for arc-conditioning functions. Figure 5-13 illus- 
trates the method of which shielding gas and con- 
tinuous electrode are supplied to the welding arc. 

MIG welding may be used with all of the major 
commercial metals, including carbon, alloy, and : 
stainless steels and aluminum, magnesium, copper, i 
iron, titanium, and zirconium. It is a preferred 
process for the welding of aluminum (see Section 
9.3), magnesium, copper, and many of the alloys of :: 
these reactive metals. Most oi the irons and steels’ 
can be satisfactorily joined by MIG welding, includ-:I 
ing the carbon-free irons, the low-carbon and low-! 
alloy steels (see Section 6.6), the high-strength; 
quenched and tempered steels, the chromium irons 
and steels, the high-nickel steels, and some of the 
so-called superalloy steels. With these various 
materials, the welding techniques and procedures 
may vary widely. Thus, carbon dioxide or argon- 
oxygen mixtures are suitable for arc shielding when, 
welding the low-carbon and low-alloy steels, whereas 
pure inert gas may be essential when welding highly~ 
alloyed steels. Copper and many of its alloys (see: 
Section 10.1) and the stainless steels (see Section 
7.4) are successfully welded by the process. + 

Welding is either semiautomatic, using a hand-,, 
held gun to which electrode is fed automatically, or 
full-automatic equipment is used. The welding guns 
or heads are similar to those used with gas-shieldeN 
flux-cored welding (Figs. 5-10 and 5-11). When the1 
term “manual” gas metal-arc welding is used, th 
semiautomatic process with its hand-held gun i 
implied. 

Metal transfer with the MIG process is by one o 
two methods: “spray-arc” or short circuiting. Wit 

D. c. Constant “OIlage 
xnwr 10urce “okmeter and Voltage 

Fig. 5-12. Schemitic for a full-automatic welding facility with eitt 
self-shielded or gas-shielded flux-cored electrode. The dotted line ina 
cates the additions required with the gas-shielded version when usi 
CO2 as the shielding gas. 
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Solid wire 

Current conductor\ 

TrW?t 

metal 

ray-arc, drops of molten metal detach from the 
trade and move through the arc column to the 
&With the short-circuiting technique - often 

ed to as short-arc welding - metal is trans- 
q@&to pp@~~;~.~ ;: the work when the molten tip of the 
Se&rode contacts the molten puddle. y&@qK, ,~ 
~~~~~~~ latter, short-arc welding, uses low currents, 
o~wvoltages, and small-diameter wires. The molten 
~~~~short-circuits the arc an average of 100 times a 
rend, and at rates lower and much higher than this 
,y,erage. Metal is transferred with each short circuit, 

rather than across the arc as in spray-arc welding. 
Figure 5-14 illustrates a complete short-arc 

cycle, starting with (A), the beginnmg of the short 
circuit, progressing through arc reignition and the 
arcing period, and ending with arc extinction 
immediately prior to the beginning of metals 
transfer. The technique results in low heat input, 
which minimizes distortion. It is useful for welding 
thin-gage materials in all positions and for vertical 
and overhead welding of heavy sections. Short-arc 
welding tolerates poor fitup and permits the 
bridging of wide gaps. 

To use short-arc welding efficiently, special 
power sources with adjustable slope, voltage, and 
inductance characteristics are required. These power 
sources produce the predictable and controllable 
current surges needed for successful use of the 
short-arc technique. 

Spray-arc transfer may be subdivided into two 
different types. When the shielding gas is argon or 
argon-oxygen mixture the droplets in the spray are 
very fine and never short circuit the arc. When 
carbon dioxide or argon-carbon dioxide mixture is 
used, a molten ball tends to form on the end of the 
electrode and may grow in size until its diameter is 
greater than the diameter of the electrode. These 
droplets, larger in size, may cause short circuits and 
this mode is known as globular transfer. Under 
conditions that cause the short circuits to occur very 
rapidly, the mode becomesshort-circuiting transfer. 

Spray-arc MIG welding produces an intensely 
hot, higher voltage arc, and, thus, gives a higher 
deposition rate than short-arc welding. A high cur- 
rent density is required for metal transfer through 

,.:,, 

I:;;’ : Consumable p - Short circuit period -c( 

,’ e’ectroFi&+ +qL+ g-& & 

I: 111’/ initiation ,&Arc 

- MI 

Reignition period Immediately after 
extinction period 

Note: Idealized sketches not to scale Courtesy Linda Division, Union Carbide Corp. 

Fig.5.14.The short-arc cycle in MIG welding. Shortcircuiting starts with IA): the arc is reignited at (El: and is extinguished when 
the molten metal on the electrode tip touches the molten puddle at (H). Metal is transferred during the short circuit. 



c the arc: The spray&c technique is recommended for 
l/g-in. and thicker sec$ions, requiring heavy single 

nor multipass welds or for any filler-pass application 
where~high deposition rate is advantageous. 

MIG~ welding is a ,DC weld process; AC current is 
seldbm, if ever, used. Most MIG welding is done 

‘Xvith reverse polarity, (DCRP). Weld penetration is 
~deeper with reverse polarity. than it is with, straight 
polarity. ,MIG welding is seldom done with straight 
polarity, because of arc-instability and spatter prob- 
lems that make straight polarity undesirables for 
most applications. 

The gas metal-arc process can be used for spot 
welding to replace either riveting, electrical resist- 
ance, or TIG spot welding. It has proved applicable 
for spot welding where TIG spot welding is not suit- 
able, such as in the joining of aluminum and rimmed 
steel. Fitup and cleanliness requirements are not as 
exacting as with TIG spot welding, and the MIG 
process may be applied to thicker materials. 

The MIG process is also adaptable to vertical 
electrogas welding in a manner similar to that used 
with the gas-shielded flux-cored eiectrode process 
(see Section 6.5). 

,,:,, 
:::I, GAS TUNGSTEN-ARC WELDING 

;‘,T,; The AWS definition of gas tungsten-arc (TIG) 
,~ ‘, welding is “an arc welding process wherein coales- 

,‘,~ ,:; ,, cence is produced by heating with an arc between a 
tungsten electrode and the work.” A filler metal 

-Tungsten 
’ li electrode 

Fig. 5-15. Principles of the gas tungsten-arc process. If filler metal ig 
required. it is fed into the pool from a separate fiiler rod. 

Note: Sometimes a water 
circulator is used. 

Electrode holder 

Work/ 

Fig. 5-16. Schematic of manual TIG welding. 

may or may not be used. Shielding is obtained with 
a gas or a~ gas mixture. 

Essentially, the nonconsumable tungsten elecl 
trode is a “torch” - a heating device. Under the 
protective gas shield, metals to be joined may be, 
heated above their melting points so that material 
from one part coalesces with material from the 
other part. Upon solidification of the molten area, 
unification occurs. Pressure may be used when the 
edges to be joined are approaching the molten state 
to assist coalescence. Welding in this manne 
requires no filler metal. 

If the work is too heavy for the mere fusing 
abutting edges, and if groove joints or reinfor 
ments, such as fillets, are required, filler metal mu 
be added.This is supplied by a filler rod, manually 
mechanically fed into the weld puddle. Both the ti 
of the nonconsumable tungsten electrode and t 
tip of the filler rod are kept under the protective g 
shield as welding progresses. 

Figure 5-15 illustrates the TIG torch, and 
5-16 a schematic for manual TIG welding. The 
of manually feeding filler rod into the weld p 
is illustrated in Fig. 5-17. In automatic we 
filler wire is fed mechanically through a guide 
the weld puddle. When running heavy joints m 
ally, a variation in the mode of feeding is to lay, 
press the filler rod in or along the joint and melt 
along with the joint edges. All of the standard t 
of joints can be welded with the TIG process 
filler metal. 

Usually the arc is started by a high-fre 
high-voltage device that causes a spark to ju 
the electrode to the work and initiate the w 
current. Once the arc is started, the electrode 
moved in small circles to develop a pool of molt 
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Fig. 5.17. Mode of manually feeding filler metal into the weld puddle 
yhen TIG welding. 

s positioned about 150 to the surface of 
e formed. The filler rod, held at an angle 

ut 15O to the surface of the work, is advanced 
eld puddle. When adequate filler metal has 

to the pool, the rod is withdrawn and 
moved forward. The cycle is then 
all times, however, the filler rod is kept 

e protective gas shield. For carbon steel, 

low-alloy steel, and copper, the touch and withdraw 
method can be used to establish the arc but seldom 
if ever is this method satisfactory for the reactive 
metals. 

Materials weldable by the TIG process are most 
grades of carbon, alloy, and stainless steels; alumi- 
num and most of its alloys; magnesium and most of 
its alloys; copper and various brasses and bronzes; 
high-temperature alloys of various types; numerous 
hard-surfacing alloys; and such metals as titanium, 
zirconium, gold, and silver. The process is especially 
adapted for welding thin materials where the 
requirements for quality and finish are exacting. It is 
one of the few processes that are satisfactory for 
welding such tiny and thin-walled objects as tran- 
sistor cases, instrument diaphragms, and delicate 
expansion bellows. 

The gases employed in the TIG process are argon 
and helium and mixtures of the two (see Section 
4.1). Filler metals are available for a wide variety of 
metals and alloys, and these are often similar, 
although not necessarily identical to the metals 
being joined. Sections 4.1, 6.7, 7.5, 9.4, and 10.1 
give information on the use of TIG welding with 
carbon and low-alloy steels, stainless steel, alumi- 
num, and copper alloys. 



Welding horizontal seams on a storage tank with automatic open-arc process. 



In selecting a process for production welding, a 
,,primary consideration is the ability of the process to 
:give the required quality at the lowest cost. Here, 

include not only the operating 
ortization of the capital costs 

job and those jobs that may 
to follow. Thus, a fabricator 
g straight fillets where fully 
c equipment would be the 
ost, quality welding. But, 

job involves a great amount of welding, or 
re is assurance that it will be followed by other 

e lowest cost to the fabri- 
- taking into account the feasibility for 
zation - might be with a hand-held semiauto- 

n or even with the stick-electrode process. 
is, thus, the starting point in the selection of 

es many things. It defines the 
to be joined, the number of pieces to be 

ngth of welds, the type of joints, 
, the quality required, the 

embly-positioning requirements - to name but a 
Process selection, thus, considers fist the needs 
e job at hand. Unless the job will be adequately 

etitive or subsequent jobs will be similar in 
er, it may be desirable to select 

process that is not optimum but which will be 
ost efficient over the long pull. 

It is a fact of business life that factors other than 
logy enter into process selection. Such factors 

e the need of companies to maintain their 
taffs during unproductive periods. Thus, a 
pany that supplies sand and gravel for the 

truction industry does the major portion of 
Id rebuilding and weld resurfacing work on its 

line buckets and other equipment during very 
weather when concrete pouring~is at low ebb. 

ag-line, shovel, and bull-dozer operators are 
hed weldors ,who do the rebuilding and 
g - working mostly with stick-electrode 

ment. The repair and rebuilding work could be 
much faster with semiautomatic or full- 

matic equipment, but the company cares less 
bout welding cost efficiencies at this stage. A 

Selecting A Welding Process 

,,, 5.5-l 

primary objective is to give their operating engineers 
something productive to do when their products, 
sand and gravel, are stock-piled beyond all expect- 
ancies for customer demand. The alternative would 
be to lay off skilled equipment operators during 
such periods - which would lead to greater costs for 
replacement and retraining than the inefficiencies in 
repair and rebuilding welding. 

The job, thus, may involve intangibles - and 
these intangibles have a rightful place in process 
selection. It is because of intangibles that less effi- 
cient welding processes are often used. Where 
intangibles are involved, the company should 
question their validity. The fact that a weldor who 
has been using the stick electrode on the job for 20 
years vows he will never touch a semiautomatic gun 
may not be adequate reason for acquiescing to him. 
Chances are, after a few reluctant days with a 
semiautomatic gun, he will be acclaiming its virtues 
with just as much fervor as he acclaims the stick 
electrode. 

Assuming intangible factors do not prevail, what 
does ;;he job tell that affects process selection? 

First, the job tells what metals are to be welded. 
If the metals are steel, a wide range of processes may 
be considered. If the metals are aluminum and 
magnesium, the available processes will be gas tungs- 
ten-arc and gas metal-arc. Reference to Sections 5.4 
and 9. will be helpful in making a choice. These 
processes and stick-electrode welding may also be 
chosen if maximum weld properties are required in 
high-alloy steels or corrosion-resistant materials. 
Here, one finds that the gas tungsten-arc process 
generally provides better properties but is con- 
siderably slower than the gas metal-arc process - 
which is generally preferred in mass production. If 
thin sections are involved, however, the TIG process 
may be preferred. 

If the metals to be welded are the carbon or 
low-alloy steels, selection becomes more difficult. 
More processes are applicable, and varying degrees 
of mechanization are possible. The welding is likely 
to be heavy or involve many feet - or even miles - 
of weld, with varying types of joints. Furthermore, 
there may be precise requirements for such joints in 



terms of fill, follow, freeze, or penetration. 
Taking into account the fact that process selec- 

tion is almost self-determining when the metals to 
be welded are aluminum, magnesium, copper, 
titanium, or the other nonferrous metals - or that 
the stick electrode is almost certainly to be the 
choice when welding steel where the immediate cost 
is of no importance, the following text will be 
concerned with choosing the optimum process for’ 
the pboduction welding of steels. Here, intangibles 
no longer are effective, and only technology and 
pure economics prevail. 

In the production weklmg of steel, mechani- 
zation immediately enters the picture. It can’t be 
ignored, since some forms of mechanization are even 
applicable to tack welding. Here, also, stick- 
electrode welding is ruled out, since it can’t be 
competitive with the mechanized processes. 

All of the mechanized arc-welding processes 
have been developed as a means of reducing welding 
costs. Each of these processes has certain capabilities 
and limitations, and selecting the best process for a 
particular job can be a difficult, if not confusing, 
task. Unless the user makes a correct selection, 
however, he may lose many of the benefits to be 
gained in moving to mechanization and, thus, not 
achieve his objective of welds that meet the appli- 
cation requirements at the lowest possible cost. 

There are varying degrees of mechanization with 
all of the mechanized processes - from semiauto- 
matic hand-held equipment to huge mill-type 
welding ‘installations. Thus, one needs a “common 
denominator” when processes are to be compared. 
Semiautomatic equipment possibly provides the best 
common denominator. A.lything added to semi- 
mechanization is extraneous to the process capa- 
bility per se and merely amounts to “putting the 
semiautomatic process on wheels,” 

With semimechanization and the capabilities of 
the various processes subject to semimechanization 
in mind, a four-step procedure can be used in decid- 
ing which is the preferred process for the particular 
production welding job. 

THE FOUR-STEP PROCEDURE 

The four steps involved in process selection are: 

1. First, the joint to be welded is analyzed in 
terms of its requirements. 

2. Next, the joint requirements are matched 
with the capabilities of available processes. 

One or more of the processes are selected for 
further examination. 

3. A check list of variables is used to determine,: 
the capability of the surviving processes to:: 
meet the particular shop situation. 

4. Finally, the proposed process or processes;; 
indicated as most efficient are reviewed with,>, 
an informed representative of the equipment;!; 
manufacturer for verification of suitability:;? 
and for acquisition of subsidiary information; 
having bearing on production economics. ,I_ 

This four-step approach is not mathematically: 
precise, since it requires judgments. However, these, 
are made in the proper sequence - which is most 
important for arriving at correct results. Also, on: 
vital points, such as tbe joint factors of greatest 
significance, the judgments are usually clear-cut; 
with the possibility of error being negligible. 

The main problem in applying this approach will 
be in assessing the capability of various processes tom 
supply the needs of the joint. This will necessitate 
review of manufacturers’ literature, or the directing 
of pertinent questions to equipment makers - and, 
to be sure that no process is omitted from considera- 
tion, data on each must be available. 

STEP I - Analysis of Joint Requirements 
When economy in welding is a prime objective. 

the needs of any joint can be expressed in foul 
terms: 

Fast-fill . . . . . meaning high deposition rate. 

Fast-freeze . . . . . meaning the joint is out-oi 
position - overhead or vertical. 

Fast-follow . . . . . being synonymous with hi! 
arc speed and very small welds. I 
Penetration . . . . . meaning the depth of pent 
tration into the base metal. I 
Fast-fill is an obvious requirement when a lar 

amount of weld metal is needed to fill the jon 
Only by a high deposition rate can a heavy w! 
bead be laid down in minimum arc time. Fast-l 
becomes a minor consideration when the weld il 
small. 

Fast-freeze implies out-of-position - the ne 
for quick solidification of the molten crater. ‘I 
joint may additionally be a fill-type or penetratio 

1 type, but fast freezing is of paramount importanc 
Not all semiautomatic processes are capable of bej 
used on fast-freeze joints. 
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Fill 
r---e& 

: Jy-fyJy 

I 

,~ la) Substantial volume of 
weld metal required. 

~~,: 

Follow & 

161 Minimal weld metal required. 
Usually, only the edges or 
surfaces of plates being 
joined must be melted together. 

Icl Out-of-position joint, where 
control of molten crater 
is important. 

Fig. 5-18. Examples of fill. follow 

t-follow implies the ability of the molten 
follow the arc at rapid travel speed, giving 

ous, well-shaped beads, without “skips” or 
he~crater may be said to have low surface 

tension; it wets and washes in the joint readily. 
,Fast-follow is especially desirable on relatively small 
,~~smgle-pass welds, such as those used in joining sheet 
metal. it is rarely a requirement of a large or mul- 
,$iple-pass weld; with these, the arc speed auto- 
:matically will be optimum when the deposition rate 
~4s sufficient. 

Penetration varies with the joint. With some, it 
,must be deep to provide adequate mixing of the 
weld and base metal, and with others it must be 
,limited to prevent bumthrough or cracking. 

Any joint can be categorized in terms of its 
needs for these four factors. Examination of the 
joint detail is all that is required for such 
,categorization. 

Figure 5-18 shows examples of fill, follow, 

Penetration 

(d) Joint requires deep penetration 
into base metal (maximum 
penetration). Bridging a gap 
(minimum penetration) may be 
required if fitup is poor. 

, freeze joints. 

freeze, and penetration joints. Note that in the case 
of the first three types, the adjective “fast” 
describes what is v; 3ed for maximum efficiency. 
In the case of penetration, however, either deep or 
shallow penetration may be desirable, depending 
upon the joint and the application requirements of 
the assembly. 

In (a) of Fig. 5-18, a substantial volume of weld 
metal is required for fill. The process that will give 
fill most rapidly while meeting other requirements 
would be given high priority in the four-step selec- 
tion procedure. In (b), the weld-metal requirements 
are minimal, and the process that would permit the 
fastest arc speed would get consideration. In (c), 
only a process that would permit out-of-position 
welding would be useful. Here, submerged-arc would 
be ruled out. But, in (d), deep penetration is indi- 
cated as necessary, in which case submerged-arc 
would definitely be considered. 

The examples in Fig. 5-18 represent extremes. 



Follow 

Pen&ration 

I 

ICJ I 
PRIMARY JOINT REQUIREMENTS 

~T,“~ Fill 

Follow 

v Penetration 

PRIMARY JOINT REQUIREMENTS 

‘~~~~ Fill 

Follow 

v Penetration 

I PRIMARY JOINT REQUIREMENTS PRIMARY JOINT REQUIREMENTS :” 

Fig. 5-19. The circular pie chart plots the relative importance of the basic joint requirements. 



freeze joints are immediately recognizable, 
-:,niany of the joints encountered are not easily cate- 
:gorized in terms of fii, follow, and penetration. 
:: Various combinations of these three characteristics 
,i,rnay be needed in the joint. Where there is a 
,~,,question, a judgment must be made as to the 
;““weight’?~ of each characteristic in the joint ,,,,, 
~~~;+ptier&r+ 
:!:1: ,Perhaps, follow is of dominating importance, yet 
:penetration is also necessary, as in (a) of Fig. 5-19. 

:, fill may be of equal importance with pene- 
tration, as in (b) of the same figure. The pie-chart 
!technique used in Fig. 5-19 represents an illustrative 
:effort to “weigh” the relative importance of any 
&$nt in terms of fill, follow, and penetration. The 
[&sons doing the “weighing” will probably not 
&ake pie charts, but they may informally agree that 

#is joint is mostly fill, with penetration next in 
hportance.” (s;;,:,; With that amount of judgment, the 
igt,,step toward process selection can be made 
diciously . 
“q& analyzing joint requirements, it k “titually p:,,,,~, 
fpossible for the experienced engineer or welding 
g,,:_ %visor to make an error that would substantially 
@gt the selection. The three factors are 
verghted” - p{z $;;, not quantitatively defined. As long as 
:el:g;order of significance of the three factors is &$y,:,~~ 
gessed correctly, the information needed for 
&;tching up joint requirements with process 

@anilities has been obtained. 
$& 

,;;~,;g2FF,, II - Matching Joint Requirements With 
f$!$+sses 

The equipment manufacturers’ literature usually 
nlllgwe information on the ability of various 
recesses to deliver the requirements of the joint. 
b; ~a telephone call or letter will bring the needed 
iformation. It is virtually impossible to be misled at 
his point, since the deposition-rate and arc-speed 
haracteristics of each process can be clearly 
efined. Penetration is related to the current density 
‘f the process, but also affected by the thickness of 
he plate to be welded. In-plant experience with 
arious processes will also be helpful, but care must 
Ne exercised that personal prejudices do not lead to 
.estruction of the objectivity of the analysis. Once 
he capabilities of various semiautomatic processes 
re known, they can be matched with the joint 
equirements and tentative selections made. 

If the joint in question is the one illustrated by 
a) in Fig. 5-18, it might be rated 75% fill, 20% 
lenetration, and 5% follow. Fill is obviously all- 
mportant; penetration is nominal; and follow is 

unimportant. No matter what percentages are 
assigned, as long as they are in the proper order, one 
has a starting point for matching them with a weld- 
ing process. The predominant need for fill suggests, 
possibly, submerg Ed-arc or self-shielded flux-cored 
welding with a fast-fill electrode. The nominal need 
for, penetration suggests that the latter might be 
more desirable, since submerged-arc with its deeper 
penetration could lead to bumthrough. 

At this point, however, the welding engineer 
might ponder the feasibility of using long electrical 
stickout with submerged-arc, which would reduce 
excessive penetration while increasing the deposition 
rate. He now has two processes that look good; 
other factors, including not only data on deposition 
rates with the chosen procedures, but also the equip- 
ment available, the specifications for the work, the 
qualification of the weldors, and so on, will affect 
his final decision. These subsidiary factors come into 
play in the next step of the four-step selection 
procedure. 

STEP Ill -The Check List 
Considerations other than the joint itself have 

bearing on selection decisions. Many of these will be 
peculiar to the job or the welding shop. They can he 
of overriding importance, however, and they offer 
the means of eliminating alternate possibilities. 
When organized in a check-list form, these factors 
can be considered one-by-one, with the assurance 
that none is overlooked. 

Some of the main items to be included on the 
check list are: 

Volume of Production - It must be adequate to 
justify the cost of the process equipment. Or, if the 
work volume for one application is not great 
enough, another application may be found to help 
defray investment costs. 

Weld Specifications - A process under consider- 
ation may be ruled out because it does not provide 
the weld properties specified by the code governing 
the work. The specified properties may be debatable 
as far as defining weld quality, but the code still 
prevails. 

Operator Skill - Replacement of manual weld- 
ing by a semiautomatic process may require a train- 
ing program. The operators may develop skill with 
one process more rapidly than with another. 
Training costs, just as equipment costs, require an 
adequate volume of work for their amortization. 

Auxiliary Equipment - Every process will have 
its recommended power sources and other items of 
auxiliary equipment. If a process makes use of existi 
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ing auxiliary equipment, the initial cost in changing 
to that process can be substantially reduced. 

Accessory Equipment - The availability and the 
cost of necessary accessory equipment - chipping 
hammers, deslagging tools, flux lay-down and pick- 
up equipment, exhaust systems, et cetera - should 
be taken into account. 

Base-Metal Condition - Rust, oil, fitup of the 
joint, weldability of the steel, and other conditions 
must be considered. Any of these factors could limit 
the usefulness of a particular process - or give an 
alternative process a distinct edge. 

Arc Visibility -With applications where there is 
a problem of following irregular seams, open-arc 
processes are advantageous. On the other hand, 
when there is no difficulty in correct placement of 
the weld bead, there are decided “operator com- 
fort” benefits with the submerged-arc process; ‘no 
headshield is required and the heat radiated from 
the arc is substantially reduced. 

Fixturing Requirements - A change to a semi- 
automatic process usually requires some fixturing if 
the ultimate economy is to be realized. The adapta- 
bility of a process to fixturing and welding posi- 
tioners is a consideration to take into account, and 
this can only be done by realistically appraising the 
equipment. 

Production Bottlenecks - If the process reduces 
unit fabrication cost, but creates a production 
bottleneck, its value may be completely lost. For 
example, highly complicated equipment that 
requires frequent servicing by skilled technicians 
may lead to expensive delays and excessive over-all 
costs. 

The completed check list should contain every 
factor known to affect the economics of the opera- 
tion. Some may be peculiar to the weld shop or the 
particular welding job. Other items might include: 

Protection Requirements 
Application Flexibility 
Setup Time Requirements 
Cleanliness Requirements 

Range of Weld Sizes Weld Cleaning Costs 
Seam Length Housekeeping Costs 
Ability to Follow Seams Initial Equipment Cost 

Each of these items must he evaluated realistic- 
ally, recognizing the peculiarities of the application 
as well as those of the process and of the equipment 
used with it. 

Insofar as possible, human prejudices should not 
enter the selection process; otherwise, objectivity 
will be lost. At every point, when all other things are 
equal, the guiding criterion should be welding cost. 

The semiautomatic processes, it should be 
noted, excel over manual welding in respect to the 
major factors affecting cost - namely, deposition 
rate, arc speed, and the percentage of the operator’s 
time that is applied to laying the weld bead. With 
such considerations as setup time, fitup flexibility, 
application flexibility, range of weld sizes possible, 
and ability to follow seams, manual welding with 
the covered electrode will almost always get the 
highest score. 

STEP IV - Review of the Application by Manu- 
facturer’s Representative 

This step in a systematic approach to process 
seiection may seem redundant. However, a basic 
thesis is that at every step the talents of those who 
know best should be utilized. Thus, the check list to 
be used is tailored by the user to his individual situa- 
tion. The user, and he alone, knows his situation 
best. It is also true that the manufacturer of the 
selected equipment knows its capabilities best - will 
be able to clear up ariy questions, supply up-to-date 
information about the process, point out pitfalls in 
its use, and give practical application tips. 

If the analysis of the factors involved has been 
correct, and the exploration of possible processes 
thorough, it is almost axiomatic that the equipment 
manufacturer’s representative will col:firm the wis- 
dom of the selection. If something important has 
been overlooked, however, he will be in a position 
to point it out and make recommendations. This 
final review before installation of the equipmerit is 
to bring to the job all the information bearing on 
successful application as well as to verify the 
decision. 

SYSTEMIZING THE SYSTEMATIC APPROACH 

A system is of no value unless it is used. In s 
large company where the various welding processes 
are in use, it is possible to force judicious procesr 
selection by requiring analysis of the problem on s 
standardized process-selection chart. Fig. 5-20 show; 
a process-selection chart that is useful in the analysis 
of the joint and production requirements - and 
thus, in making a process recommendation. 

Such a chart recalls to mind the factors thal 
should be considered and prevents oversights 
Obviously, it could also he used as a guide for tht 
company that does not have equipment for the 
major steel-welding processes on its productior 
floors and wishes to make decision on what to buy 
for a particular job. 
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Fig. 5.20. A process-selecfion chart fhat prevents oversights when analyzing the needs of the job. 



Bucket~wheel machine for stacking and reclaiming coal. Welding greatly simplified the design. 



,The joining of metals may be accomplished by 
nethods’other than those utilizing electrical energy. 
jxyacetylene, friction, explosive, and thermit weld- 
ng are examples. There are also various methods of 
ielding that make use of electrical energy that are 
lot “arc” welding. Examples are the variations of 
!lectrical-resistance welding, ultrasonic, electron- 
ream, and electrodeposition welding. 

There are also several processes. that may 
hpropriately be labeled “arc” welding that do not 
i&l1 fin the categories described in Sections 5.1 to 
$4, In some cases, however, these specialized arc- 
@ding processes may be looked upon as modlfica- 
;mns, of basic welding processes. Thus, vertical elec- $@;:y, 
@@s welding (see Section 6.5) is sometimes listed 
&a separate welding process, but may also be &:~ :“: 
iggarded as a specialized application of the gas- 
[Bi@led. flux-cored process. Similarly, electroslag & ;, 

eldmg is a variation of the submerged-arc process. &? 
.G~*;;The book “Welding Metallurgy,” Volume I, by &$& 
g:orge E. Linnert, published by the American Weld- 
ggi;Society, describes several dozen metals-joining 
gyesses, including the 14 processes recognized by 
l#AWS as “arc-welding” processes. This is a recom- 
nended reference for more complete information 
in:the specialized arc-welding processes than given 
nthe following text. Section 2 and Section 3B of 
be’ AR% Welding Handbook, Sixth Edition, and 
Welding Processes, ” by P.T. Houldcroft, published 
,y the Cambridge University Press, are also recom- 
nended references. The descriptions of the special- 
zed arc-welding processes that follow are intended 
nerely to give the reader an indication of what is 
available and what might be pursued and investi- 
gated further should these specialized processes be 
leerned more suitable than the basic commercial 
processes for particular applications. 

ELECTROSLAG WELDING 

Electroslag welding is an adaptation of the 
submerged-arc welding process for joining thick 
materials in the vertical position. Figure 5-21 is a 
diagrammatic sketch of the electroslag process. It 
will be noted that, whereas some of the principles of 

Specialized Arc-Welding Processes 

submerged-arc welding are applied, in other respects 
the process resembles a casting operation. Here, a 
square butt joint in heavy plate is illustrated, but the 
electroslag process - with modifications in equip- 
ment and technique - is also applicable to T joints, 
corner joints, girth seams in heavy-wall cylinders, 
and other joints. The process is suited best for 
materials at least 1 in. in thickness, and can be used 
with multiple electrodes on materials up to 10 in. 
thick without excessive difficulties. 

As illustrated by the open, square butt joint in 
Fig. 5-21, the assembly is positioned for the 
vertical deposition of weld metal. A starting pad at 
the bottom of the joint prevents the fall-out of the 
initially deposited weld metal, and, since it is pene- 
trated, assures a full weld at this point. Welding is 
started at the bottom and progresses upward. 
Water-cooled dams, which may be looked upon as 
molds, are placed on each side of the joint. These 
dams are moved upward as the weld-metal depo- 
sition progresses. The joint is filled in one “pass” - 
a single upward progression - of one or more con- 
sumable electrodes. The electrode or electrodes may 

Fig. 5.21. Schematic sketch of electroslag welding. (1) electrode 
guide tube. (2) electrode. (3) water-cooled copper shoes. I41 finished 
weld. (5) base metal. (6) molten slag, (71 molten weld metal. 16) 
solidified weld metal. 



assurance against oxidation. Such provisions are ‘, 
sometimes considered worthwhile when welding ,:’ 
highly alloyed steels or steels that contain easily 
oxidizing elements. 

The electroslag process has various advantages, ‘i 
including no need for special edge preparations, a:‘.; 
desirable sequence of cooling that places the outside,;:!, 
surfaces of weld metal under compressive rather,;; 
than tensile stresses, and a relative freedom from ,?, 
porosity problems. Special equipment, however, is’,:! 
required, and few users of welding have enough, 
volume of welding subject to application of the ‘:,I 
process to warrant the cost of such equipment. 

be oscillated across the joint if the width of the joint 
makes this desirable. 

At the start of the operation, a layer of flux is 
placed in the bottom of the joint and an arc is 
struck between the electrode (or electrodes) and the 
work. The arc melts the slag, forming a molten 
‘layer, which subsequently acts as an electrolytic 
heating medium. The arc is then quenched or 
shorted-out by this molten conductive layer. Heat 
for melting the electrode and the base metal sub- 
sequently results from the electrical resistance 
heating of the electrode section extending from the 
contact tube and from the resistance heating within 
the molten slag ‘layer. As the electrode (or elec- 
trodes) is consumed, the welding head (or heads) 
and the cooling dams move upward. 

In conventional practice, the weld deposit 
usually contains about l/3 melted base metal and 
2/3 electrode metal - which means that the base 
metal substantially contributes to the chemical 
composition of the weld metal. Flux consumption is 
low, since the molten flux and the unmelted flux 
above it “ride” above the progressing weld. 

The flux used has a degree of electrical conduc- 
tivity and low viscosity in the molten condition and 
a high vaporization temperature. The consumable 
electrodes may be either solid wire or tubular wire 
filled with metal powders. Alloying elements may be 
incorporated into .the weld by each of these elec- 
trodes. 

Weld quality with the electroslag process is 
generally excellent, due to the protective action of 
the heavy slag layer. Sometimes, however, the 
copper dams are provided with orifices just above 
the slag layer, through which a protective gas - 
argon or carbon dioxide - is introduced to flush out 
the air above the weld and, thus, give additional 
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Stud, 

ELECTROGAS WELDING 

Electrogas welding is very similar to electroslag 
welding in that the equipment is similar and the 
joint is in the vertical position. As the name implies, 
the shielding is by carbon dioxide or’an inert gas. A 
thin layer of slag, supplied by the flux-cored elec- 
trode, covers the molten metal, and the heat is 
supplied by an arc rather than by resistance heating 
as in the electroslag process. 

A disadvantage of the process is that it requires 
an external source of shielding gas. However, one 
advantage is that if the welding is stopped the elec- 
trogas process can be started again with less diffi- 
culty than the electroslag process. Figure 6-84 illus- 
trates the process; additional information on it is 
given in Section 6.5. 

STUD ARC WELDING 

Stud arc welding is a variation of the shielded, 
metal-arc process that is widely used for attaching, 

Fig. 5-22. Principles of stud welding, using a ceramic ferrule to shield the pool. (A) The stud with ceramic ferrule 
the chuck of the gun and positioned for welding. IBI The trigger is pressed, the stud is lifted, and 

the arc is created. ICI With the brief arcing period completed. the stud is plunged into the molten pool on the 
base plate. (D) The gun is withdrawn from the welded stud and the ferrule removed. 



,~.&&3.’ Some~of the commonly used fastening devices commonly 
&&hed to metal parts and assemblies by stud welding. 

a>;;:& 
;uds.‘, C,ws, pins; and similar fasteners to a larger 

$e.“The stud (or small part), itself - often 
tip - is the arc-welding 

period of time required 

the stud is held in a portable 
called a stud gun and positioned 

over the spot where it is tc be weld- 
of the trigger, current flows 

is lifted slightly, creating an 
a very short arcing period, the stud is then 

$d down into the molten pool created on the ~~~~~_plate, the gun withdrawn from it, and the 

+a,trjc ferrule - if one has been used - removed. 
&.i@ing is controlled automatically and the stud 

&+lded onto the workpiece in less than a second. 
&‘~~ti&amentals of the process are illustrated in ,,: 
cig. 5-22. 
I’ : &ids are of many shapes, as illustrated in Fig. 
“23 
L&t. 

All may be weld-attached with portable equip- 
The stud may be used with a ceramic arc- 

4 Work 

Fig. 5-25. Diagrammatic sketch of the plasma-arc torch. 

shielding forrule, as shown in Fig. 5-22, which pre- 
vents air infilt~ration and also acts as a dam to retain 
the rnoltcyJ: ?:&al, or may have a ‘granular flux, flux 
coating, :’ %~lid flux affixed to the welding end, as 
illustrate Y. i;i Fig. 5-24. The flux may include any of 
the agents found in a regular electrode covering; 
most important to stud welding is a deoxidizer to 
guard against porosity. 

Stud welding is a well developed and widely 
used art. Information needed for its application with 
the carbon and alloy steels, stainless steels, alumi- 
num, and other nonferrous metals may be found in 
the A WS Welding Handbook, Sixth Edition, Section 
2. 

PLASMA-ARC WELDING 

Plasma-arc (or plasma-torch) welding is one of 
the newer welding processes, which is used industri- 
ally, frequently as a substitute for the gas tungsten- 
arc process. In some applications, it offers greater 
welding speeds, better weld quality, and less sensi- 

(61 (cl ldl 

Fig. 5-24. Three methods of containing flux on the end of a welding stud: (a) granular flux; (blflux coating; Cc) and d) solid flux. 
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Fig. 5-26. Transferred and nontransferred arcs. 

tivity to process variables than the conventional 
processes it replaces. With the plasma torch, tem- 
peratures as high as 60,000°F are developed and, 
theoretically, temperatures as high as 200,000°F are 
possible. 

The heat in plasma-arc welding originates in an 
arc, but this arc is not diffused as is an ordinary 
welding arc. Instead, it is constricted by being 
forced through a relatively small orifice. The 

: “orifice” or plasma gas (see Fig. 5-25) may be sup- 
:;,,; plemented by an auxiliary source of shielding gas. 

“Orifice” gas refers to the gas that is directed 
:’ into the torch to surround the electrode. It becomes 
~,’ ionized in the arc to form the plasma and emerges 
c;’ from the orifice in the torch nozzle as a plasma jet. 
~,,: If a shielding gas is used, it is directed onto the 
~‘-‘, : workpiece from an outer shielding ring. ,,, ,,, The workpiece may or m:+ not be part of the 
~’ electrical circuit. In the “transr‘erred-arc” system, 

the workpiece is a part of the circuit, as in other 
arc-welding processes. The arc “transfers” from the 

Gas CUP 

electrode through the orifice to the work. In the 
“nontransferred” system, the constricting nozzle 
surrounding the electrode acts as an electrical ter- 
minal, and the arc is struck between it and the elec- 
trode tip; the plasma gas then carries the heat to the 
workpiece. Figure 5-26 illustrates transferred and, 
nontransferred arcs. 

The advantages gained by using a constricted-arc: 
process over the gas tungsten-arc process include; 
greater energy concentration, improved arc stability,: 
higher welding speeds, and lower width-to-depth 
ratio for a given penetration. “Keyhole” welding - 
or penetrating completely ,through the workpiece - 
is possible. Figure 5-27 compares gas tungsten-arc 
with transferred plasma-arc and schematically illus-, 
trams the concentration of energy with the latter 
and its superior penetration. 

Manual and mechanized plasma-arc welding are 
described in detail in the AWS Welding Handbook, 
Sixth Edition, Section 3B. That volume also lists an- 
extensive bibliography of literature on the subject, 
with emphasis on applications for the process. 

ATOMIC-HYDROGEN WELDING 

The atomic-hydrogen process of arc welding 
may be regarded as a forerunner of gas-shielded and 
plasma-torch arc welding. Although largely displaced 
by other processes that require less skill and are less 
costly, it is still preferred in some manual operations 
where close control of heat input is required. 

In the atomic-hydrogen process, an arc is estab- 
lished between two tungsten electrodes in a stream 
of hydrogen gas, using AC current. As the gas passes 
through the arc, molecular hydrogen is disassociated 
into atomic hydrogen under the intense heat. When 

l-v- 
Electrode 

I 
Welding High 
power frequency 

SUPPb generator 

Work 

I I -Plasma gas 

Fig. 5-27. Schematic comparison of gas tutlgsten-arc and plasma-arc welding torches. 



me stream of hydrogen atoms strikes the workpiece, 
Le environmental temperature is then at a level 
here recombining into molecules is possible. As a 
!sult of the recombining, the heat of disassociation 
rsorbed in the arc is liberated, supplying the heat 
ceded for fusing the base metal and any filler metal 
rat may be introduced. 

The atomic-hydrogen process depends on an arc, 
ut is really a beating torch. The arc supplies the 
eat through the intermediate of the molecular- 
isassociation, atom-recombination mechanism. 

The hydrogen gas, however, does more than 
tovide the mechanism for heat transfer. Before 
ltering the arc, it acts as a shield and a coolant to 
sep the tungsten electrodes from overheating. At 
le weld puddle, the gas acts as a shield. Since 
ydrogen is a powerful reducing agent, any rust in 
re weld area is reduced to iron, and no oxide can 
>rm or exist in the hydrogen atmosphere until it is 
$ioved. Weld metal, however, can absorb hydro- 
m, with unfavorable metallurgical effects. For this 
tason, the process gives difficulties with steels con- 
unmg sulfur or selenium, since hydrogen reacts 
@h these elements to form hydrogen sulfide or 
ydrogen selenide gases. These are almost insoluble 
&nolten metal and either bubble out of the weld 
$61 vigorously or become entrapped in the solidi- 
$;mg metal resulting in porosity. 
z~.; ~, 
,?#: ; 
!Tj-lER ADAPTATIONS ;, 
_>I,~, Producers of welding equipment and machinery 
‘m constantly developing adaptations of conven- 
onal arc-welding processes for highly specialized 
pplications. These are usually ingenious techniques 

to improve the performance of a basic process with 
a particular type of joint or metal or to hurdle a 
welding cost problem, and they frequently are given 
separate names - either generically or as registered 
trade names. Examples are the Lint-Fill* systems 
for submerged-arc and self-shielded flux-cored weld- 
ing, a trade term for high-deposition-rate welding 
using the long electrical stick-out principle. 

A similar scheme called “hot-wire welding” 
increases the deposition rate of submerged-arc or gas 
tungsten-arc welding. Using a separate power source, 
the filler wire is preheated to almost the melting 
point as it enters the arc area (see Fig. 7-13). Since 
very little heat from the arc is required to complete 
the melting of the wire, it can be fed into the weld 
crater at a much higher rate than normal (see Sec- 
tion 7-5). 

A technique called “narrow-gap” welding is an 
adaptation of the gas metal-arc process. The equip- 
ment is designed to permit welding in a square butt 
joint with a gap opening of l/4 to 3/S in. wide. Thin 
weld beads are deposited alternately in the corners, 
overlapping to fill the gap. The system uses two 
tandem torches operating together, one filling each 
side. Special water-cooled contact tubes, only l/S 
in. thick, are used. Plate up to 6 in. thick can be 
welded from one side. In addition to eliminating the 
need for V or U groove preparations and saving weld 
metal, the high travel speed used with narrow-gap 
welding minimizes heat input and, thus, reduces the 
width of the heat-affected zone and the problems 
that result from excessive heating of the material. 
This is especially important when welding 
high-strength low-alloy steels. 

*LineFill is a trade mark Of the Lincoln Ek&iC co. 



Yield Stmgth Tanrils st*ng* 
min. psi min. psi Filler Metal 

ASTM spec. 

A36 36.000 58 - 80,000 
A53 G,6 35.000 60,000 
A106 GrA 30,000 48.000 

Gr6 35P.70 60,000 
GCC 40,000 io.000 

A131 32,wo 58-71.000 
A139 Gr A 30,000 48,000 

Gr6 35,000 60,000 
A375 ,ObS ,971, l50.000~ l70.000l Shielded Metal-Arc: 
A381 GrK35 35,000 60,000 AWS A5.1 or A5.5 EGOXX or 670Xx 
A500 Gr AR 33.000 45,000 

GrAS 39.ooo 45,000 Submerged-Arc: 
Gr 88 42.ooo 5s.wo AWS A5.17 F6X- o, F’IX-EXXX 
Gr8S 46,WO 58.000 

A601 36.ooo 58,000 Gas Metal-Arc: 
A516 Gr55 3o.ooo 55 65,W0 AWS A5.16 E7OS.X or E-,OU-1 

Gr 60 32.oOJJ 60 - 72.000 
Gr 65 35.000 65 - 77.000 Flux-Cored Arc: 
Gr70 38.m 70 - 85.000 AWS A5.20 EGOT-X or E70T-X 

A524 Gr I 35.000 60 - 65.060 k%cept -2 and -31 
Gr,, 30.000 66 - 80.000 

A529 42.000 60 - 85.000 
A570 Gr 0 40,000 55.000 

GCE 42,000 58,000 
A573 Gr65 35,000 65 77.000 

Gr70 38,000 70 - 85,060 

API Spec. 

5L6 

ASTM Spec. 

A242 is1.21 0 - 3,4 in. 
IS31 3,4 - l-l,2 in. 
(S4.51 ,-I,2 - 4 in. 

A441 Same, except 4- 8 in. 
A537 Clan 1 
A572 Gr42 

Gr45 
Gr 50 
Gr 55 
Gr60 

A586 (S1-41 o-4in. 
cs5) 4 5 in. 

5 - 8 in. 
A618 

API spr. 

5l-x-42 

A8S Spec. 

AH 33 
36 

OH 33 
36 

EH 33 
36 

ASTM spec. 

35,000 60.000 

50,000 70,000 
46,000 67,000 
42,000 63,000 
40.000 60,000 
46.000 65 90,000 
42;OOo 60,000 
46.000 60,WO 
50,000 65.000 
55,000 70.000 
60.000 75,000 
50,000 70,000 
46.000 67,W0 
42.000 63,000 
50,000 65.000 

42,000 60,000 

47,000 71 - 90,000 
51 .ooo 71 - 90,000 
47,000 71 90,ooo 
51.000 71 - 9o.wo 
47,000 71 90,ooo 
51,000 71 - 90,000 

Shielded Metal-Arc: 
AWS A5.1 or A5.5 E70XX 

Submerged-Arc: 
AWSA5.17 F7X-EXXX 

Gas Metaf-Arc: 
AWS A5.18 670%X or 570”.1 

Flux-Cored Are: 
AWS A6.20 E70T-X (except -2 and -3, 

Shielded Metal-Arc: AWS A5.5 EBOXX 
A572 Gr 65 
A537 Class2 

65.000 80.000 Submerged-Arc: Grade F80 
56,000 75 - 100,000 Gas Metal-Arc: Grade E80S 

Flux-Cored Arc: Grade ESOT 

A514 

A517 

0 - 2-l/2 in. 
2-l/2 in. and over 

100,000 115-136.000 
90,000 106 - 135.000 

100.000 115-135.000 

Shielded Metal-Arc: AWS A5.5 EltOXX 
8”bmerged-Arc: Grade FllO 
Gas Metal-Arc: GradeEllOS 
Flux-Cored Arc: GradeElIOT 
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Carbon and low-alloy steels are the work-horse 
naterials for construction and transportation equip- 
nent and for industrial and consumer products of 
nany types. They comprise over 90% of total steel 
woduction, and more carbon steel is used in 
oroduct manufacture than all other metals 
combined. 

Sections 6.1 through 6.7 discuss the weldability 
If these important materials and the various welding 
5rocesses that are used for joining them. Selection 
md operational considerations for each process 
&&de details on electrodes, filler wires, welding 
;ec,hniques and procedures, process variables, qualifi- 
g::, @“t,ion requirements, welding equipment, fixtures, 
&rd: other necessary information for designers, 
&elding engineers, and weldors. 
&Most steels can be welded, but satisfactory joints & ,,.~ 
cannot be produced in all grades with equal ease. A 
metal is considered to have good weldability if it can 
&;::$&ld~ without excessive difficulty or the lIeed 
~~~~~~pecial and costly procedures and the weld joints 
&re equal in all necessary respects to a similar piece 
&solid metal. Weldability varies with the grade, 
$hemistry, and mechanical properties of the steel, 
and, when weld joining is to be a major factor in the 
&achment of steel parts, weldability should be 
given proper attention in specifying and ordering 
materials for the job. 

STEEL SPECIFICATION 

Several methods are used to identify and specify 
steels. These are based on chemistry, on mechanical 
properties, on an ability to meet a standard specifi- 
cation or industry-accepted practice, or on an ability 
to be fabricated into a certain type of product. 

Specifying by Chemistry 
A desired composition can be produced in one 

of three ways: to a maximum limit, to a minimum 
limit, or to an acceptable range. 

For economical, high-speed welding of carbon- 
steel plate, the composition of the steel should be 
within the “preferred-analysis” ranges indicated in 
Table 6-l. If one or more elements varies from the 

Weldability of ,Carbon and 
Li~wAllby Steels 

,I’ 
TABLE 6-1. Preferred Analyses for St&Is 

To Be ,Arc-Wfilded 

I n (%I 
Element la Highs 

Carbon 0.06 to 0.25 0.35 

Manganese 0.~35 to 0.80 1.40 

Silicon 0.10 or less 0.30 

I Sulfur 0.035 or less 0.05 

Phosphorus 0.030 or less 0.04 

* Additional care i* required in welding of *feds confaining 
there amounts Of the elements listed. 

ranges shown, cost-increasing methods are usually 
required to produce good welding results. Thus, 
steels within these ranges should be used whenever 
extensive welding is to be done unless their proper- 
ties do not meet service requirements. Published 
welding procedures generally apply to normal weld- 
ing conditions and to the more common preferred- 
analysis mild steels. Low-hydrogen electrodes and 
processes will generally tolerate a wider range of the 
elements than shown in Table 6.1. 

If the chemical specification of a steel falls out- 
side of the preferred-analysis range, it is usually not 
necessary to use special weldingprocedures based on 
the extremes allowed by the specification. The 
chemistry of a specific heat, under average mill- 
production conditions, may be considerably below 
the top limits indicated in the specification. Thus, 
for maximum economy, welding procedures for any 
type of steel should be based on actual rather than 
allowed chemistry values. A mill test report* can be 
obtained that gives the analysis of a heat of steel. 
From this information, a welding procedure can be 
established that ensures production of quality welds 
at lowest possible cost. 

Standard carbon and alloy steels are identified 
by AISI (American Iron and Steel Institute), SAE 

*A mill test repnrt is us.rd!!y based on a ladle anaiysis and is an 
average for an entire heat. MC& low-carbon rtee*s are rimmed steels, 
widely use* because Of their excellent forming an.3 deep-drawing 
properties. The anahiis of a rimmed steel varies from the first ingot 
to the last ingot of a single heat and also from the top to the bottom 
of a single ingot. thus, a mi,, test report is an avenge and should be 
interpreted as Such. 



~~6.7-2 : &l&j &rbon~ &d LoGAll& heel 

TABLE 6-2. AlSl Designation 
System for Alloy S?eels 

AllOV 
Series 

13xx 
4OXX 
41xx 
43xx 
44xx 
46XX 
47xx 

: 

48xx 
5oxx 
51xx 

E51100 
ES100 

61xX 
86XX 
87XX 
88xX 
92xX 

Approximate Alloy 
Conlent 1%) 

Mn 1.60-1.90 
MO 0.15-0.30 
Cr 0.40-1.10: Mo 0.08-0.35 
,Ni 1.65-2.00; Cr 0.40-0.90; MO 0.20-0.30 
MO 0.45-0.60 
Ni 0.70-2.00; MO 0.15-0.30 
Ni 0.90-l .20; Cr 0.35-0.55: MO 0.15.Ol40 
Ni 3.25-3.75; MO 0.20-0.30 
Cr 0.30-0.50 
Cr 0.70-l .15 
c 1 .oo: Cr 0.90-l .I 5 
c 1 .oo; Cr 0.90-l .15 
Cr 0.50-1.10; Va 0.10-0.15 (mid 
Ni 0.400.70: Cr 0.4OO.Ml; MO 0.15-0.25 
N i 0.40-0.70: Cr 0.40-0.80: MO 0.20-0.30 
Ni 0.40-0.70; Cr 0.490.60~ Ma 0.30-0.40 
Si 1.80-2.20 

(Society of Automotive Engineers), or ASTM 
(American Society for Testing Materials) designation 
systems. In the commonly used four-digit system of 
the AISI and SAE (Table 6-2), the last two digits 
indicate the middle of the carbon range. For 

,” example, in grade 1035, the 35 represents a carbon 
range from 0.32 to 0.38%. The first two digits 

” indicate these carbon-steel grades: 

10xX Nonresulfurized 
llxx Resulfurized 
12xx Resulfurized and rephosphorized 

A prefix “B” indicates an acid bessemer steel, an 
“E” indicates an electric-furnace steel. The E steels 
are usually alloy or stainless-steel grades. Steels with- 
out a prefix designation may be’ produced by basic 
open hearth, basic oxygen, or lectric-furnace 
methods. 

The letter “L” between the second and third 
digits indicates a leaded steel. The letter “B” in the 
same position designates a boron-treated steel. The 
suffix “H” refers to steels specially produced to 
narrow chemical and hardenability ranges. 

These four-digit AISI or SAE standard steel 
designations apply primarily to sheet, strip, and bar 
products. ASTM specifications apply to most plates 
and structural shapes. 

Some of the commonly specified elements and 
their effects on weldability and other characteristics 
of steels follow: 

Carbon is the principal hardening element in 
steel. As carbon content increases, hardenability and 
tensile strength increase, and ductility and welda- 
bility decrease. In steels with a carbon content over 

0.25%, rapid cooling from the welding temperature 
may produce a hard, brittle zone adjacent to the 
weld. Also, if considerable carbon is picked up in 
the weld puddle through admixture from the metal 
being welded, the weld deposit itself may be hard. 
Addition of small amounts of elements other than 
carbon can produce high tensile strengths without a~ 
detrimental effect on weldability. In general, carbon 
content should be low for best weldability. 

Manganese increases hardenability and strength, 
but to a lesser extent than carbon. Properties of 
steels containing manganese depend principally on 
carbon content. Manganese content of less than 
0.30% may promote internal porosity and cracking 
in the weld bead; cracking can also result if the 
content is over 0.80%. 

For good weldability, the ratio of manganese to 
sulfur ,should be at least ten to one. If a steel has a 
low manganese content in combination with a low 
carbon content, it may not have been properly 
deoxidized. In steel, manganese combines with 
sulfur to form MnS, which is not harmful. However, 
a steel with a low Mn/S ratio may contain sulfur in 
the form of FeS, which can cause cracking (a 
“hot-short” condition) in the weld. 

In general, manganese increases the rate of 
carbon penetration during carburizing and is bene- 
ficial to the surface finish of carbon steels. 

Sulfur increases the machinability of steels, but 
reduces transverse ductility, impact toughness, and 
weldability. Sulfur in any amount promotes hot 
shortness in welding, and the tendency increases 
with increased sulfur. It can be tolerated up to 
about 0.035% (with sufficient Mn), over ‘0.050% it 
can cause serious problems. Sulfur is also detri- 
mental to surface quality in low-carbon and 
low-manganese steels. 

A common cause of poor welding quality that is 
not apparent from analyses made in the usual way is 
segregated layers of sulfur in the form of iron 
sulfide. These layers, which cause cracks or other 
defects at the fusion line of an arc-welded joint, can 
be detected by examination of a deep-etched cross 
section as illustrated in Fig. 6-1. 

areasof high sulfur concentration, 
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Silicon is a deoxidizer that is added during the 
making of steel to improve soundness. Silicon 
increases strength and hardness, but to a lesser 
extent than manganese. It is detrimental to surface 
quality, especially in the low-carbon, resulfurized 
grades. If carbon content is fairly high, silicon aggra- 

,vates cracking tendencies. For best welding condi- 
tions, silicon content should not exceed 0.10% but 
amounts up to 0.30% are not as serious as high 

,’ sulfur or phosphorus content. 
Phosphorus, in large amounts, increases strength 

” and hardness, but reduces ductility and impact 
1:~ strength, particularly in the higher-carbon grades. In 
;low-carbon steels, phosphorus improves machina- 

to atmospheric corrosion. 
As far as welding is concerned, phosphorus is an 

and should be kept as low as possible. 
makes welds brittle and increases the 

m&ndency to crack. Phosphorus also lowers the sur- 
&e tension of the molten weld metal, making it 
~~~~ult to control. 
~~~:‘Copper improves atmospheric corrosion resist- 
@ce’ when present in excess of 0.15%. (A minimum 

;:6:20% is usually specified for this purpose.) Most 
g.bon steels contain some copper as a “tramp ele- 
W,” up to about 0.15%. Copper content up to 
i$$t 1.50% has little or no effect on the acetylene 
;Z!,,,arc-weldability of a steel, but it affects forge- 

gay 
.ability adversely. Copper content over 0.50% 
reduce mechanical properties, however, if the 

steel .is heat-treated. 
!:?$:$Zopper content is detrimental to surface quality, 
tiicularly in high-sulfur grades. 

Specifying by Mechanical Properties 
,’ The producer of steels specified by mechanical 

iroperties is free to alter the chemistry of the steel 
iwithin limits) to obtain the required properties. 
Mechanical tests are usually specified under one of 
these conditions: 1. Mechanical test requirements 
only, with no limits on chemistry. 2. Mechanical 
test requirements, with limits on one or more 
elements. 

Generally, these tests have been set up according 
to practices approved by the SAE (Society of Auto- 
motive Engineers) or ASTM (American Society for 
Testing and Materials) or to the requirements of 
other authorized code-writing organizations, such as 
the ASME (American Society of Mechanical Engi- 
neers) or the API (American Petroleum Institute). 

The most common tests are bend tests, hardness 
tests, and a series of tensile tests that evaluate 
modulus of elasticity, yield strength, and tensile 

strength. Section 1.2 discusses some of these tests 
and the properties they determine. Metallurgical 
tests are sometimes used to measure grain size, 
decarburization, or inclusions. Other tests relating to 
end-use requirements, such as burst tests for pres- 
sure tubing, may be included in some specifications. 

Most carbon steels ‘are produced to standard 
specifications established by regulating bodies con- 
cerned with public welfare and safety. The largest 
and most influential body of this type is the ASTM. 
Other major groups are the SAE, the ASME, the 
AAR (American Association of Railroads), and the 
AWWA (American Water Works Association). ASTM 
specifications are broad, covering requirements of 
many industries. Most other groups prepare steel 
specifications for the needs and interests of their 
particular industries. 

Specifying by End-Product 
Often more important than exact mechanical 

properties or chemical analysis is the ability of a 
steel to be fabricated into a specific end product. 
Fabricating operations such as welding or deep 
drawing can change the as-delivered properties of a 
steel, and more than one chemical analysis or steel- 
making method can often produce a suitable 
material for the product. Consequently, many flat- 
rolled steel products such as plate, sheet, and strip 
are specified to have adequate properties for 
fabrication into an “identified” end product. 

A specification for an identified end product 
tells the steel producer which fabrication processes 
will be used, finish requirements, and the product’s 
service requirements. 

METALLURGY OF A WELD BEAD 

The heat of welding brings about certain 
changes, both in the structure of the steel being 
welded and in the weld metal. Some of these 
changes occur during welding; others, after the 
metal has cooled. 

During welding, the temperature of the molten 
weld metal reaches 30000F or higher. A short dis- 
tance from the weld, the temperature of the plate 
may be only about 6000F. When the steel reaches or 
exceeds certain critical temperatures between these 
values, changes occur that affect grain structure, 
hardness, and strength properties. These changes and 
the temperatures at which they occur are illustrated 
by Fig. 6-2, a schematic diagram of a section through 
a weld bead. 
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Fig. 6-2. Effect of welding heat on hardness and microstructure of an 
arc-welded 0.25% carbon steel plate. The schematic diagram represents 
a strip cut vertically through the weld shown. Significance of the four 
numbered zones are: 1. Metal that has been melted and resolidified. 
Grain stwcture is coarse. 2. Metal that has been heated above the 
upper critical temperature (1525OF for 0.25% carbon steel) but has 
not been melted. This area of large grain growth is where underbead 
cracking can occur. 3. Metal that has been heated slightly above the 
lower critical temperature (1333’F) but not to the upper critical 
temperature. Grain refinement has taken place. 4. Metal that has been 
heated and cooled, but not to a high enough temperature for a 
structural change to occur. 

The extent of change in structure depends on 
the maximum temperature to which the metal is 
subjected, the length of time the temperature is sus- 
tained, the composition of the metal, and the rate of 
cooling. The principal factor that controls these 
changes is the amount of heat that is put into the 
plate - both from preheating and from the welding 
process. 

Cooling rate affects properties along with grain 
size. Rapid cooling rates produce stronger, harder, 
and less ductile steels; slow cooling rates produce 
the opposite properties. With low-carbon steels, the 
relatively small differences in cooling rates in normal 
ljractice have negligible effects on these properties. 
However, with steels of higher carbon contents or 
those with appreciable amounts of alloying 
elements, the effect can be significant. 

Holding the plate material at a high temperature 
(above the upper critical temperature) for a long 
time produces a structure with large gram size. 
During welding, however, the metal adjacent to the 
weld (Zone 3 in Fig. 6-2) is at the high temperature 
for a very short time. The result is a slight decrease 
in grain size and an increase in strength and hard- 
ness, compared with the base metal. 

In multipass weld joints, each bead produces a 
grain-refining action on the preceding bead as it is 
reheated. However, this refining is not likely to be 
uniform throughout the joint. 

CRACKING - CAUSES AND CURES 

Except in some weld-surfacing operations, 
cracks are considered deleterious. Cracking can 
occur either in the deposited metal or in the heat- 
affected zone of the base metal adjacent to the 
weld. The major cause of cracking in the base metal 
or in the weld metal is a high carbon or alloy con- 
tent that increases the hardenability. High hardena- 
bility, combined with a high cooling rate, produces 
the brittle condition that leads to cracking. Other 
causes of weld cracking are: joint restraint that 
produces high stresses in the weld, improper shape 
of the weld bead, hydrogen pickup, and 
contaminants on the plate or electrode. 

Factors Causing Underbead Cracking 
Subsurface cracks in the base metal, under or 

near the weld, are known as underbead cracks. 
Underbead cracking in the heat-affected base metal 
is caused by: 1. A relatively high carbon or alloy 
content steel that is allowed to cool too rapidly 
from the welding temperature. 2. Hydrogen pickup 
during welding. 

Underbead cracking seldom occurs with the 
preferred-analysis steels (Table 6-l). With carbon 
steels above 0.35% carbon content and with the 
low-alloy structural-grade steels, underbead cracking 
can be minimized by using a low-hydrogen welding 
process. The problem is most severe with materials 
such as the heat-treated structural steels having 
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Most of the hydrogen escapes 
through the weld into the air 

Adjacent plate is transformed 
to austenite when heated 
by welding; hydrogen is 
soluble in this region 

This region remains as 
Difficult for hydrogen 
to diffuse any farther 

ferrite, which has no soiubility 
for hydrogen 

I. 6-3. Austenitic heat-affected zone of a weld has high solubility 
hydrogen. Upon cooling. the hydrogen builds up pressure that can 

E=S underbead cracking. 

nsile strengths of 100,000 psi and higher. The dis- 
ssions on specific steels include recommendations 
r welding these materials. 

The second factor that promotes underbead 
acking - the pickup and retention of hydrogen - 
also influenced by the cooling rate from the weld- 
g,‘temperature. During welding, some hydrogen - 
Idecomposition product of moisture from the air, 
@rode coating, wire, flux, shielding gas, or the 
grace of the plate - can dissolve into the molten 
$l metal and from there into the extremely hot 
;&it not molten) base metal. If cooling occurs 
s,w!y, the process reverses, and the hydrogen has 
fficient time to escape through the weld into the 
$But if cooling is rapid, some hydrogen may be 
spped in the heat-affected zone next to the weld 
etal, as illustrated by Fig. 6-3. The hydrogen is 
tsorbed and produces a condition of low ductility 
Town as hydrogen embrittlement. 
,‘; One theory suggests that the hydrogen produces 
pressure, which - combined with shrinkage 

resses and any hardening effect from the chemistry 
the steel - causes tiny cracks in the metal immed- 

tely under the weld bead (Fig. 6-4). Similar cracks 

L Underbead crack 

g. 6-4. Underbead cracking and toe cracks caused by hydrogen 
zkup in heat-affected zone of plate. 

that appear on the plate surface adjacent to the weld 
are called “toe cracks.” 

Slower cooling (by welding slower, or by pre- 
heating) allows more of the hydrogen to escape and 
helps control the problem. In addition, the use of 
low-hydrogen welding materials eliminates the major 
source of hydrogen and usually eliminates under- 
bead cracking. 

Rapid cooling rates occur when the arc strikes 
on a cold plate - at the start of a weld with no 
previous weld bead to preheat the metal. The 
highest cooling rates occur on thick plate and in 
short tack welds. The effect of weld length on cool- 
ing rate can be illustrated by the time required to 
cool welds from 1600° to 200°F on a 3/4-in. steel 
plate: 

2-l/2-in. weld . . . . . . . . . 1.5 min 
4-in. weld _ . . . . . . . . . . 5 min 
g-in. weld . . . . . . . . . . . 33 min 

A 9-in.-long weld made on plate at ‘70°F has 
about the same cooling rate as a 3-in. weld on a plate 
that has been preheated to 300’F. 

Welds with large cross sections require greater 
heat input than smaller ones. High welding current 
and slow travel rates reduce the rate of cooling and 
decrease the likelihood of cracking. 

The Effects of Section Thickness 
In a steel mill, billets are rolled into plates or 

shapes while red hot. The rolled members are then 
placed on finishing tables to cool. Because a thin 
plate has more surface area in proportion to its mass 
than a thick plate, it loses heat faster (by radiation) 
and cools more rapidly. 

If a thick plate has the same chemistry as a thin 
one, its slower cooling rate results in lower tensile 
and yield strength, lower hardness, and higher elong- 
ation. In very thick plates, the cooling rate may be 
so low that the properties of the steel may not meet 
minimum specifications. Thus, to meet specified 
yield-strength levels, the mill increases the carbon or 
alloy content of the steels that are to be rolled into 
thick sections. 

In welding, cooling rates of thin and thick plates 
are just the opposite. Because of the larger mass of 
plate, the weld area in a thick plate cools more 
rapidly than the weld area in a thin one. The heat 
input at the weld area is transferred, by conduction, 
to the large mass of relatively cool steel, thus cool- 
ing the weld area relatively rapidly. (Heat is trans- 
ferred more rapidly by conduction than by radia- 
tion.) The thin plate has less mass to absorb the 
heat, and it cools at a slower rate. The faster cooling 



Fig. 6-S. A groove-welded butt joint in thick plate la) requires a 
higher preheat. because of joint restraint. than a fillet-welded joint of 
a thin member and a thick plate (bl. See Section 2.3 for the minimum 
size weld required by AWS. 

of the thicker plate produces higher tensile and yield 
strengths, higher hardness, and lower elongation. 

Welds in structural-steel shapes and plate under 
l/2&. thick have less tendency toward cracking 
than welds in thicker plate. In addition to the favor- 
able (slower) cooling rate of thinner members, two 
other factors minimize causes of cracking: 
1. Thinner plate weldments usually have a good 
ratio (high) of weld-throat-to-plate thickness. 
2. Because they are less rigid, thinner plates can flex 
more as the weld cools, thus reducing restraint on 
the weld metal. 

Thicker plates and rolled sections do not have 
these advantages. Because a weld cools faster on a 
thick member, and because the thick member prob- 
ably has a higher carbon or alloy content, welds on a 
thick section have higher strength and hardness but 
lower ductility than similar welds on thin plate. If 
these properties are unacceptable, preheating 
(especially for the more critical root pass) may be 
necessary to reduce the cooling rate. (See Section 
3.3 for a discussion of preheating.) 

Because it increases cost, preheating should be 
used only when needed. For example, a thin web to 
be joined to a thick flange plate by fillet welds may 
not require as much preheat as two highly restrained 

la) la) lb) lb) 
Fig. 6-6. In a restrained joint in thick plafes Ial. all shrinkage stress 
must be taken up in the weld. Separating the plates with soft wires lb) 
allows the plates to move slightly during cooling. The wires flatten Cc) 
and remove most of the stress from the weld metal. 

;. ,& j; 
Molten weld 

Solid weld 

Fig. 6-7. A molten fillet weld (al starts to solidify along rhe sides next : 
to the plate (b). Solidification proceedsasshown in ICI and td). 

thick plates joined by a multiple-pass butt weld (Fig. 
6-5). 

The Effect of Joint Restraint 
If metal-to-metal contact exists between thick 

plates prior to welding, the plates cannot move - 
the joint is restrained. As the weld cools and con- 
tracts, all shrinkage stress must be taken up in the 
weld, as illustrated in Fig. 6-6(a). This restraint may 
cause the weld to crack, especially in the first pass 
on the second side of the plate. 

Joint restraint can be minimized by providing a, 
space of l/32 to l/16 in. between the two members, 
to allow movement during cooling. Such spaces or 
gaps can be incorporated by several simple means: 

1. Soft steel wire spacers may be placed 
between the plates, as in Fig. 6-6(b). The 
wire flattens out as the weld shrinks, as 
shown in Fig. 6-6(c). (Copper wire should 
not be used because it may contaminat,e the 
weld metal). 

2. Rough flame-cut edges on the plate. The : 
peaks of the cut edge keep the plates apart,;, 
yet can deform and flatten out as the weld 
shrinks. 

3. Upsetting the edge of the plate with a heavy 
center punch. Results are similar to those of 
the flame-cut edge. 

Provision for a space between thick plates to be 
welded is particularly important for fillet welds. 



/a, Concaveweld lb, convex weld 

,Fig. 6-6. The leg size and the surface of a concave fillet weld (a) may 
be larger than that of a convex bead ibl. but its throat. t. may be 
cbnsiderably smaller. 

:: FiIIet Welds: A molten fillet weld starts to 
es of the joint, as in 

is conducted to the 
at a much lower tempera- 

Freezing progresses inward until the entire 
s solid. The last material to freeze is that at 

center, near the surface of the weld. 
ough a concave fillet weld may appear to be 
an a convex weld (Fig. 6-S), it may have less 
on into the welded plates and a smaller 

the stronger of the two, even though it 

resist’ a load on the joint. Experience has 
gle-pass concave fillet welds 

iRave a greater tendency to crack during cooling than 
$$Io,-; c,onvex welds. This disadvantage usually out- 
$weighs the effect of improved stress distribution, 
,;,especially in steels that require special welding 
::procedures. 
i ” When a concave bead cools and shrinks, the 
,outer surface is in tension and may crack. A convex 
,bead has considerably reduced shrinkage stresses in 
the surface area, and the possibility of cracking dur- 
‘ing cooling is slight. For multiple-pass fillet welds 
only thee fist pass need be convex. 

When design conditions require concave welds 

I Fig. 6-9. The root pa% of a doub&V joint is susceptible to cracking 
because of the notch effect (al. On high-quality work. the notch is 
minimized by backchipping lb). 

Fig. S-10. A concave root pas: !a1 may crack because tensile stressss 
exceed the strength of the v&d metal. A slightly convex root-pass 
bead (b) helps prevent cracking. 

TOO wide and ccJ”ca”e Washed up too high Flat or Ilightly co”“ex, 
IAlso, pow slag removal, an.3 concaw less than ‘“II width 

IAlSO. good *,a* removal) 

la1 fbl Id 

Fig. 6.11. Wide, concave passes (a and bl in a multiple-passweld may 
crack. Slightly convex beads (ct are recommended. 

for smooth flow of stresses in thick plate, the first 
bead (usually three or more passes are required) 
should be slightly convex. The others are then built 
up to the required shape. 

Groove Welds: The root pass of a groove weld in 
heavy plate usually requires special welding proced- 
ures. For example, the root pass on the first side of 
a double-V joint is susceptible to cracking because 
of the notch, as illustrated in Fig. 6-9(a), which is a 
crack starter. On high-quality work, this notch is 
backchipped, as in Fig. 6-9(b), to: 1. Remove slag 
or oxides from the bottom of the groove. 
2. Remove any small cracks that may have occurred 
in the root bead. 3. Widen the groove at the bottom 
so that the first bead of the second side is large 
enough to resist the shrinkage that it must withstand 
due to the rigidity of the joint. 

The weld metal tends to shrink in all directions 
as it cools, and restraint from the heavy plates pro- 
duces tensile stresses within the weld. The metal 
yields plastically while hot to accommodate the 
stresses; if the internal stresses exceed the strength 
of the weld, it cracks, usually along the centerline. 

The problem is greater if the ‘plate material has a 
higher carbon content than the welding electrode. If 
this is the case, the weld metal usually picks up 
additional carbon through admixture with the base 
metal. Under such conditions, the root bead is 
usually less ductile than subsequent beads. 

A concave root bead in a groove weld, as shown 
in Fig. 6-10(a), has the same tendency toward crack- 
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Fig. 6-12. Infernal cracking can occur when weld penetration is greater than width. Correct and incorrect propor- 
tions are shown in la). (01, and (Cl. Arc-gouging a groove too narrow for its depth can cause a similar internal crack 
cd). Cracks can also occur when depth is too shallow tel. Width of a weld should not exceed twice its depth. 

ing as it does in a fillet weld. Increasing the throat 
dimension of the root pass, as in Fig. 6-10(b), helps 
to prevent cracking. Electrodes and procedures 
should be used that produce a convex bead shape. A 
low-hydrogen process usually reduces cracking 
tendencies; if not, preheating may be required. 

Centerline cracking can also occur in subsequent 
passes of a multiple-pass weld if the passes are exces- 

sively wide or concave. This can be corrected by 
putting down narrower, slightly convex beads, mak, 
ing the weld two or more beads wide, as in Fig 
6-11. 

Width/Depth Ratio: Cracks caused by join1 
restraint or material chemistry usually appear at the 
face of the weld. In some situations, however 
internal cracks occur that do not reach the surface 



Fig. 6.13. Lamellar tearing ia) and a suggested solution lb) 

hese are usually caused by improper joint design 
iarrow, deep grooves or fillets) or by misuse of a 
,elding process that can achieve deep penetration. 

If the depth of fusion is much greater than the 
idth of the weld face, the surface of the weld may 
:eeze before the center does. When this happens, 
ie shrinkage forces act on the almost-frozen center 
;he strength of which is lower than that of the 
:ozen surface) and can cause a crack that does not 
rtend to the surface. Figure 6-12(a) is illustrative. 

Internal cracks can also be caused by improper 
nnt design or preparation. Results of combining 
lick plate, a deep-penetrating welding process, and 
45O included angle are shown in Fig. 6-12(b). A 

imilar result on a fillet weld made with deep pene- 
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and arc-gouging a groove too narrow for its depth on 
the second-pass side of a double-v groove weld, can 
cause the internal crack shown,in Fig. 6-12(d). 

Internal cracks are serious because they cannot 
be detected by visual inspection methods. But they 
can be eliminated if preventive measures are used. 
Penetration and volume of weld metal deposited in 
each pass can be controlied by regulating welding 
speed and current and by using a joint design which 
establishes reasonable depth-of-fusion requirements. 
Recommended ratios of width of each individual 
bead to depth of fusion are between 1.2 to 1 and 2 
to 1. 

A different type of internal crack occurs in sub- 
merged-arc welding when the width-to-depth ratio is 
too large. Cracks in these so-called “hat-shaped” 
welds are especially dangerous because radiographic 
inspection may not detect them. The width-to-depth 
ratio of any individual bead should not exceed 2:l. 

Lamellar cracking or tearing is illustrated in Fig. 
6-13. In (a), the shrinkage forces on the upright 
member are perpendicular to the direction in which 
the plate was rolled at the steel mill. The inclusions 
within the plate are strung out in the direction of 
rolling. If the shrinkage stress should become high 
enough, lamellar tear might occur by the progressive 
cracking from one inclusion to the next. A way to 
prevent this is illustrated in Fig. 6-13(b). Here, the 
bevel has been made in the upright plate. The weld 
now cuts across the inclusions, and the shrinkage 
forces are distributed, rather than applied to a single 
plane of inclusions. 

Observations on Factors Contributing to Cracking 
Two articles’ ? appearing in the Welding Journal 

in 1964 summarize several of the factors confirmed 
by research as contributory to weld cracking: 

1. The contraction forces of multiple-pass 
welds tend to cause separations in the base 
metal and they generally increase with the 
strength and/or hardenability of the filler 
metal and base metals. Therefore, softer 
weld metal would tend to decrease not only 
weld metal cracks but also heat-affected 
zone cracks and lamellar tearing. 

2. The susceptibility to delayed cracking is 
proportional to the hydrogen content of the 
welding atmosphere. 

l“Weld Cracking lhder Hindered Contraefion: Comparison of Weld- 
ing Pmeesses. ” Travis, Barry. Moffat. and Adams. MIT. Welding 
Journal, November, 1964 

2”Detayed Cracking in Steel Wetdments.” Internante and Stout. 
Welding Journal, *wit, 1964. ration is shown in Fig. 6-12(c). A too-small bevel, 



3. Greater crack sensitivity is exhibited by 
high-chemistry base metal and by heavier 
plate thicknesses. 

4. In general, cracking will initiate in the heat- 
affected zone of the base metal, except in 
cases where the weld metal is of higher 
hardness. 

5. With an open-arc or even a shielded-arc 
manual electrode, it can be assumed that in 
hot humid weather the arc atmosphere will 
contain more hydrogen as water vapor than 
in cool, dry weather. Any tendency to mini- 
mize the importance of preheat, of keeping 
the joint hot, or possibly of postheat in hot 
summer months, could be at the root of 
cracking problems on heavy restrained 
joints. This would be especially true if either 
the weld metal or the base metal is harden- 
able because of alloy or carbon content. 

Low heat input with interruptions in the weld- 
ing cycle tends to aggravate the problem. 

The welding position and its influence on bead 
size, heat input, number of layers, etc., has a direct 
influence on the cracking tendency. For example, 
three-o’clock groove welds are more sensitive to 

:’ cracking than flat-position groove welds. 

STEELS AND WELDING RECOMMENDATIONS 

The Carbon Steels 
Classification of the carbon steels is based prin- 

cipally on carbon content. The groups are: low- 
carbon (to 0.30% carbon), medium-carbon (0.30 to 
0.45%), and high-carbon (more than 0.45%). The 
first group is sometimes subdivided into the very- 
low-carbon steels (to 0.15%) and the mild steels 
(0.15 to 0.30%). Standard SAE compositions of 
carbon steels, applicable to structural shapes, plate, 
strip, sheet, and welded tubing are listed in Table 
6-3. 

Mechanical properties of hot-finished steels are 
influenced principally by chemical composition 
(particularly carbon content), but other factors - 
finishing temperature, section size, and the presence 
of residual elements - also affect properties. A 
3/4-in. plate, for example, has higher tensile proper- 
ties and lower elongation than a l-l/2-in. plate of 
the same composition. This results from the higher 
rate of cooling of the 3/4-in. plate from the rolling 
temperature. Typical tensile properties of hot-rolled 
and cold-finished low-carbon steels are listed in 
Table 6-4. 

TABLE 6-3. Cor 

SAE 
Number 

1005 
1006 
1008 
1010 
1011 
1012 

1013 
,015 
1016 
1017 
1018 
1019 

1020 
102, 
1022 
1023 
1026 
1026 

1029 
1030 
1035 
1037 
1038 
1039 

1040 
,042 
1043 
1044 
1045 
1046 

1049 
,050 
,053 
1055 
1060 
1064 

1065 
1069 
1070 
1074 
1075 
1078 

1080 
1084 
1085 
1086 
1090 
1095 

Cha 

C 

0.06 max. 
0.08 max. 
0.10 nlax. 
0.08-0.13 
0.08-0.13 
0.10-0.15 

0.11-0.16 
0.13-0.18 
0.13-0.18 
0.15-0.20 
0.15-0.20 
0.15J3.20 

0.18-0.23 
0.18-0.23 
0.18-0.23 
0.20-0.25 
0.22-0.28 
0.22-0.28 

0.250.31 
0.28-0.34 
0.32-0.38 
0.32-0.38 
0.36-0.42 
0.37-0.44 

0.37-0.44 
0.40-0.47 
0.40-0.47 
0.43-0.50 
0.43-0.50 
0.43-0.50 

0.46-0.53 
0.48-0.55 
0.48-0.55 
0.50-0.60 
0.55-0.65 
0.60-0.70 

0.60-0.70 
0.65-0.75 
0.65-0.75 
0.70-0.80 
0.70-0.80 
0.72-0.85 

0.75-0.88 
0.80-0.93 
0.80-0.93 
0.80-0.93 
0.85-0.98 
0.90-l .03 

ositions of Carbon ! 

:a1 Composition Limit 

0.35 max. 
0.25-0.40 
0.30-0.50 
0.30-0.60 
0.60-0.90 
0.30-0.60 

0.50-0.80 
0.30-0.80 
0.60-0.90 
0.30-0.60 
0.60-0.90 
0.70-1.00 

0.30-0.60 
0.60-0.90 
0.70-l .oo 
0.30-0.60 
0.30-0.60 
0.60-0.90 

0.60-0.90 
0.60-0.90 
0.60090 
0.70-1.00 
0.60090 
0.70-1.00 

0.601).90 
0.60.0.90 
0.70-1.00 
0.30-0.60 
0.60-0.90 
0.70-0.90 

0.80-0.90 
0.60-0.90 
0.70-l .oo 
0.60-0.90 
0.60-0.90 
0.50-0.80 

0.60.O.SC 
0.40-0.70 
0.60.O.SC 
0.50.0.8C 
0.40.0.70 
0.30.0.6r 

0.60-0.9’ 
0.60-0.9, 
0.70-l ,o 
0.30-0.5 
0.60-0.9 
0.30-0.5 

, 
I 
/ 

, 
, 

, 
, 
I 
1 
I 

J 

0 
0 
0 
0 
0 
0 

P. max. 

0.040 
0.040 
0.040 
0.070 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 

o.040 

0.040 
0.040 
0.040 
0.040 
0.040 
0.040 

4s 

81 

s, max. 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.060 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

Low-Carbon Steels 
In general, steels with carbon contents to 0.30% 

are readily joined by all common arc-weldin 
processes. These grades account for the greatest ton 
nage of steels used in welded structures. Typica 
applications include tanks, structural assemblies 
vessels, machine bases, earth-moving and agricultura 



TABLE 6-4. Typical Minimum Mechanical 
Properties of Carbon-Steel Bars 

Tensile Yield 
AISI or Strength Strength Elongation in 

SAE No. Condition* (1000 psi) (1000 psi) 2 in. (%I 

1010 HR 47 26 28 
CF 53 44 20 

1015 HR 50 28 28 
CF 56 47 18 

1020 HR 55 30 25 
CF 61 51 15 

1025 HR 58 32 25 
CF 64 54 15 

1030 HR 68 38 20 
CF 76 64 12 I I I I 

1035 1 HR 72 I 40 18 1 
CF 80 67 12 

1040 HR 76 42 18 
CF 85 71 12 

1045 1 HR I 82 I 45 I 16 
CF 91 77 12 

ig 1050 HR so 50 15 
CF 100 84 10 

q:.?<,:, 
r;g;, HR = hot rolled; CF = cold finirhed. 
&ha from ASP,, Metalr Handbook, 8th Ed., “01. 1 

& 
&f;,;,,,, 
pgj$ ‘, 
gppment, and general weldments. 
$!p ‘$;81’;Z,,Steels with very low carbon content - to 0.13% 
:&are good welding steels, but they are not the best @j;$r 
@;; Qh-speed production welding. The low c=bon 
;e;o,ntent and the low manganese content (to 0.30%) 
@nd to produce internal porosity. This condition is 
?@ually corrected by modifying the welding 
$i$cedure slightly - usually by using a slower speed. 
&the presence of some internal porosity has no 
&trimental effect on service requirements of the 
‘a&mbly, standard high-speed welding procedures 
‘Can be used. 
‘: Steels with very low carbon content are more 
ductile and easier to form than higher-carbon steels. 
They are used for applications requiring consider- 
able cold forming, such as stampings or rolled or 
formed shapes. 

Steels with 0.15 to 0.20% carbon content have 
excellent weldability. They seldom require anything 
beyond standard welding procedures, and they can 
,be welded with all types of mild-steel electrodes. 
These steels should be used for maximum produc- 
,tion speed on assemblies or structures that require 
extensive welding. 

Steels at the upper end of the low-carbon range 
-the 0.25 to 0.30% carbon grades - have very good 
,weldability, but when one or more of the elements 
is on the high side of permissible limits, cracking can 

result, particularly in fillet welds. With slightly 
reduced speeds and currents, any of the standard 
electrodes can be used for these steels. In thick- 
nesses to 5/16 in., standard procedures apply. 

If some of the elements - particularly carbon, 
silicon, or sulfur - are on the high side of the limits, 
surface holes may form. Reducing current and speed 
minimizes this problem. 

Although most welding applications of these 
steels require no preheating, heavy sections (2-in. or 
more) and certain joint configurations may require a 
preheat. Less preheating is required when low- 
hydrogen processes are used. In general, steels in the 
0.25 to 0.30% carbon range should be welded with 
low-hydrogen electrodes or with a low-hydrogen 
process if the temperature is below 50°F. 

Medium and High-Carbon Steels 
Because hardenability of steel increases with 

carbon content, the medium and high-carbon steels 
serve where hardness, wear resistance, or higher 
strength are needed. Important uses for medium- 
carbon steels (to 0.45%) include wear plates, springs, 
and components for railroad, agricultural, and 
earth-moving and materials-handling equipment. 

Unfortunately, the same characteristics that 
make these steels so suitable for use in rugged parts 
and structures make them more difficult and costly 
to weld. The medium-carbon steels can be welded 
successfully, however, provided proper procedures 
and preheat and interpass temperatures are used. 
Sometimes, postweld stress relief may be required. 

The high-carbon steels are almost always used in 
a hardened condition. Typical applications are for 
metalworking and woodworking tools, drills, dies, 
and knives, and for abrasion-resistant parts such as 
plowshares and scraper blades. Some farm equip- 
ment is built from rerolled rail stock (0.65% C), 
which is welded in the as-rolled condition, using 
preheating, interpass heating, and postweld stress 
relief. 

Hardness of these steels can range from dead 
soft in the annealed condition to Rockwell C 65 
(with rapid quench treatment) for the higher-carbon 
grades. Although an AISI 1020 steel can be made as 
hard as Rc 56, hardness is very shallow. Increased 
carbon content increases depth of hardening and 
maximum attainable hardness to about RC 65. 
Alloying elements increase depth of hardening but 
have little effect on maximum hardness possible. 

It is advisable to make sample weld tests to 
determine cracking tendencies of steels containing 
0.30% or more carbon. If such tendencies are appar- 
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ent, preheating of the steel may be necessary to 
retard the cooling rate from the welding tempera- 
ture. Required preheat temperature varies with 
analysis, size, and shape of the steel and with the 
amount of heat input from the welding process. In 
general, the higher the carbon or alloy content and 
the thicker the plate, the higher the preheat temper- 
ature needed to provide the slow cooling rate 
required to prevent hardening. For shop calculation, 
a Preheat Calculator - available from The Lincoln 
Electric Company at a nominal cost - is a handy 
tool for determining preheat requirements of various 
thicknesses of common-analysis steels. (See Section 
3.3.) 

Use of low-hydrogen processes can minimize the 
degree of preheating necessary and, in 14-gage and 
thinner materials, can eliminate the need for pre- 
heating entirely. As a rule of thumb, preheat 
temperatures used with low-hydrogen electrodes can 
be 100 to 200°F lower than those needed for 
electrodes other than low-hydrogen. 

AWS Structural Steels 
The American Welding Society does not write 

‘,, specifications for structural steel but does recognize 
many steels specified by ASTM, API, and ABS as 
suitable for welded structures with the various arc 
welding processes. Table 6-6 shows a list of these 
steels with the mechanical property requirements 
and the proper filler metals for welding. Since the 
table does not contain the complete mechanical 
property or chemical requirements it is suggested 
the reader consult the original specification for fur- 
ther information. 

In general, these steels have maximum limits on 
carbon sulfur and phosphorous. Manganese may be 
specified as a range or in a maximum amount. Small 
amounts of other alloys may be added in order to 
meet the mechanical property requirements. All the 
steels listed in Tabel 66 have satisfactory weldabil- 
ity characteristics but some may require special 
procedures or techniques, such as limited heat input 
or minimum preheat and interpass temperatures. 
Some structural steels are not intended for arc 
welding. For example, A440 is intended primarily 
for riveted or bolted structures, see Table 6-5. 

High-Strength Low-Alloy Structural Steels 
Higher mechanical properties and, usually, 

better corrosion resistance than the structural car- 
bon steels are characteristics of the high-&en&h 
low-alloy (HSLA) steels. These improved pro- 
are achieved by additions of small amounts of alloy- ,,:_ 
ing elements. Some of the HSLA types are carbon- 1,~: 
manganese steels; others contain different alloy,,::~j 
additions, governed by requirements for weldability, ‘:: 
formability, toughness, or economy. Strength of ‘j 
these steels is between those of structural carbon 
steels and the high-strength quenched-and-tempered ,~’ 
steels. 

High-strength low-alloy steels are usually used in 
the as-rolled condition, although some are available “, 
that require heat treatment after fabrication. These 
steels are produced to specific mechanical-property 
requirements rather than to chemical compositions. 
Minimum mechanical properties available in the as- 
rolled condition vary among the grades and, within 
most grades, with thickness. Ranges of properties 
available in this group of steels are: 

1. Minimum yield point from 42,000 to 70,000 
psi. 

2. Minimum tensile strength from 60,000 to 
85,000 psi. 

3. Resistance to corrosion, classed as: equal to 
that of carbon steels, twice that of carbon 
steels, or four to six times that of carbon 
steels. 

The HSLA steels are available in most com- 
mercial wrought forms and are used extensively in 
products and structures that require higher 
strength-to-weight ratios than the carbon structural 
steels offer. Typical applications are supports and 
panels for truck bodies, railway cars, mobile homes, 
and other transportation equipment; components 
for tractors, threshers, fertilizer spreaders, and other 
agricultural machinery; materials-handling and stor- 
age equipment; and buildings, bridge decks, and 
similar structures. 

The high-strength low-alloy steels should not be 
confused with the high-strength quenched-and- 
tempered alloy steels. Both groups are sold primarily 
on a trade-name basis, and they frequently share the 
same trade-name, with different letters or numbers 
being used to identify each. The quenched-and- 
tempered steels are full-alloy steels that are heat- 
treated at the mill to develop optimum properties. 
They are generally martensitic in structure, whereas 
the HSLA steels are mainly ferritic steels; this is the 
clue to the metallurgical and fabricating differences 



TABLE 6-5. Specifications for High-Strength 
Low-Alloy Steels 

Specification 
or Practice 

;TM 

coverage 

Similar in most respects to A-242 steels, excep 
that a 50.000-psi yield-point minimum is provide1 
up to 4 in. thick and material up to 6 in. thick 
and is covered in the specification. Has four time 
the atmospheric ccrrosion resistance of carbo 
steel. 

iAE (Recommended Practice - not a specification) 
J410b Covers all major HSLA types, with yield strength 

from 42,000 to 70,000 psi. Unlike ASTM, SAI 
gives greater attention to formability, toughnes! 
and weldability. However, ASTM specsgive widf 
coverage of mill forms and larger sectio 
thicknesses. 

42,000 to 50,000-psi yield-point steels with 
atmospheric corrosion resistance equal to twice 
(with copper) or four or more times that of struc- 
tural carbon steels. The more corrosion-resistant 
grades are used as “weathering steels.” 

Cold-rolled sheets and strip with 45.000-psi yield 
point; similar in many respects to A-242. 

Hot-rolled sheets and strip with 50,000-psi yield 
point; similar in many respects to A-242. 

intermediate-manganese steels with 42.000 to 
50,000-psi yield points. Copper additions provide 
atmospheric corrosion resistance double that of 
carbon steel. Good abrasion resistance; only fair 
weldability. Used primarily for riveted or bolted 
products. 

Manganese-vanadium steels with 40.000 tc 
50,000.psi yield points. Copper additions provide 
atmospheric corrosion resistance double that 01 
carbon steel. Lower manganese and carbon 
therefore. improved weldability over A-440 steels 

Columbium-vanadium-nitrogen grsdes with sb 
yield points from 42,000 to 65,000 psi. Grade: 
with copper additions for improved atmospherk 
corrosion resistance are available. Modification: 
high in columbium may have excellent low 
temperature notch toughness when produced t( 
fine-grain practice (by roller quenching 0 
normalizing). 

>oD 
Mil-S-7809A Covers HSLA steels in bars, shapes, sheets, strip 

lay 3, 19631 and plates. 
Mil-S-132816 Covers carbon, alloy. and HSLA steels for welde 
(Oct. 10, 19661 structures. 

ource: “High-Strength Low-Alloy St&r”, Machine Design. 
17, 1972. 

Between the two types. In the as-rolled condition, 
erritic steels are composed of relatively soft, ductile 
fonstituents; martensitic steels have hard, brittle 
constituents that require heat treatment to produce 
heir high-strength properties. 

Strength in the HSLA steels is achieved instead 

I. !, 
” 

by relatively small amounts of alloying elements dis- 
solved in a ferritic structure. Carbon content rarely 
exceeds 0.28% and is usually between 0.15 and 
0.22%. Manganese content ranges from 0.85 to 
1.60%, depending on grade, and other alloy addi- 
tions - chromium, nickel, silicon, phosphorus, 
copper, vanadium, columbium, and nitrogen - are 
used in amounts less than one percent. Welding, 
forming, and machining characteristics of most 
grades do not differ markedly from those of the 
iow-carbon steels. 

To be weldable, the high-strength steels must 
have enough ductility to avoid cracking from the 
rapid cooling inherent in welding processes. Weld- 
able HSLA steels must be sufficiently low in carbon, 
manganese, and all “deep-hardening” elements to 
ensure that appreciable amounts of martensite are 
not formed upon rapid cooling. Superior strengG~ is 
provided by solution of the alloying elements in the 
ferrite of the as-rolled steel. Corrosion resistance is 
also increased in certain of the HSLA steels by the 
alloying additions. 

Addition of a minimum of 0.20% copper usually 
produces steels with about twice the atmospheric 
corrosion resistance of structural carbon steels. 
Steels with four to six times the atmospheric cor- 
rosion resistance of structural carbon steels are 
obtained in many ways, but, typically, with addi- 
tions of nickel and/or chromium, often with more 
than 0.10% phosphorus. These alloys are usually 
used in addition to the copper. 

Standard specifications or recommended prac- 
tices covering the major types of HSLA steels are 
available from the American Society for Testing and 
Materials, the Society of Automotive Engineers, and 
the Department of Defense. These standards are 
summarized in Table 6-5. 

Other standardizing organizations such as the 
American Institute of Steel Construction, The 
American Association of Railroads, and the Depart- 
ment of Transportation have established spccifica- 
tions or practices for the use of HSLA steels in 
certain industries and applications. 

ASTM’s specifications are oriented principally to 
mill form and mechanical properties; SAE’s recom- 
mended practices include, in addition, information 
on fabrication characteristics - toughness, welda- 
bility, and formability. 

AS TM Specifications 
Five ASTM specifications cover the high- 

strength low-alloy structural steels. They are: A242, 
A440, A441, A572, and A588. Table 6-6 lists the 
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TABLE 6-6. Minimum Mechanical Properties for ASTM HSLA Steels Approved for Use by AISC Specifications for the 
Design, Fabrication, and Erection of Structural Steel for Buildings (1969) AWS Building Code D1.0.69 (Revised 1970) 

I 

t 

I 

e 
,I 
I? 

I 

,( 

I 
/i 

I 

Y 

I 
h 

42 E 0.25 0.04 0.X!* 

* When Specified **See ASTM Standards for details + Where IWO figures are @“rn this il a min.mx range 
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TABLE 6-6. (Continued) 

@@nical properties of these steels. Specifications 
!$EJ$’ and A375 cover similar steels in sheet and 

1 
&p,form. 
@YX’STM A242 covers HSLA structural steel 

lapes, plates, and bars for welded, riveted, or 
ilked construction. Maximum carbon content of 
le$e steels is 0.24%; typical content is from 0.09 to 
.17%. Materials produced to this specification are 
[tended primarily for structural members where 

n 
1,’ 

It weight and durability are important. 
Some producers can supply copper-bearing steels 

).20X1 minimum copper) with about twice the 
imospheric corrosion resistance of carbon steels. 
teels meeting the general requirements of ASTM 
242 but modified to give four times the atmos- 
heric corrosion resistance of structural steels are 

0 i wailahle. These latter grades - sometimes 
dled “weathering steels” -~ are used for architec- 

ural and other structural purposes where it is desir- 
ble to avoid painting for either esthetic or 

conomic reasons. 
Welding characteristics vary according to the 

‘pe of steel; producers can recommend the most 
eldable material and offer welding advice if the 

conditions under which the welding will be done are 
known. 

ASTM A440 covers high-strength intermediate- 
manganese copper-bearing HSLA steels used princip- 
ally for riveted or bolted structures. These steels are 
not generally recommended for welding because of 
their relatively high carbon and manganese contents. 
ASTM A440 and its companion, A441, have the 
same minimum mechanical properties as A242. 

ASTM A440 steels have about twice the atmos- 
pheric corrosion resistance of structural carbon steel 
and very good abrasion resistance. The high mang- 
anese content (typically, about 1.45%) tends to 
cause weld metal to air harden - a condition that 
may produce high stresses and cracks in the weld. If 
these steels must be welded, careful preheating 
(higher than for A441) is necessary. 

ASTM A441 covers the intermediate-manganese 
HSLA steels that are readily weldable with proper 
procedures. The specification calls for additions of 
vanadium and a lower manganese content (1.25% 
maximum) than ASTM A440. Minimum mechanical 
properties are the same as A242 and A440 steels, 
except that plates and bars from 4 to &in. thick are 
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covered in A441. 
Atmospheric corrosion resistance of this steel is 

approximately twice that of structural carbon steel. 
Another property of ASTM A441 steel is its 
superior toughness at low temperatures. Only 
shapes, plates, and bars are covered by the specifica- 
tion, but weldable sheets and strip can be supplied 
by some producers with approximately the same 
minimum mechanical properties. 

ASTM A572 includes six grades of high-strength 
low-ahoy structural steels in shapes, plates, and bars. 
These steels offer a choice of strength levels ranging 
from 42,000 to 65,000-psi yields (Table 6-6). Pro- 
prietary HSLA steels of this type with 70,000 and 
75,000-psi yield points are also available. Increasing 
care is required for welding these steels as strength 
level increases. 

A572 steels are distinguished from other HSLA 
steels by their col~umbium, vanadium, and nitrogen 
content. Copper additions above a minimum of 
0.20% may be specified for atmospheric corrosion 
resistance about double that of structural carbon 
steels. 

A supplementary requirement is included in the 
specification that permits designating the specific 
alloying elements required in the steel. Examples are 
the Type 1 designation, for columbium; Type 2, for 
vanadium; Type 3, for columbium and vanadium; 
and Type 4, for vanadium and nitrogen. Specific 
grade designations must accompany this type of 
requirement. 

ASTM A588 provides for a steel similar in most 
respects to A242 weathering steel, except that the 
50,000-psi yield point is available in thicknesses to 
at least 4 in. 

SA E Specifiqtions 
High-strength low-alloy steels are also covered in 

the SAE Recommended Practice J410b. This is not 
a standard. Rather, it is a recommended practice - a 
guide or memorandum from SAE to its members to 
help standardize their engineering practices. SAE 
J410b was written long before most of the HSLA 
steels had ASTM specifications. Its content is more 
general than the ASTM documents, and its intent is 
to guide material selection in the light of fabrication 
requirements. Now that ASTM has defined almost 
all of the HSLA steels in standard specifications, 
SAE J410b is seldom used as a material specifica- 
tion. But the SAE document is still valuable as a 
general guide to using the HSLA steels. 

The SAE document addresses itself primarily to 
the specific needs of fabricators of automobiles, 

TABLE 6-7. M ,ini imum Mc 
for SA .E J410b H 

Grade, Form, 
and Thickness 

945A.C 
Sheet. strio 
Plate;bar 

To 112 in 
l/2 to l-112 in. 
l-l/Z to 3 in. 

950A,E,C,Ll 
Sheet, strip 
Plate, bar 

To l/2 in. 
112 to l-112 in. 
l-112 in. to 3 in 

945x* 
950X’ 
955x 
960X 
965X 
970x 

’ TO 3/S in. thick. 

I 

!chanical Properties I 
.A Steels 

Tensile 
Strength 
1000 psi) 

Y iald 
Strength 

1.2% Offs& 
(1000 psi) 

60 45 

65 45 
62 42 
62 40 

70 50 

70 50 
67 45 
63 42 

60 45 
65 50 
70 55 
75 60 
80 65 
85 70 I 

- 
2 in. - 

22 

22 
24 
24 

8 in 

f 18 

22 

22 
24 
24 

22 
22 

19 

c 

19 

18 
19 
19 

I 
18 
18 

- I I 

trucks, trailers, agricultural equipment, and aircraft 
This is why SAE J41Ob does not cover the thickel 
plates and heavier structural shapes. Minimum mech 
anical properties of commonly used steels coverer 
by SAE J410b are listed in Table 6-7. 

For mechanical-property data on material! 
thicker than those listed in the table, supplier! 
should be consulted. SAE J410b high-strength low, 
alloy steels may be specified as annealed, normal 
ized, or otherwise specially prepared for forming 
When this is done, mechanical properties are agre+ 
upon between supplier and purchaser. 

Each grade has chemical composition limits tc 
control welding characteristics in a manner similar 
to ASTM designations. Table 6-8 lists relative forma 
bility, weldahility, and toughness of the J41O’t 
steels. 

TABLE 6-9. Fabrication 

Formability 

945A 

950A 

945c. 945x 

9506.950x 

950D 

95oc 

tics of SAE J41( 

Weldability 

945A 

lb Steels 

j--&Z-7 

I 945A 

95OA 

950D 

945x 

950t3.950x 

945c 

95oc 

950A 

950B 

950D 

945x. 950x ,, 

945c. 95oc 

L 

Alloy* are listed in Order Of CJecrearing e.xcellence; nw*t torm- 
able, most weldable, and toughest alloys at the top. 

Source: Machine Oesign,Metals Reference Iswe. Dec. 14, 1967. 
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Grade 945A has excellent arc and resistance- 
velding characteristics and the best formability, 
weldability, and low-temperature notch toughness. 
lt is available in sheets, strip, and light plate. 

Grade 945C is a carbon-manganese steel with 
satisfactory arc-welding properties if proper proced- 
.ues are used to prevent hardening of the weld 
netal. Moderate preheat is usually required, especi- 
dly for thick sections. It is similar to Grade 95OC, 
sut has lower carbon and manganese content to 
improve arc-welding characteristics, formability, and 
low-temperature notch toughness, at some sacrifice 
in strength. 

Grade 945X is a columbium or vanadium-treated 
carbon-manganese steel similar to 945C except for 
improved toughness and weldability. 

Grade 950A has good weldability, low-tempera- 
ture notch toughness, and formability. It is normally 
&ailable only in sheet, strip, and light plate. 
& Grade 950B has satisfactory arc-welding proper- 
&s and fairly good low-temperature notch 
&&ness and formability. 

& ,Gra& &;;; 95l)C is a carbon-manganese steel that can 
&arc welded if the cooling rate is controlled, but is @j& 
&suitable for resistance welding. Formability and 
&ghness are fair. 
~~:~,~rade 950D has good weldability and fairly 
g&id formability. Its phosphorus content reduces its 
low-temperature properties. 
&Grade 950X is a columbium or vanadium-treated 
carbon-manganese steel similar to 950C except for 
solmewhat improved welding and forming properties. 
~<:,: Several other grades are also covered by SAE 
J410b - higher-strength steels that have reduced 
formability and weldability. 

Modifications of standard SAE-grade designa- 
tions are also available. For example, fully killed 
steels made to fine-gram practice are indicated by 
the suffix “K.” Thus, 945AK is a fully killed, fine- 
grain, HSLA steel with maximum ladle analysis of 
0.15% carbon and a yield strength of about 45,000 
psi. All grades made to K practice may not be avail- 
able from all suppliers. This fine-grain practice is 
usually specified when low-temperature notch 
toughness is important. 

Steels designated by the suffix “X” contain 
strengthening elements, such as columbium or 
vanadium (with or without nitrogen) added singly or 
in combination. These are usually made semi-killed. 
However, killed steel may be specified by indicating 
both suffixes, such as SAE 950XK. 

Available HSLA-steel grades often have charac- 
teristics in excess of the specification minimums. 

Literature from producer companies contains infor- 
mation on physical and mechanical property ranges 
and suggested fabricating and welding practices. 

High-Yield Strength Quenched-and-Tempered 
Alloy Steels 

The high-yield-strength quenched-and-tempered 
construction steels are full-alloy steels that are 
treated at the steel mill to develop optimum proper- 
ties. Unlike conventional alloy steels, these grades 
do not require additional heat treatment by the 
fabricator except, in some cases, for a stress relief. 

These steels are generally low-carbon grades 
(upper carbon limit of about 0.20%) that have 
minimum yield strengths from 80,000 to 125,000 
psi. 

Some high-yield-strength grades are also avail- 
able in abrasion-resistant modifications (AR steels), 
produced to a high hardness. Although these steels 
can have yield strengths to 173,000 psi, hardness 
(up to 400 Bhn) rather than strength is their key 
characteristic. 

The high-yield-strength quenched-and-tempered 
alloy steels are used in such widely varying applica- 
tions as hoist and crane components; end, side, and 
bottom plates for ore and waste-haulage cars, 
hopper cars, and gondolas; pressure hulls for sub- 
marines; and components for dust-collecting equip- 
ment. The AR (abrasion-resistant) modifications are 
used in applications requiring maximum resistance 
to abrasive materials - in chutes, hoppers, and 
dump-truck beds, for example. In such uses, 
strength properties are secondary and are not 
usually specified. 

Good toughness can be combined with abrasion 
resistance in these steels, for use in buckets, cutter 
bars, scraper blades, and impact plates. However, the 
most abrasion-resistant grades sacrifice impact 
strength to gain maximum wear resistance. 

H Y Steels 
An important group of high-yield-strength 

quenched-and-tempered steels is the HY steels. The 
most common and most available of these is HY80, 
which has a minimum yield strength of 80,000 psi. 
Higher-strength grades are HYlOO, HY130, HY150, 
and HY180. Availability of HY steels with yield 
strengths above 100,000 psi was limited at the time 
of publication, but considerable development work 
was being done on these materials and availability 
was increasing. 

HYSO is commonly available in plate form. 
However, it can also be obtained in beams, channels, 
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angles, and tubing. Strength and toughness of HYSO 
steel and its ability to be welded (under carefully 
controlled conditions) qualify it for use in critical 
applications such as pressure hulls for submarines 
and deep-submergence research and rescue vessels. 
The higher-strength HY steels will probably also 
qualify for the same types of applications after suffi- 
cient testing has been done to determine their 
reliability in welded structures. 

Mechanical properties of these steels are 
influenced by section size. Carbon content is the 
principal factor that determines maximum attain- 
able strength. Most alloying elements make a small 
contribution to strength, but their dominant effect 
is on hardenability - which determines the maxi- 
mum thickness or depth of steel that can he fully 
hardened on quenching. 

HYSO is normally supplied to the toughness 
requirements of MIL-S-16216. In plate l/2 to 
l-l/2-in. thick, 50 ft-lb of impact energy absorption 
is required at minus 1200F with a longitudinal 

,’ Charpy V-notch specimen. 
A typical value for the ductile-to-brittle transi- 

‘, tion temperature of a lOO,OOO-psi steel in 1/2-m. 
‘~,‘, plate is minus 180oF, as determined with both 
ii:: longitudinal and transverse Charpy V-notch 
,:,:, specimens. ,;; 

Many of the high-yield-strength steels are avail- 
:‘: ‘~, able in three or four strength or hardness levels. The 
_:::: different levels are achieved by variations in carbon 

and alloy content, tempering temperature, and 
:~:,: ,, tempering time. 

In general, the lOO,OOO-psi steels have fatigue 
‘,, strengths in the 50,000 to 70,000-psi range in rotat- 
: ‘mg-beam tests. Higher-strength grades have higher 
:’ ,endurance limits - about 60% of their tensile 

strength. 
The compressive yield strength of lOO,OOO-psi 

steels is usually about the same as tensile yield 
strength. Shear strength generally ranges from about 
85 to 100% of the tensile yield strength. 

‘ASTM Specifications 
Two plate specifications, ASTM A514 for 

welded structures and A517 for boilers and other 
pressure vessels, allow for the effect of section size 
on yield strength, tensile strength, and ductility. 
ASTM A514 requires a minimum yield strength of 
100,000 psi for material up to 2-l/2-in. thick, and 
90,000 psi for material from 2-l/2 to 4 in. thick. 
ASTM A517 requires uniform yield strengths of 
100,000 psi for all material up to 3/4-in. thick. 
Representative trade names of the A514 and A517 

TABLE 6-9. Representative ASTM A5141517 Steels 

PWJdUC.% Trade Name 

Armco Steel Corp. I sss-100 1 

Bethlehem Steel Corp. RQ-lOOA, RQ-100 
RQ-1006 

Great Lakes Steel Corp. and 
Phoenix Steel Corp.’ N-A-XTRA 100 

N-A-XTRA 110 

Jones & Laughlin Steel Corp. Jalloy-S-100 
Jalloy-S-110 

United States Steel Corp. and 
Lukens Steel Corp.” T-l 

T-l Type A 
T-l Type B 

* ucenree 

steels are given in Table 6-9. 

Weldability 
Most high-yield-strength quenched-and-tempered 

alloy steels can be welded without preheat or post- 
heat. If suppliers’ recommendations are followed for 
controlling welding procedures, 100% joint effi- 
ciency can be expected in the as-welded condition 
for the 90,000 and lOO,OOO-psi yield-strength 
grades. 

If the heat-affected zone cools too slowly, the 
beneficial effects of the original heat treatm.ent 
(particularly notch toughness) are destroyed. This 
can be caused by excessive preheat temperature, 
interpass temperature, or heat input. On the other 
hand, if the heat-affected zone cools too rapidly, it 
can become hard and brittle and may crack. This is 
caused by insufficient preheat or interpass tempera- 
ture or insufficient heat input during welding. 
Producers’ recommendations should be followed 
closely. 

The quenched-and-tempered steels can be 
welded by the shielded metal-arc, submerged-arc, 
and gas-shielded-arc processes. Weld cooling rates for 
these processes are relatively rapid, and mechanical 
properties of the heat-affected zones approach those 
of the steel in the quenched condition. Reheat: 
treatment, such as quenching and tempering after 
welding, is not recommended. 

Because of the desirability of relatively rapid 
cooling after welding, thin sections of these materi- 
als can usually be welded without preheating. When 
preheating is required, both maximum and mini. 
mum temperatures are important. If the sections to 
be welded are warm as a result of preheating and 
heat input from previous welding passes, it may be 
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TABLE 6-10. Composition of ASTM A-203-69 
Nickel-Steel Plate for Pressure Vessels 

Element 
and Plate 
Thickness 

Carbon. max 

Composition I%) 
Grade 

A* I B* I Dt -F-l 

I To i in. 
2 to 4 in. 

Phosphorus, max 

Silicon (ladle analysis) 

+ Covers plafe to 4-h. thick, 

duce current or increase arc travel 
bsequent passes, or to wait until the 

somewhat. Interpass temperature is just 
nt as preheat temperature and should be 

the same care. 
the ASTM specifications A514 and A517 
e several grades of quenched and tempered 
tional steels listed. Welding procedures for 
se steels are similar but no one procedure is 
11 grades. Welding procedures are available 

steel manufacturers. When in doubt, 
consult the steel manufacturer. ii”, ,,:: The following is a general shielded metal-arc pro- 
&lure for one of the popular grades of quenched 
&rd tempered constructional steels and can be used 
&a guide for all grades or other welding processes. 

Use only low hydrogen type electrodes and 
usually the electrode specified for A514 and A517 
steeis is EiIOIg. Under some conditions a lower 
tensile strength electrode may be used and this will 
be discussed later. Make sure electrodes are dry. 
Under normal conditions of humidity electrodes 
should be returned to the drying ovens after an 
exposure of four hours maximum. If the humidity is 
high, reduce the exposure time. Electrodes are 
shipped in hermetically sealed containers and the 
contents of any damaged container should be 
redried before using. See Table E-14 for drying 
temperatures. 

Clean the joint thoroughly. Remove all rust and 
scale preferably by grinding. If the base metal has 
been exposed to moisture, preheat to drive off the 
moisture. On thin sections, allow the plate to cool, 
if necessary, before starting to weld. 

0.20 
0.23 

The amount of preheat and the amount of weld- 
ing heat put into the weld must be kept within 
definite boundaries during the actual welding. 
Usually preheating is not necessary or desirable on 
thin sections but in order to avoid cracks preheating 
is necessary if: 

The joints are highly restrained. 

The structure is very rigid. 

The weld joint is on thick sections. 

Whether or not the base metal is preheated, it is 
necessary to approximate the heat input before 
starting to weld. The heat input in watt-seconds 
(joules) per linear inch of weld is 

Heat input = IxEx60 
V 

where I is the arc amperes, E is the arc volts, and V 
is the welding speed in in./min. Calculation by this 
formula is only approximate because the heat losses 
can be large. Also, there are many variables that 
affect the heat distribution and the maximum tem- 
perature of the base metal at the joint but the 
formula is sufficiently accurate to predict the maxi- 
mum allowable heat input for a given set of 
conditions. 

In industry, the term “heat unit” is used and is 
equal to the watt-seconds per linear inch of weld 
divided by lOOO.* 

* A ealeukltor is available from the United states Steel corporation 
for quickly determining heat units. Also available are tables for 
maximum heat units when welding T-l. T-l Type A, and T-l 
Type 8. 



~Maximum +ggested heat units input for USS 
T-l $eel per lii@r inch of weld is shown in the 
table, below. 

Suggested Maximym Heat Units+ 
Prahaat~and 
:In*+a% 

Plate T~+Ess 

~~ ~~mn+iafuie, $16” 114” 112” 314’ 1,. l-1,4” 1.112” 2” 

~yopFT 27 36 70 
zuov 

121 an” any ” an” 
21 2s 56 9s 

an” 

3JJOOF 
173 any dn” anv 

17 24 47 82 126 175 
36op!= 

any any 
15 21.6 43.5 73.5 loss 151 

4cwF 
anv an” 

13 19 40 65 93 127 165 any 

t From the “Wddi”E treat Input CdE”h*Or” b” the United States Steel 
corporation. 

Also see Section 3-3. 

Before making a production weld it is recom- 
mended to set up a tentative procedure and make a 
test weld. The $entative procedure includes the pre- 
heat, if any, interpass temperature, welding current, 
voltage, and welding speed. It is important to keep 
the welding current, speed and interpass tem- 
perature under close control. 

The following are some general rules to follow 
to promote good weld quality. 

Always use stringer beads, never wide weave 
beads. 

Clean thoroughly between passes. 

Use the same precautions to prevent cracking as 
discussed earlier in this section. 

Back gouge with arc gouging and remove the 
scale’ by grinding. Do not use oxyacetylene to 
back gouge. 
Usually the electrodes used are the El1018 type 

but lower strength electrodes may be specified 
where the stress does not require the high yield 
strength of E11018. A good example is the lower 
stress in the web to flange fillet weids. However, if 
lower strength electrodes are used the same limi- 
tations apply as to heat input and interpass 
temperature. 

Low-Alloy Steels 
Small amounts of alloying elements such as 

nickel, chromium, and molybdenum can be added 
to steels to increase strength, hardness, or toughness, 
or to improve resistance to heat, corrosion, or other 
environmental factors. These improvements are 
sometimes gained with little effect on weldability or 
other fabricability characteristics. Generally, how- 
ever, welding of low-alloy steels requires more care- 
ful control of procedures and selection of electrodes 
than welding of the carbon steels. 

Nickd Steels~ 
A low nickel addition (2 to 5%) greatly increases,, 

strengths and hardenability and improves the car- 
rosiolr resistance of a steel without a proportional~;;;i 
reduction in ductility or a significant effect on weld- 
ability: The Z co,gpositions of various thicknesses & 
nickel-steel plate, (ASTM A-203~); mused prificipall$: 
for pressure vessels, are listed in Table 6-10. 

Straight nickel ,&eels +re used mainly for lowj’;i 
temperature pressure vessels.’ The nickel contenti:; 
sign~ificantly improves toughness and imp& 
strength at subzero temperatures. Nickel is also ver: 
effective in improving the hardenability of 
heat treatment is easy because nickel lowers the!, 
critical cooling rate necessary to produce harden& 
on quenching. ‘,,! 

A nickel steel containing 0.24% carbon and 2.7%~” 
nickel can have a tensile strength (normalized and 
drawn) of over 85,000 psi; an unalloyed steel woul - 
require a carbon content of over 0.45% to be thr 
strong. Notch toughntiss of a 3-l/2% nickel stee 
with a tensile strength of 70,000 to 85,0,00 ps 
would be 15 ft-lb at minus 150°F (Charpy keyhole: 
test), whereas a carbon steel of that strength would: 
have a notch toughness of 15 ft-lb down to only’ 
minus 50°F. 

Nickel increases hardenability for a given carbon, 
content. For best weldability and minimum cracking’ 
tendency, carbon content should, of course, be low 
- no more than 0.18% if extensive welding is to be 
done without preheat. 

For specific procedures see page 6-2.54. .‘,i 

Chromium Steels 

~:::I In the low-alloy steels, chromium increases 
tensile strength, hardenability, and, to some extent’ 
atmospheric corrosion resistance. Chromium stee‘ 
with less than 0.18% carbon are readily weldable 
using proper precautions against cracking. Tl 
combination of chromium and higher carbor 
increases hardenability and requires preheating a! 
sometimes postheating to prevent brittle wm 
deposits. Production welding is not recommender 
for chromium steels containing more than 0.39% 
carbon. :~, 
Nickel-Chromium Steels ‘~ :;I 

I 

The nickel-chromium steels of the AISI serie 
are no longer standard alloys~ but occasionalJy the ’ 
is a need to weld these alloys, especially in maint 
nance work. ,‘!:I The addition of chromium is intended t$~ 
increase hardenability and response to heat treat 
ment for a given carbon content over that of th’l 

,, 



straight nickel low alloy steels. Also a small amount 
of several alloying elements judiciously chosen may 

: give a greater range of hardenability plus toughness 
,’ than a larger or more costly amount of a single 

alloying element. 
Chromium is a potent hardening agent and it is 

,necessary to keep the carbon content low for welda- 
bility. Thin sections of the lowest carbon content 

sually be welded without preheat but the 
on grades require preheat and subsequent 

of the nickel-chromium 
ith electrodes of the 
the as welded condition 

roperties will match the base metal. 
he weldment must be heat treated after 
ial low-hydrogen type electrodes are 
se electrodes must deposit weld metal 
nd to the same heat treatment as the 
match base metal properties. 
carbon alloys (above .40%) are not 
but, if necessary, a weld can usually 

with stainless E309 (second choice E310) 
s. The weld ‘will usually be tough and 
t the fusion zone may be brittle. The fact 

e weld is ductile allows it to give a little with- 
tting too much bending in the brittle zone. 

ed. See Section 3-3. 

es the hardenability and 
of low-alloy steels. The 

bdenum steels are of three general 
molybdenum (AISI 4000 series), 
bdenum (4100 series), and nickel- 
300, 4600, 4700, and 4800 series). 
use of carbon-moly and chrome- 

high-pressure piping used at high 
ese steels are usually purchased to 
ation. Another typical use of the 

chrome-moly alloys - usually in the form of tubing 
ssed aircraft parts. Weldability of 
members is good because of the 
nt. Low-carbon grades of these 

) can usually be welded without 
r-carbon nickel and chromium 
m steels are air-hardening. 

The low carbon grades (below .18%) of carbon- 
moly steel can be welded much the same as mild 
steel. E7010-Al, E’7018, and E7027-Al electrodes 
will give tensile strengths in the same range as plate 
strength in the as-welded condition. The above elec- 
trodes with .5% moly will come close to 

approximating plate properties and analysis where 
subsequent heat treatment is required. (See Preheat 
Table for steels above .18% carbon.) 

When carbon content of the carbon-moly alloys 
ls low (approximately .15%), these steels are readily 
weldable. In pressure vessels, this low carbon con- 
tent is usually used, but in piping the carbon may be 
somewhat higher. Where carbon is above .18% pre- 
heating is generally required. 

Welding procedure is essentially the same as for 
mild steel. In the case of piping, a back up ring is 
recommended generally to keep the inside of the 
pipe clean. The ring if of proper design causes only 
slight obstruction which is not objectionable, in 
most cases. 

Where backing ring is not used, an experienced 
weldor can put in a first pass with a small reinforce- 
ment in the inside. It is important that this fist pass 
completely penetrate the joint so that no notch is 
left at the root of the joint. 

Stress relieving is generally specified when the 
thickness of the metal is greater than 3/S”. Temper- 
ature of 1200° - 1250OF is used with usual pro- 
cedure as to time of heating (one hour per inch of 
thickness) and length of pipe heated (6 times 
thickness on each side of weld). 

The cooling rate is from 200° - 250°F per hour 
down to 150° - 200° F in which case cooling may 
be done in still air. 

For the welding of the steels mentioned herein 
the use of E7010-Al electrode is recommended for 
ease of welding in out-of-position work. The preheat 
and post heat treatment above is also required when 
E7010-Al electrodes are used. Where the work can 
be positioned for downhand welding or where large 
welds are required in any position, the low hydrogen 
electrodes can be used to advantage as they will 
reduce the preheat temperatures required. 

In applications where tensile strength of weld 
need not be as high as the base metal but where 
other physical characteristics of the weld should be 
comparable to the base metal, the regular type of 
electrode, as used for welding mild steel, can be 
employed with very satisfactory results. For joining 
work of this type, E6010 electrodes are 
recommended. 

On light chrome-moly tubing, E6013 electrodes 
designed especially for aircraft work are often used. 
These mild steel electrodes usually pick up enough 
alloy from the base metal to give the required tensile 
strength in the as-welded condition. When welded 
on the AISI 4130, their normal 70,000 to 80,000 
psi tensile strength is increased by pick-up of alloy 



6.1-22 Welding Carbon and Low-Alloy Steel 

and carbon to a satisfactory approximation of the 
physical properties of AISI 4130. The additional 
thickness of weld due to the usual build-up on light 
gauge work makes the welded joint stronger than 
the parent metal. 

On the higher carbon and alloy grades where 
heat treated welds with properties similar to plate 
properties are necessary, special electrodes can be 
used that will deposit the proper analysis. A low 
hydrogen type electrode is used to reduce the ten- 
dency for cracking that is quite prevalent on these 
steels. Preheat and post heat treatment usually will 
be required. 

On the grades over .40% carbon where produc- 
tion welding is not recommended, it is possible to 
make a weld with E309 type stainless electrode or 
E310 as a second choice. The weld will be fairly 
ductile if the proper low penetrating procedure is 
used; however, the fusion zone may be very brittle 
depending upon the air hardenability of the alloy. 
Preheating and slow cooling will tend to reduce this 
hardness in the fusion zone. 

Where mo!ybdenum is added to base metals to 
increase the resistance to creep at elevated tempera- 
tures, the electrode deposit must have a similar 
amount of molybdenum. 

The following table gives the approximate pre- 
heat and interpass temperatures for AISI alloy steel 
bars when welded with low-hydrogen type 
electrodes. 

Approximate Preheat and lnteruass Temperature 

AISI Steel 

fc 

T 

xr AlSl Alloy Steel Bars* 

Preheat and Interpass Temperature OF 

section thickness, in. 
To t/2 

1330 
1340 

350 - 450 
400 - 500 

4023 100 min. 
4028 200 - 300 
4047 400 - 500 
4118 200 - 300 
4130 300 - 400 
4140 400 - 500 
4150 600 - 700 
4320 200 - 300 
4340 600 - 700 
4620 100 min. 
4640 350 - 450 

5120 
5145 

8620 
8630 
8640 

100 min 
400 - 500 

100 min 
200 - 300 
350 - 450 

* From ASM Metal Handbook “ol”me6. Eighth Edition. 

This hopper car has a carbon steel frame and stainless steel hoppers. Weldors are working on the frame. 



iWelding Carbon and Low-Alloy Steels 
kitb the Shielded Metal-Arc Process 

Most welding on steel is done manually with 
shielded metal-arc (stick) electrodes. As in any 
manual process, the skill and dexterity of the oper- 
ator are important for quality work; but equally 
important is selection of the correct type of 
electrode. 

CONSIDERATIONS IN ELECTRODE SELECTION 

Choice of electrode is straightforward when 
welding high-strength or corrosion-resistant steels. 
$ere, choice is generally limited to one or two elec- 
trodes designed specifically to give the correct 
zhemical composition in the weld metal. But most 
‘gc’ welding invsives the carbon and low-alloy steels 
for which many different types of electrodes pro- 
/&e satisfactory chemical compositions in the weld 
;&&al. From the many possibilities, the object is to 
Brck an electrode that gives the desired quality of 
;$$id at the lowest welding cost. Usually, this means 
the ,electrode that allows the highest welding speed 
with the particular joint. To meet this objective, 
electrodes are selected according to the design and 
positioning of the joint. 

‘% Electrodes compounded to melt rapidly are 
called “fast-fill” electrodes, and those compounded 
to solidify rapidly are called “fast-freeze” elec- 
trodes. Some joints and welding positions require a 

compromise between the fast-fill and fast-freeze 
characteristics, and electrodes compounded to meet 
this need are called “fill-freeze” electrodes. There 
are also electrodes which are classified as “fast 
follow.” 

The fill-freeze-follow terminology used to clas- 
sify types of electrodes is also used to designate 
types of joints. Overhead or vertical joints that 
normally require fast-freeze electrodes are thus 
termed “freeze” joints, while flat joints and some 
horizontal joinm, where rapid deposition is impor- 
tant, are called “fill” joints. Some joints, especially 
those in sheet metal, require an electrode that 
permits rapid electrode travel with minimum skips, 
and are thus called “follow” joints. The fill-freeze 
electrodes usually are best suited for follow joints, 
and thus, fill-freeze electrodes are called fast-follow 
electrodes when the reference is to joints requiring 
fast electrode travel. 

Although the terms fill, freeze, and fill-freeze, 
are straightforward as applied to electrodes, use of 
these terms to describe types of joints is not so 
clear-cut. For example, some overhead “freeze” 
joints require a fill-freeze, rather than fast-freeze, 
electrode. By the same token, a “follow” joint in 
sheet metal may require a fast-freeze, rather than a 
fill-freeze, ‘electrode. The use of these terms to 
identify types of joints, and the types of electrodes 

BUTT WELDS 

Horizorml Vertical Overhead 

3/8 in. and thicker: 3/8 in. and thicker: 3/8 in. and thicker: 
Fill (E6027)t Root pass, Root pass, 

Fill-freeze (E7018); Fill-freeze (E7018); 
Plate 3116 to 518 in. 
Freeze iE6010, E6011) 

Plate over 5/8 in. 
Fill-freeze (E7018) 

tE7028 may be substituted 

All other passes, All other passes, 
Fill (E6027)t Fill (E6027)t 

Fig. 6-14. Guide TO selection of electrodes for butt welds. 



recommended for these joints, are explained in .Fig. 
6-14, 6-15, and 6-16, which show,butt welds, fillet 

A combination of letters and numbers used by 

welds, and sheet-metal welds, respectively. 
the American Welding Society to identify the 

AWS A5.1-69 is a complete specification for 
various classes of electrodes is given in Table 4-l 

mild-steel electrodes for shielded metal-arc welding 
For a more complete description of this system’sec 

(see Section 4.1). Typical mechanical properties of 
Section 4.1. Typical current ranges for all AWS A5.3 

mild-steel deposited weld metal are given in Table 
electrodes is given in Table 6-12. A guide to tbc 

6-11. 
application of electrodes for steels of specific ASTM 
designations is presented in Table 6-13. 

Electrode 
:lassification 

E6010 

E6011 

E6012 

E6013 

E6020 

E6027 

E7014 

E7015, 

E7016 

E7018 

E7024 

E7028 

TABLE 6-11. Typical Mechanical Properties of Mild-Steel Deposited Weld Metal 

As-W$da 

I Yield 

diti 

T ress-Relieved 

Yield 

1150’F 

Tensile 
Strength (I 

69.000 

7o.Oilo 

72,000 

74,000 

67,000 

66.000 

73.000 

75.000 

75,000 

74.000 

86,000 

85,000 

psi) 1 Strmgngpsil 

63.000 

64,000 

62.000 

57,006 

58,000 

67,000 

68,000 

68,000 

65.000 

76,OcNJ 

Elong. in 
2 in. (%) 

26 

25 

21 

24 

27 

28 

24 

27 

27 

29 

23 

26 

Impact’ 
lft-lb) 

55 Ill 

50 (1) 

43 

55 

50 

40111 

55 

90 

90 

SO(l) 

38 

26 (2) 

Tensile 
Strength (psi) 

65,000 

65.000 

71,000 

74,000 

66,000 

73,000 

71,oOa 

72,000 

80,000 

ai ,000 

Strength (psi) 

51,000 

51,000 

62,000 

58,000 

57,000 

65,000 

60,000 

58,000 

73.000 

73.000 

Elong. in 
2 hi%) 

32 

30 

23 

28 

30 

26 

32 

31 

27 

26 

I 
1 

impact* 
lft-lb) 

75 

90 

47 

80 

48 

120 

120 

38 

85 

TABLE 6-12. Typical Current Ranges for Electrodes 

5/16 275 - 425 300-500 320.-430 340-450 375 -475 390-5pO 375 - 475 375-470 I 400-52Sf 



FILLET AND CORNER WELDS 

Fillet welds over IO to 12 in. in length on 3/l&n. or thicker plate 

Flat 

II 
7024jt 

Horizontal 

Fill 
(E7024)t 

Inclined 

Fill-freeze 
(E7014) 

Flat 

Fill 
(E7024) t 

Inclined 

Fill-freeze 
(E7014) 

Vertical 

3/16 to W&in. plate Plate over 5/8-i”. 
Freeze Fill-freeze 
(E6010, E601 I) (E7018) 

((et welds under 6 in. 
;!5fzyth or having 
$,nga in direction on 
JS,in. or thicker plate 
,,,, 
I,:,, 
>,,; ii 

jj,:: 
:,,; ,:, 
; 

Horizontal, Vertical, Overhead 

3/16 to 5/8-in. plate Plate over 5/8 in. 
Freeze Fill-freeze 
(E6010, E601 I) (E7018) 

tE7028 may be substituted 

Fig. 6-15. Guide to selection of electrodes for fillet and corner welds. 

SHEET METAL JOINTS 

All positions 
Follow 
(E6012, DC; E6013, AC) 

All positions All positions All positions 
Freeze Follow Freeze 

(E6010, DC; E6011, AC) (E6012, DC; E6013, AC) (E6010, DC; E6011, AC) 

Fig. 6-16. Guide to selection of electrodes for sheet-metal welds. 



TABLE 6-13. Recommended Electrodes for Carbon and Low Alloy ASTM Steels (See Note IO) 

ASTM 
Specification 

A36-74 

Description Grades 

Steel Plates, Sheets, Forgings. Shapes, and Castings 

Structural 36,000 psi Min. YS 

Recommended 
Electrodes 

Note 1 
4113.7oa 
4131.74 

A148-73 

AZOZ-74a 
A203-74a 

A204-74a 

A206-74a 
A225740 
A236-74 

A238-71 

A242-74 
A266-69 

A283-74 
A284-70a 
A285-74a 
A299-74a 
A302-74a 
A328-70 
A336-70a 

A352-74a 

A356-74 

A361-71 
A366-72 
A372-74 

A387.74a 

A389-74a 

A410-72 

Railway rolling stock 
Structural for ships 

Steel castings for structural use 

Boiler & pressure vessel 
Pressure vessel 

Boiler & preswre vessel 

Boiler & pressure vessel 
Boiler & prewre vessel 
Forgings, railway 

Forgings. railway 

High strength structural 
Drum forgings 

Strwtural plates 
Carbon-silicon plates 
Flange & firebox plate 
Boiler plate 
Boiler&pressure vessel 
Steel piling 
Alloy forgings 

Low-temperature castings 

Steam-turbine castings 

Galvanized sheets 
Carbon stee; sheets 

Pressurevessel forgings 

Cr.MO boiler plate 

High-temperature castings 

Piessureuessel plate 

All 

A,B,C.CS.D&E 
AH, OH & EH 
8040&50 
SO-60 
10585 & 12085 

A&8 
A&8 
D&E 
A&8 
C 

A&8 
A&B 
A&8 
C,D&E 
F&G 
H 

A 
B 

C,D&E 
Ail 
1 
2 

3 
All 
All 
All 
All 
All 
All 
Fl 
F12 
Other grades 
LCA. LCB & LCC 
LCl 
LCZ 
LC3 
5 
6 

a& 10 

Class I 
Class I I 
Class I11 
Class IV 
A.B&C 
D 
C23 
C24 

Note 1 
Note 1 
E7018 
E8018.c3 
ESOlS-G 
El 1018-M 
E9018-G 
E8018.Cl 
E8018-C’2 
E7010-Al or E7018.Al 

E8018-82 
E8018C3 
E8018-C3 
E7018 or E7028 
ESOlS-C3 
E9018-G 
E11018-M 

EaOlSC3 
E9018.G 
E11018-M 
E7018 or E7028, Note 3 

Note 1 
E7018 
E8018-C3 
Note 1 
Note 1 
Note 1 
E8018-C3 
E8018C3 
E7018 or E7028 
E7018-Al 
E8018-82 
Note 9 
E7018 
E7018-Al 
E8018-Cl 
E8018.C2 
E8018-Bl 
E8018-B2 
E9018-B3 
Notes 1 & 8 
Note 1 
E7018 or E7028 
ESOlS-C3 
ESOlS-G 
E11018-M 

E8018-82 
E9018-B3 
E8018-82 

ESOlS-83 
E8018-CZ 

Continul 



TABLE 6-13. Recommended Electrodes for Carbon and Low Alloy ASTM Steels, Cont’d. (See Note IO) 

ASTM 
Specification 

Recommended 
Dsscription Grades Electrodes 

Staal Plates, Sheets, Forgings, Shapes, and Castings 

4-72 

!4-73 
11-74 

12-74 
W-7 1 
16-72 
55.74C 
166-74 

Flange & firebox sheet 

Sheet for porcelain enameling 
High-strength structural 

Fine grain plate 
Galvanized steel sheet 

A.B,CXlD Note 1 
E&F E7018 or E7028 

G E8018C3 
E7018 

All E7018 or E7028 
Note3 
E7018 or E7028 
Note 1 & 8 

C-Mn pressure vessel plate 
Highway bridge castings 

37.71a Castings for pressure Ervice 

14.74a Quenched & tempered plate 

All 
A.B&C 
D&F 
All 
70 
so 
8N.9N 
A. AN, AQ, B, N, C & CN 
BQ&CQ 
All 

E7010-Al 
E8018-C3 
E7018 or E7028 
E9018-G 
E8018.83 
Note 1 
E8018.C3 
E11018-M 
Note4 
E7018 or E7028 
E7018 or E7028 
E7018 or E8018-C3 
E11018-M 
Note 4 
Notes 1 & 8 

15.74b 
16.74a 

17.74a 

26-7 1 
28-7 1 
29-72 
33.74 

37-74 

41-73 

43-74 

i70-72 
872~74b 

73.74 
88-74a 

06-71 
,07-70 

ill-72 
i15-74a 

i16-72 

il7-74 

High-temperature boiler plate 
Low-temperature pressure - 
vessel plate 
Quenched & tempered plate 

Galvanized sheets 

Structural, 42,OOOpsi Min. YS 

Quenched&tempered plate 

Pressure-VBW!S and structures 

Pressure-vessel forging 

Quenched & tempered plate 

Structural sheet & strip 
Structural plate 

Structural plate 

High-strength structural 

High-strength sheet 
High-strength low-alloy sheet 

Cold rolled sheet 
Reinforcement ban 

All 
558~60 
65 & 70 

All 

Class 1 
Class2&3 
Class 1 
Clan 2 
Clan 1 
Class2.3 & 4 
Class 5 
Class 6 
1,2&3 

All 
428~45 
50&55 
60&65 
65&70 
All 

All 
45.50 & 55 

60&65 
70 
A.&C&D 
40 
60 
75 

50 
60 
40 

Note 1 
E8018C3 
E11018-M 
E7018 or E7028 

E8018C3 
E7018 or E7028 
E8018C3 
E8018-B2 
E9018-B3 
E11018-M 
Note 4 
Note 1 
Note 1 
E7018 or E7028 
E8018-C3 
E7018 or E7028 
E7018 or E7028 

Note 3 
Note 1 
Note 1 
E8018-C3 
E9018-G 
Note 1 
Note 1 
E9018-G 
E11018-M 
E8018C3 

E9018-G 
Note 1 
E9018-G 
E9018-G 106.74 Reinforcement ban 

60 
60 

Continued 



ASTM, 
Specification Description Grades 

Recommended ‘1: 
Electrodes 

.F..L__ __A c:y:--- 

A192-73 
A21 l-73 I- 
A214-71 
A226-73 
A252.74 

A 

A523-73 
A587-73 
A589-73 
A105-73 
Al06-74 
A155-74 

Mild-steel pipe 

High-temperature fittings 
High-temperature pipe 
High-temperature pipe 

El61-72 

E 178-73 & 

E 179.73 
Al81.68 

A182-74 

A199-73 
A200-72 
A209-73 
A210-73 

A213-74b 
A2 14-7413 
A216-74b 
A217-74~ 

A234-74 

A250-73 
A333-74 & 
A334-74 

A335-74a 

A350-74 

E369-73a 

Still tubes 

Boiler tubes & 

Condenser tubes 
General sewice fittings 
High-temperature fittings 

Heat-exchanger & condenser tubes 
Refinery stilt tubes 

Carbon-m& boiler tubes 
Carbon-steel boiler tubes 

Boiler tubes 
Condenser tubes 
Higtl-temperature cast fittings 
High-temperature cast fittings 

Wrought welding fittings 

Carbon-moly boiler tubes 
Low-temperature pipe 

High-temperature pipe 

Low-temperature fittings 

High-temperature pipe 

All Notes 1 and 2 

I & II 

A. B. C 
c45, c50. c55 
KC & KCF-55.60 
KC & KCF-65 
CM65.70 
CM75 
CMS75 & CMSH70 
l/2, 1. & l-114. Cr 
2-l/4 Cr 
Low-carbon 
Tl 

All 
I & II 
Fl 

F2, Fll. F12 
Tll 
Tll 
Tl,Tla&Tlb 
Al 
C 

T2.Tll.T12,&T17 
Ail 
WCA. WCB, WCC 
WC1 
WC4 

WC6 
WPA. WPB & WPC 
WPl 
WPll 
Tl,Tla,Tlb 
l&6 
3 
7 
Pl 
P2,Pll &Pl2 
Others 
LFl 8, LF2 

LF3 
LF5 

E7018 
E7018 
Note 1 
E7018 or E7028 
E7018 or E7028 
E7010-Al or E7018-Al 
E8018-82 
E8018-C3 
E8018-B2 
E9018-B3 
Note 1 
E7010-Al or E7018.Al 

Note 1 
E7018 or E7010-Al 
E7010-Al,E7018-Al 
E8018-B2. Note 9 
E8018-82, Note 9 
E8018-82. Note 9 
E7010-Al, E7018-Al 
Note 1 or E7010-Al 
E7010-Al 
E8018-82 
Note 1 
E7018 or E7018-Al 
E7010-Al 
E8018-C3 
E8018-82 
Note 1 
E7010-Al, Note 2 
E8018-82 
E7010-Al. Note 2 
E7018 or E8018C3 
E8018C2 
E8018.Cl 
E7010-Al, Note 2 
E8018-82 
Note 9 

ESOlS-Cl 
E8018-C2 
E8018-C3 
See A335 & Al82 



Shielded Metal-Arc Process 6.2-7 

TABLE 613. Recommended Electrodes for Carbon and Low Alloy ASTM Steels, Cont’d. (See Note 10) 

ASTM 
Specification 

A381-73 

A405-70 
A420-73 

A423-73 
A426-74 
A498-73 

A500-74a 
A501-74 
A524-72a 

A556-73 & 
A557-73 
A618-74 

Description 

High-pressure pipe 

High-temperature pipe 
Low-temperature pipe 

Low-alloy tube 
High-temperature cast pipe 
Condenser tubes 

Structural tubing 
Structural tubing 
Process piping 
Feed water heater tub:s 

Structural tubing 

Recommended 
Grades Electrodes 

Steel Pipe, Tubes, and Fittings lcontinued~ 

Y35. Y42 & Y46 Notes 1 & 2 
Y52 & Y56 Note 5 ,,:-g 

Y60 & Y65 Note 5~or E8018C3 
P24 E8018-82 
See A203, A333. ;,~:~::: 

A334. A350 ~: : 
l&2 E8018C3 or E7018 

See A335 
., 

See A199. A179, A213. 
A214, & A334 ,1 

A,B&C E7018 & Note 1 
,,~,, 

E7018 8, Note 1 ‘,_ 
l&2 E7010-Al or E7018 
A2&82 E7018. Note’1 
c2 E7018 
I II &Ill E7018 

“Note 1. unless restricted by specifications; use any EGOXX or E7OXX electrode far steei grades With 60.000 psi or less tensile strength. for 

,,!,,-: steel grades with 60,000 to 70,000 psi tensile strength, use E70XX electrodes. 

ljNm3 2. “se E,O,O-0. specially desi,,ned for field-welding pipe. 

iNote 3. use ~80~8.~1 or E8010-82 for beet color match on unpainted steels with enhanced atmospheric corrosion resistance. Consult the 
,/ steel supplier. ,,, 
fpte 4. E7018 0, E8018.C3 are frequentlv “red for fillet welds. 

gNofe 5, use special electrode designed for field welding 5LX pipe, Grades X42 thru X65. 
:,I 
gP4ote 6. 00 not use E8018M2for low-temperature applications. 

:+7te 7. ~7018, E702s for fillers. or Eaole-C3 for general-purpore welding, can be used on these steels. If the weldment is to be Precipita- 
_, tion-hardened or high weld strength is require*. use Eaols-a2. 
,,, 

,mote 8. usually Es010 is the most satisfactory electrode for galvanized sheet. 

~~‘,NOte 9. Electrode recommendations for other alloy steels may be found in Sections 6.1 and 7.2. 

Note 10. There recommendarions are based on marching the tensile properties of the weld depaif and the plate, and also the chemical 
properties of the weld deposit and the plate where chemistry is important. Since if is impossible to foresee all the conditions of 
every application. other electrodes than those recommended here may also be satisfaCtcw and should be tested before the weld- 
menf is Started. 

:~j 

FAST-FREEZE ELECTRODES 

Fast-freeze electrodes are compounded to 
deposit weld metal that solidifies rapidly after being 
melted by the arc, and are thus intended specifically 
for welding in the vertical and overhead positions. 
Although deposition rates are not as high as with 
other types of electrodes, the fast-freeze type can 
also be used for flat welding and is, thus, considered 
an “all-purpose” electrode that can be used for any 
weld in mild steel. However, welds made with fast- 

Applications for fast-freeze electrodes are: 

l General-purpose fabrication and main- ~,,I:’ 
tenance welding. : j; 

l Vertical-up and overhead plate welds requir- 
ing X-ray quality. 

l Pipe welding, including cross-country, in- 
plant, and noncritical small-diameter piping. 

l Welds to be made on galvanized, plated, 
painted, or unclean surfaces. 

freeze electrodes are slow and require a high degree 
of operator skill. Therefore, wherever possible, work 
should be positioned for downhand welding, which 
permits the use of fast-fill electrodes. 

Fast-freeze electrodes provide deep penetration 
and maximum admixture. The weld bead is flat with 
distinct ripples. Slag formation is light, and the~atc is 
easy to control. 

l Joints requiring deep penetration, such as “! 
square-edge butt welds. 

l Sheet-metal welds, including edge, corner, ,i 
and butt welds. 

Electrode Characteristics 
E6010: This i&he basic fast-freeze electrode for 

,,,_, 



6.2-8 Welding Carbon and Low-Alloy Steel 

general-purpose DC welding. Light slag and good 
wash-in permit excellent control of the arc. The 
E6010 electrode is particularly valuable for critical 
out-of-position applications, such as with pipe 
welding. 

E6011: A general fast-freeze electrode for use 
with industrial AC welders, E6011 is also the pre- 
ferred electrode for sheet-metal edge, corner, and 
butt welds with DCSP. The electrode is also used for 
vertical-down welding, and for applications requiring 
exceptionally low silicon deposit. Special grades are 
available for general-purpose shop use with small, 
low open-circuit voltage AC welders (not suitable 
for X-ray quality). E6011 is also available in a 
special grade producing little slag, that is designed 
especially for tack welding. 

E’7010-Al: This fast-freeze electrode is designed 
for welding high-strength pipe, such as X52 or X56, 
and for other out-of-position welding where high 
strength or control of alloy in the weld are import- 
ant. It produces a 70,000-psi deposit containing 
0.5% molybdenum. Operation is similar to E6010. 

E’7010-G:This electrode is similar to E’7010-Al, 
hut is designed specifically to avoid any surface-hole 
tendency in fill and cover-pass welds on high- 
strength pipe. Special grades are available for weld- 
ing all passes on X60 and X65 high-strength line 

“, pipe. 

Welding Techniques 
Current and Polarity: Unless otherwise specified, 

: use DCRP with ExxlO, and use AC with Exxll. 
Exxll electrodes can he used on DCRP with a cur- 
rent about 10% below normal AC values. Always 
adjust current for proper arc action and control of 
the weld puddle. 

Flat Welding: Hold an arc of l/8 in. or less, or 
touch the work lightly with the electrode tip. Move 
fast enough to stay ahead of the molten pool. Use 
currents in the middle and high portion of the range. 

Vertical Welding: Use an electrode of 3/16 in. or 
smaller. Vertical-down techniques are used by pipe- 
liners and for single-pass welds on thin steel. Verti- 
cal-up is used for most plate welding. Make the first 
vertical-up pass with either a whipping technique for 
fillet welds, or with a circular motion for V-butt 
joints (Fig. 6-17). Apply succeeding passes with a 
weave, pausing slightly at the edges to insure pene- 
tration and proper wash-in. Use currents in the low 
portion of the range. 

Overhead and Horizontal Butt Welds: Use an 
electrode of 3/16 in. or smaller. These welds (Fig. 

6-18) are best made with a series of stringer beads, 

Whip 
first pass, 

b 

\ 
r 

Box wewe 
second pas _ 

j 

!z! 

Straignt weave 

gi 1 
Fig. 6-17. Technique for vertical welding with fast-freeze electrodes. 

using a technique similar to those described for 
first-pass vertical-up welds. 

Sheet-Metal Edge and Butt Welds: Use DCSP. 
Hold an arc of 3/16 in. or more. Move as fast as 
possible while maintaining good fusion. Position the 
work 45O downhill for fastest welding. Use currents 
in the middle range. 

FAST-FILL ELECTRODES 

Fast-fill electrodes are compounded to deposit 
metal rapidly in the heat of the arc and are, thus, 
well suited to high-speed welding on horizontal sur- 
faces. The weld metal solidifies somewhat slowly; 
therefore this type of electrode is not well suited for 
out-of-position welds. However, a slight downhill 
positioning is permissible. Joints normally con- 
sidered fast-fill include butt, fillet, lap, and corner 
weids in plate 3/16 in. or thicker. These joints are 
capable of holding a large molten pool of weld metal 
as it freezes. 

Arc penetration is shallow with minimum 
admixture. The bead is smooth, free of ripples, and 
flat or slightly convex. Spatter is negligible. Slag 
formation is heavy, and the slag peels off readily. 

Fig. 6-18. Technique for overhead and horizontal butt welds with 
fast-freeze electrodes. These welds are best made with a series of 
stringer beads. 
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Applications for fast-fill electrodes are: 

l Production welds on plate having a thickness 
of 3/16 in. or more. 

a Flat and horizontal fillets, laps, and deep- 
groove butt welds. 

: l Welds on medium-carbon crack-sensitive 
steel when low-hydrogen electrodes are not 
available. (Preheat may be required.) 

The coverings of fast-fill electrodes contain 
‘, approximately 50% iron powder. This powder 
“‘increases deposition rate by helping to contain the 

am heat at the electrode, by melting to add to 
“deposited weld metal, and by permitting currents 

,,,‘,‘higher than those permitted by other types of 
;;i’: coverings. The thick, iron-bearing covering also 
ii&:, ,facilitates use of the drag technique in welding. 

se fast-fill elec- 

ed principally for flat deep-groove 
flat and horizontal fillets, the elec- 

nt wash-in characteristics. A friable 
slag removal in deep grooves. This 
etimes used as an alternative to 
y quality or high notch toughness 

he electrode is used in place of 
,OOO-psi strength or 0.5% molyb- 

:,:, Polarity: Use AC for highest speeds and best 
DCRP can be used, but 

otes arc blow and compli- 

Flat Welding: Use a drag technique; tip the elec- 
trode 10 to 30° in the direction of travel and make 
stringer beads. Weld with the electrode tip lightly 
dragging on the work so that molten metal is forced 
out from under the tip, thereby promoting penetra- 
tion. The resulting smooth weld is similar in appear- 
ante to an automatic weld. Travel rapidly, but not 

tay about l/4 to 
as illustrated in 

Figure 6-19. If travel speed is too slow, a small ball 
of molten slag may form and roll ahead of the arc, 
causing spatter, poor penetration, and erratic bead 
shape. Optimum current usually is 5 to 10 amp 
above the center of the range for a given electrode. 

WRONG 
118” gap between 
electrode coating 

Electrode coating 
touches plate lightly 

Fig. 6-19. Technique for flat welds with fast-fill electrodes. An incor- 
rect technique is included for comparison. 

Do not exceed the center of the range if the weld is 
to be of X-ray quality. 

Horizontal Fillets and Laps: Point the electrode 
into the joint at an angle of 450 from horizontal and 
use the “flat” technique described above. The tip of 
the electrode must touch both horizontal and ver- 
tical members of the joint. If the 450 angle between 
plates is not maintained, the fillet legs will be of 
different si;ies. When two passes are needed, deposit 
the first bead mostly on the bottom plate. To weld 
the second pass hold the electrode at about 45O, 
fusing into the vertical plate and the first bead. 
Make multiple-pass horizontal fillets as shown in 
Figure 6-20. Put the first bead in the corner with 
fairly high current, disregarding undercut. Deposit 
the second bead on the horizontal plate, fusing into 
the first bead. Hold the electrode angle needed to 
deposit the filler beads as shown, putting the final 
bead against the vertical plate. 

I I 
Fig. 6.20. Technique for multi&pass horizontal fillet welds with fast- 
fill elwwodes. Beads should be deposited in the order indicated. 
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Deep-Groove Butt Welds: To hold the large pool 
of molten weld metal produced by fast-fill elec- 
trodes, either a backup plate, or a stringer bead 
made with a deeper-penetrating fast-freeze electrode 
is required. Deposit fast-fill beads with a stringer 
technique until a slight weave is required to obtain 
fusion of both plates. Split-weave welds are better 
than a wide weave near the top of deep grooves. 
When welding the second last pass, leave enough 
room so that the last pass will not exceed a l/16-in. 
buildup. A slight undercut on all but the last pass 
creates no problems, because it is burned out with 
each succeeding pass. 

FILL-FREEZE ELECTRODES 

Fill-freeze electrodes are compounded to pro- 
vide a compromise between fast-freeze and fast-fill 
characteristics, and thus provide medium deposition 
rates and medium penetration. Since they permit 

‘, welding at relatively high speed with minimal skip, 
,, misses, and undercut, and with minimum slag 
_,” entrapment, fill-freeze electrodes are also referred to 
,:, as fast-follow electrodes. The electrode’s charac- 
?,, teristics are particularly suited to the welding of 
,s:,,, ,,1 sheet metal, and fill-freeze electrodes are, thus, 
: often called “sheet-metal” electrodes. Bead 

;:;;, appearance with this group of electrodes varies from 
:; smooth and ripple-free to wavy with distinct ripples. 
:,:, The fill-freeze electrodes can be used in all welding 
:, positions, but are most widely used in the level or 
:l’~ji downhill positions. 

Applications for fill-freeze electrodes include: 

the group. Special types Bre available for improved 
arc stability, minimum spatter, and easier slag 
removal. Some types contain iron powder in the 
coatings for greater mileage, better AC operation, 
and a smoother, quieter arc. These types are 
excellent for low-current applications, such as 
sheet-metal welding. 

E6013: This electrode is used in place of E6012 
for sheet-metal welding where appearance and ease 
of operation are more important than speed. AC 
operation is excellent. It is recommended for 
general-purpose welding with small AC transformer 
welding machines having low open-circuit voltage. 

E7014: The electrode has highest iron-powder 
content in the group, and thus provides highest dep- 
osition (or maximum fast-fill capability) among the 
fill-freeze electrodes. It has exceptionally good oper- 
ating characteristics and is often preferred by weld- 
ors. It is frequently used for production welding on 
short, irregular, or downhill fast-fill types of joints. 

Welding Techniques on Steel Plate 
Polarity: Use DCSP for best performance on all 

applications except when arc blow is a problem. To 
control arc blow, use AC. 

Downhand and Downhill: Use stringer beads for 
the first pass except when poor fitup requires a 
slight weave. Use either stringer or weave beads for 
succeeding passes. Touch the tip of the electrode to 
the work or hold an arc length of l/&3 in. or less. 
Move as fast as possible consistent with desired bead 
size. Use currents in the middle to higher portion of 
the range. 

Electrode Size: Use electrodes of 3/16-in. or 
smaller diameter for vertical and overhead welding. 

Vertical-Down: Use stringer beads or a slight 
weave. A drag technique must be used with some 
E6012 electrodes. Make small beads. Point the elec- 
trode upward so that arc force pushes molten metal 
back up the joint. Move fast enough to stay ahead of 
the molten pool. Use currents in the higher portion 
of the range. 

Vertical-Up: Use a triangular weave. Weld a shelf 
at the bottom of the joint and add layer upon layer. 
Do not whip or take the electrode out of the molten 
pool. Point the electrode slightly upward so that arc 
force helps control the puddle. Travel slow enough 
to maintain the shelf without spilling. Use currents 
in the lower portion of the range. 

Overhead: Make stringer beads using a whipping 
technique with a slight circular motion in the crater. 
Do not weave. Travel fast enough to avoid spilling. 
Use currents in the lower portion of the range. 

l Downhill fillet and lap welds. 

l Irregular or short welds that change 
direction or position. 

l Sheet-metal lap and fillet welds. 

l Fast-fill joints having poor fitup. 

l General-purpose welding in all positions. 

Fast-freeze electrodes, particularly E6010 and 
E6011, are sometimes used for sheet-metal welding 
when fast-follow electrodes are not available, or 
when the operator prefers faster solidification. Tech- 
niques for sheet-metal welding with these electrodes 
are discussed in the portion of this section dealing 
with fast-freeze electrodes. 

Electrode Characteristics 
E6012: The basic fill-freeze electrode for gen- 

eral-purpose and production welding, this electrode 
provides a more forceful arc than other electrodes in 
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, Welding Techniques with Sheet Metal 
The ability to adjust current while welding sheet 

steel is valuable, particularly when fitup or material 
thickness varies. Motor-generator welders equipped 
with foot-operated remote current controls are 
,‘useful’for this purpose. 
~, Generally, use the highest current that does not 

,&use burnthrough, does not undercut, or does not 
melt the edges of lap, corner, or edge welds. For fast 

:~,welding, the operator must stay precisely on the 
“: joint and must travel at a uniform speed. Welding on 
:,~sheet metal, thus, requires more than average skill, 
;,,and a good weldor may need a few days of practice 
;;::when fist attempting this type of weld. 

For maximum welding speed, minimum distor- 
lding in the flat position, joints gener- 

e positioned 45O to 75O downhill. Use 
backup strips where possible to decrease the 
f burnthrough. The procedyes tables in this 

ume tight fitup and adequate clamping 
g. Where poor fitup is encountered: 

educe current. 

the electrode into the direction of travel 
more than normally. 

fast-freeze electrodes use a small, quick 
weave technique to bridge the gap. 

e entire weld in one pass using stringer 
s or a slight weave. Drag the electrode on the 

ay ahead of the molten pool. Tip the 

ode well into the direction of travel so the arc 
the weld metal back into the joint. Use 

s in the high portion of the range. 

:,‘,,, 
~~ LOW-HYDROGEN ELECTRODES 

:: ” Conventional welding electrodes may not be 
suitable where X-ray quality is required, where the 
dBASE metal has a tendency to crack, where thick 
sections are to be welded, or where the base metal 
has an alloy content higher than that of mild steel. 
In these applications, a low-hydrogen electrode may 
be required. 

Lo w-hydrogen electrodes are available with 
either fast-fill or fill-freeze characteristics. They are 
compounded to produce dense welds of X-ray qual- 
ity with excellent notch toughness and high duc- 
bility. Low-hydrogen electrodes reduce the danger of 
mderbead and microcracking on thick weldments 
nd on high-carbon and low-alloy steels. Preheat 

I 
requirements are less than for other electrodes. 

Low-hydrogen electrodes are shipped in hermet- 
ically sealed containers, which normally can be 

,,, 

stored indefinitely without danger of moisture 
pickup. But once the container is opened, the elec- 
trodes should be used promptly or stored in a 
heated cabinet. Details on electrode storage and on 
redrying moisture-contaminated electrodes are 
presented later ,in this section. 

Applications for low-hydrogen electrodes 
include: 

. 

. 

. 

. 

. 

X-ray-quality welds or welds requiring high 
mechanical properties. 

Crack-resistant welds in medium-carbon to 
high-carbon steels; welds that resist hot-short 
cracking in phosphorus steels; and welds that 
minimize porosity in sulfur-bearing steels. 

Welds in thick sections or in restrained joints 
in mild and alloy steels where shrinkage 
stresses might promote weld cracking. 

Welds in alloy steel requiring a strength of 
70,000 psi or more. 

Multiple-pass, vertical, and overhead welds in 
mild steel. 

Electrode Characteristics 
E7018: This electrode has fill-freeze characteris- 

tics and is suitable for all-position operation. Iron 
powder in the electrode coating promotes rapid dep- 
osition. Moderately heavy slag is easy to remove. 
(Weld metal freezes rapidly even though slag remains 
somewhat fluid.) Beads are flat or slightly convex 
and have distinct ripples, with little spatter. 

E7028: The electrode has fast-fill characteristics 
applicable to high-production welds where low- 
hydrogen quality is required. It performs best on 
flat fillets and deep-groove joints, but is also suitable 
for horizontal fillet and lap welds. Excellent re- 
striking qualities permit efficient skip and tack 
welding. 

Welding Techniques 
Techniques for E7028 are the same as those 

described for conventional fast-fill electrodes. How- 
ever, special care should be taken to clean the slag 
from every bead on multiple-pass welds to avoid slag 
inclusions that would appear on X-ray inspection. 
The ensuing discussion pertains to the techniques 
recommended for E7018 electrodes. 

Polarity: Use DCRP whenever possible if the 
electrode size is 5/32-in. or less. For larger elec- 
trodes, use AC for best operating characteristics (but 
DCRP can also be used). 

Dow&and: Use low current on the fist pass, or 
whenever it is desirable to reduce admixture with a 
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base metal of poor weldability. On succeeding 
passes, use currents that provide best operating 
characteristics. Drag the electrode lightly or hold an 
arc of l/S-in. or less. Do not use a long arc at any 
time, since E7018 electrodes rely principally on 
molten slag for shielding. Stringer beads or small 
weave passes are preferred to wide weave passes. 
When starting a new electrode, strike the arc ahead 
of the crater, move back into the crater, and then 
proceed in the normal direction. On AC, use cur- 
rents about 10% higher than those used with DC. 
Govern travel speed by the desired bead size. 

Vertical: Weld vertical-up with electrode sizes of 
5/32-in. or less. Use a triangular weave for heavy 
single-pass welds. For multipass welds, first deposit a 
stringer bead by using a slight weave. Deposit addi- 
tional layers with a side-to-side weave, hesitating at 
the sides long enough to fuse out any small slag 
pockets and to minimize undercut. Do not use a 
whip technique or take the electrode out of the 
molten pool. Travel slowly enough to maintain the 
shelf without causing metal to spill. Use currents in 
the lower portion of the range. 

Overhead: Use electrodes of 5/32-in. or smaller. 
Deposit stringer beads by using a slight circular 
motion in the crater. Maintain a short arc. Motions 
should be slow and deliberate. Move fast enough to 
avoid spilling weld metal, but do not be alarmed if 

TABLE 6-14. Procedures for 
Drying Low-Hydrogen Electrodes 

Nature of Moisture Pickup 

Electrodes exposed to air for less than 
one week; no direct contact with water. 
Welds not subject to X-ray inspection. 

Electrodes exposed to air for lesz than 
one week; no direct contact with water. 
Welds subject to X-ray inspection. 

Electrodes have come in direct contact 
with water, or have been exposed to ex- 
tremely humid conditions as indicated 
by core wire rusting at the holder end. 
Before redrying at 700 - 75OF. predry 
electrodes in this condition at 180°F 
for 1 to 2 hours. This minimizes the 
tendency for coating cracks or oxi- 
dation of the alloys in the coating. 

Drying Temperatures 

700°F / 750°F 

Note: one hour at the listed temperat”rer is rafirfactory. 00 not 
dry electrodes at higher temperatures or for more than 8 hou,~. 
Several ho”,* at lower temperature are not equivalent to using the 
Specified temperaturer. Remove the *leetrOd** from the can and 
*wead them O”t in the furnace. Each electrode rn”Sf reach the 
drying temperature. icardboard can liner* char at about 35OOF.j 

some slag spills. Use currents in the lower oortinn nf 
the range. 

Redrying Low-Hydrogen Electrodes 
Low-hydrogen electrodes must be dry if they al 

to perform properly. Electrodes in unopenel 

TABLE 6-15. Characteristics of 
Mild-Steel Covered Electrodes* 

ggg-&g General 
Characteristics 

W.OOOqsi M imum Tensile Strength 

E6010 Freeze+ 

l- 

Molten weld metal freezes quickly; 
suitable for welding in a,, positions 
with DC reverse-polarity power; has a 
low-deposition rate and deeply pene- 
trating arc; can be us& to weld al, 
types of ioints. 

E7014 

E7018 

E7024 

E7028 

70.000~psi N 

Fill-freeze 

Fill-freeze 

Fill 

Fill 

Similar to E6010, except can be used 
with AC aswe,, as DC power. 

Faster travel speed and smaller welds 
than E6010; AC or DC, straight- 
polarity power: penetration less than 
E6010. Primary use is for single-pan 
welding of thin-gage sheet metal in flat. 
horizontal. and vertical-down 
positions. 

Similar to E6012. except can be used 
with DC (either polarity, or AC power. 

Deposition rate high since covering 
contains about 50% iron powder; pri- 
mary use is for multipass. deepgroove, 
and fillet welding in the flat position or 
horizontal fillets, using DC (either 
polaritvl or AC power. 

~imum Tensile Strength 

Higher deposition rate than E6010: 
usable with DC (either polarityl or AC 
dower: wimarv use is for inclined and 
ihort. h&on&l fillet welds. 

Suitable for welding low and medium- 
carbon steels (0.55% C max) in a,, posi- 
tions and types of joints. Weld-metal 
quality and mechanical properties high- 
est of a,f mild-steel electrodes; usable 
with DC reverse polarity or AC power. 

Higher deposition rate than 57014; 
suitable for flat-position welding and 
horizontal fillets. 

Similar to type E7018; used for weld- 
ing horizontal and flat fillets and 
grooved butt fillet welds in flat posi- 
tion. 



Fig. 6-21. Deposition rates for various mild-steel electrodes. 

p& 
&g:~, 
~&rmetically sealed containers remain dry indefi- 
&tely in good storage conditions. Opened cans 
i&ould be stored in a cabinet at 250 to 39OOF. Sup- 
?@ymg weldors with electrodes twice a shaft - at the 
$s,m,rt of the shift and at lunch, for example - mini- 
YYmizes the danger of moisture pickup. Return 
:“electrodes to the heated cabinet for overnight 
:‘, storage. 

:’ When containers are punctured or opened so 
that the electrode is exposed to the air for a few 
days, or when containers are stored under unusually 
wet conditions, low-hydrogen electrodes pick up 
moisture. The moisture, depending upon the 

,, amount absorbed, impairs weld quality in the 
following ways: 

1. A small amount of moisture may cause inter- 
nal porosity. Detection of this porosity 
requires X-ray inspection or destructive test- 
ing. If the base metal has high hardenability, 
even a small amount of moisture can con- 
tribute to underbead cracking. 

2. A high amount -of moisture causes visible 
external porosity in addition to internal 
porosity. 

3. Severe moisture pickup can cause weld 
cracks or underbead cracking in addition to 
severe porosity. 

Redrying completely restores ability to deposit 
quality welds. The proper redrying temperature 
depends upon the type of electrode and its condi- 
tion. Drying procedures are listed in Table 6-14. 

SUMMARY OF ELECTRODES FOR MILD STEEL 

In the AWS specification A5.1-69 there are 12 
different classifications of electrodes for welding 
mild steel. Each classification has different operating 
characteristics, and a summary of these charac- 
teristics is given in Table 6-15. The deposition rates 
for the electrodes in Table 6-15 are shown in Fig. 
6-21. 

ALLOY-STEEL ELECTRODES 

Alloy content of the weld deposit is not critic- 
ally important in the welding of common grades of 
steel. As discussed in the immediately preceding 
portions of this section, electrode selection for these 
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TABLE 6-16. T 

As-Welded 
Tensile Strength (psi) 
Yield Strength (psi1 
Elongation (% in 2 in.) 
Charpy ” Notch tft-lb) 

Stress Relieved 1150°F 
Tensile Strength (psi1 

Yield Strength (psi1 

Elongation (% of 2 in.) 

Charpy V Notch lft-lb1 

)ical Mechanica! Proaerties of AWS 

E7010-Al E8018.62 ESOlS-C3 

75,000 102,000 
68.000 90,000 

24 21 
643 at 7O=‘F 65 at 70°F 

72.000 

29 

68 at 70°F 

* st,er* relieved at 1275OF 

i Stress relieved at 102& 

93,000 
83,000’ 
81,000 
70.000’ 

i0 
22’ 

65 at 7O“F 
65 at 70°F ’ 

86.000 
78;OO0 

25 
48 at -2O’F 

81,000 84,000 

70,000 7 1,000 

26 24 

88 at -20°F 40 at -75OF 

i.6.69 Weld n tai 
E8018.Cl 

87,000 
74,wO 

22 
61 at -75’F 

==-I 

112,000+ 

96,000+ 

22+ 

35 at -6OOF+ 

steels is based largely on whether maximum deposi- 
: tion rates or rapid freeze characteristics are pre- 

ferred. But for alloy steels - chosen specifically for 
their high mechanical properties, superior corrosion 

,,:z;, 
;a; resistance, or ability to withstand high temperatures 
;,, - the electrode must he carefully selected so that it 

provides the specific chemical composition needeN 
to maintain the desired properties of the base metr 
in the weld deposit. 

There are many types of electrodes available fo 
welding low-alloy steels. These types are describe1 
completely in AWS A5.5, and a brief summary o 

TABLE 617. Recommended Electrodes for Trade-Name Steels 
(See Note 10, Table6-131 



4 
,, 

Shielded Metal-Arc Process 6.2-15 

typical electrode characteristics and applications is 
presented in the following paragraphs. The chemical 
requirements of deposited weld metal are given in 
Table 4-7. Typical mechanical properties of some of 
the weld deposits are given in Table 6-16. A guide to 

I’, the selection of electrodes for welding steels of 
,‘I specific trade names is presented in Table 6-17. 
‘,: Except for electrodes for welding high-strength 
1 Kline pipe (see Section 13.3), most electrodes for weld- 
,‘i’ing low-alloy steel have low-hydrogen, fill-freeze 
;,,c@&acteristics similar to those of E7018 and are 
,Z:‘suitable for all-position fabrication and repair weld- 

ing. Even though these electrodes are suitable for 
all-position welding, their operating characteristics 
tie quite different from those of fast-freeze elec- 
trodes for the common steels. Weld metal from 
&ioy-steel electrodes freezes rapidly even though the 
@$ remains relatively fluid. Deposition rate is high, 
t,&ially because the coverings contain iron powder. 
~,~::Beads are flat or slightly convex and have dis- 
&ct ripples with little spatter. The moderately 
&yy slag is easy to remove. 
&some of the commonly used low-alloy high- 

?r&h electrodes include: 
##r& 
@@8018-B2: This electrode produces a 
@$%-chromium, 0.5%-molybdenum deposit, com- 
$;@@ly required for high-temperature, high-pressure 

&g. It usually meets requirements of E9018-G 
@$&me high-strength (90,000 psi tensile) steels. 
BTE8018-C3: The electrode conforms to MIL 
$Q,$&C3 and produces a weld having a tensile 
@ngth of 80,000 psi, suitable for general-purpose 
@lding on many high-strength alloys. This type also 
$o&des a l%-nickel deposit for welding alloys that 
uti to be used at low temperatures and which 
rc$dre good notch toughness down to -6OOF. The 
electrode is also used for fillet welds on high- 
strength (110,000 psi tensile) quenched-and- 
tempered steels, such as ASTM 4514 and A517. 

ESOlS-Cl: The type produces a 2.25%-nickel 
deposit with notch toughness of 50 ft-lb at -75OF 
md is, thus, commonly required for welding low- 
temperature alloys. Such alloys are frequently used 
to fabricate storage, piping, and transportation 
quipment for liquid ammonia, propane, and other 
gases. This group of electrodes is also recommended 
For the best color match on unpainted corrosion- 
resistant ASTM A242 steels. (Cor-Ten, Mayari-R, 
and others). 

EllOlS-M: The electrode conforms to 
MIL-11018-M and produces a llO,OOO-psi tensile 
strength needed for full-strength welds on 
quenched-and-tempered steels, ASTM A514 and 

A517 (T-l, SSS-100, HY-80, and others) 

GENERAL CONSIDERATIONS IN WELDING 

Joint Positions 
As noted eartier in this section, joint position is 

often the primary factor in electrode selection and is 
therefore largely responsible for the speed and cost 
of welding. Where possibie, work should be posi- 
tioned flat for fastest welding speed. 

Sheet-Metal Welds: In sheet steel from 10 to 18 
gage, welds are usually larger than needed for joint 
strength. Thus, the primary objective is to avoid 
burnthrough while welding at fast travel speeds with 
minimum skips and misses. Fastest speeds are 
obtained with the work positioned 45 to 75O down- 
hill. Refer to the prior portion of this section on 
fill-freeze electrodes. 

3” PEH MIN. 11” PER MIN. 12” PER MIN. 

Pig. 6-22. Variations in welding speed with different joIn, ;lositions. 

Welds on Mild Steel Plate: Plates having a thick- 
ness of 3/16-in. or greater are welded most rapidly 
in the flat position. This position permits easiest 
manipulation of the electrode and allows use of 
high-deposition fast-fill electrodes. Variations in 
welding speed with different joint positions are illus- 
trated in Fig. 6-22. For more information, refer to 
portions of this section dealing with fast-fill elec- 
trodes. If a weld is to be made in the vertical or 
overhead position, refer to the discussion on 
fast-freeze electrodes. 

‘Welds on High-Carbon and Low-Alloy Steel: 
These steels can be welded most readily in the level 
position. Refer to the discussion on low-hydrogen 
electrodes. 

Joint Geometry and Fitup 
Joint dimensions specified in the Procedure * 

Tables are chosen for fast welding speeds consistent 
with weld quality. Departure from the recom- 



Fig. 6-23. Correct and incorrect bevels for good bead shape and 
adequate penetration. 

mended joint geometry may reduce welding speed 
or cause welding problems. 

Fitup must be consistent for the entire joint. 
Sheet metal and most fillet and lap joints must be 
clamped tightly their entire length. Gaps or bevels 

‘, must be accurately controlled over the entire joint. 
:;z,:: Any variations in a joint make it necessary for the 

!ZS’ operator to reduce the welding speed to avoid hum- 
;,,‘,’ through and force him to make time-consuming 

” manipulations of the electrodes. 
Sufficient bevel is required for good bead shape 

& and adequate penetration (Fig. 6-23). Insufficient 
SK bevel prevents adequate entry of the electrode into 
@i,$ the joint. A deep, narrow bead also has a tendency 
.i:’ to crack. However, excess bevel wastes material. 
F,:, Sufficient gap is needed for full penetration (Fig. 
‘i:, 6-24). Excessive gap wastes metal and slows welding 
,,,:, ,,~~ ‘speed. Either a l&in. land or a backup strip is 
.~‘:, ,required for fast welding and good quality with 
Yf thick plate (Fig. 6-25). 

Feather-edge preparations require a slow costly 
seal bead. However, double-v butt joints without a 

RIGHT WRONG 

m --Lacks full Penetration 

-t~li32-t0 l/16” 

w myck gouge and weld 

Fig. 6-24. Correct and incorrect gaps for proper penetration 

RIGHT WRONG 
KWasb?d weld metal 

Fig. 6-25. Proper joint geometry for thick-plate welding. 

land are practical when the seal bend cost is offsei 
by easier edge preparation and the gap can bt 
limited to about 3/32-in. 

Weld seal beads on flat work with 3/16-in 
E6010 electrodes at about 150 amp DCRP. USI 
l/8-in. electrode at about 90 amp DCRP for vertical 
overhead, and horizontal butt welds. Employ r 
combination whipping technique and circulatim 
motion in the crater. 

When low-hydrogen seal beads are required, USI 
the appropriate EXX18 electrode. Weld with the 
same electrode sizes and about 20 amp higher cur 
rent than recommended for E6010. Employ stringe: 
bead technique with a slight weave when needed. 

Back-gouging from the second side is needed: 1 
For X-ray quality. 2. When irregular gap or poo: 
technique produces a poor bead. 3. When a heav! 
bead is needed to prevent burnthrough of semi 
automatic fill beads. 

Joint Cleanliness 
To avoid porosity and attain the speeds indi 

eated in the Procedure Tables, remove excessiv’ 
scale,, rust, moisture, paint, oil, and grease from thm 
surface of the joints. 

If paint, dirt, or rust cannot be removed - as i 
sometimes the case in maintenance welding - us 
E6010 or E6011 electrodes to penetrate through th 
contaminants deeply into the base metal. Slow th 
travel speed to allow time for gas bubbles to boil ou 
of the molten weld before it freezes. 



Large electrodes permit welding at high currents 
and high deposition rates. Therefore, use the largest 
electrode practical consistent with good weld 
quality. Electrode size is limited by many factors, 
but the most important considerations usually are: 

‘1. High currents increase penetration. There- 
fore, electrode size is limited on sheet metal 
and with root passes where bumthrough can 
occur. 

2. The maximum electrode size practical for 
vertical and overhead welding is 3/16-m. The 
5/32-in. electrode is the maximum size for 
low-hydrogen electrodes. 

3. High DC current increases arc blow. When 
:& ,, :, 
& i arc plow is a problem, either use AC or limit 
&$;;,p the current. 

4. Joint dimensions sometimes limit the elec- 
trode diameter that will fit into the joint. 

,beat and Interpass Temperature 
use of preheat and minimum interpass tem- 
s may be dictated by the composition of the 

,“by the thickness of the material, or by the 
of joint restraint. Preheating may be manda- 
the welding is done according to a code. For 
el the preheating requi=ments in the Am 

a b c d e f a 

Fig. 6-26. Effect oi welding variables on bead characteristics. Proper 
wrrenf. travel speed. and arc length (al. Current t”o low tbj. Current 
too high (cl. Arc length too short Id). Arc length too long (4. Travel 
speed too slow (fl. Travel speed too fast lgl. 

specification for structural steel buildings are shown 
in Table 6-18. Other codes, such as the AWS Building 
Code Dl.O-69 and the AWS Bridge Code D2.0-69, 
have similar requirements. (See Section 3.3) 

TROUBLE SHOOTING 

Many operating variables can affect the quality 
and appearance of the weld. The effects produced 
by the most important of these variables are illus- 
trated in Fig. 6-26. Common undesirable effects are 

@$+X~LE 6.18. MINIMUM PREHEAT AND INTERPASS TEMPERATURE. AWS Dl.l-Rev. l-73,2-74, Table 4.2’,’ (Degrees F 
rq>?c~!:P? 
1 ,& 

Welding Process 
I Shielded Metal-Arc I 

T$ ;c;::~ 
Welding with Low- 
Hydrogen Electrodes: 
Submerged-Arc 
Welding; Gas 
Metal-Arc 

I:( I 

Shielded Metal-Arc 
Welding with other 
than Low-Hydrogen 
Electrode 

Welding; or Flur- 
Cored Arc Welding 

Shielded Metal-Arc Welding 
with Low-Hydrogen Elec- 
trodes: Submerged-Arc 
Welding with Carbon or 
Alloy Steel Wire, Neutral 
Flux; Gas Metal-Arc 
Weldin or FlwvCored 
Arc We ding B 

Submerged 
Arc Welding 
with Carbon 
Steel Wire, 
Alloy Flux 

Thickness of 
Thickest Part at 
P.-.in* a‘ . -....-. 
Welding - inches I 
_^,.. 

ASTM A364, A53 Gr. 6. 
A106, A131, A139, A375, 
A361 Gr. Y35, A500, A501 
A516 Gr. 55 and 60. A524, 
A529, A570 Gr. 0 and E, 
A573 Gr. 65, API 6L Gr. 6; 
E8; Gr. A, 6, C, CS. D, 

A375, A381 Gr. Y35, A441, 
A516 Gr. 65 and 70, A524, 
A529, A537 Class 1 and 2. 
A570 Gr. D and E, A672 Gr. 
42.45,50, A573 Gr. 65, 
A588, A618. API 6L Gr. 9 

Nod 

150 

225 

300 

1 

i 225 300 

I Welding ~,,a,, not be done when the ambient ter”,,erature is lower than zero F. When the bee metal is bel0w the te”WBritf”E liSted ‘Or 
the welding p,oCePL being “Sed and the miclcnerr Of maferie, being welded. it *ha,, be preheated ,except as otherwise provided1 in such 
manner that the rurfaces Of the parts on which weld meta, i* being depOIif*d are at or above me specified minimwn temperat”re for a 
distance equal to the thickners Of the part wing welded, !nif nof bEI than 3 in., both laterally and in ad”ance of the WBfding. Preheat and 
interparr temperatu,eS murt be *“ffiCient to prevent crack forlnafion. Temperature ebo”e the minimum d-rJwn may be rewired for 
highly restrained we,&. For quenched and tempered steel the maximum preheat and interparr temperature shall nc.t exceed 4OOOF for 
thickners up to 1-112 in., i”c,“si”e. and 46OOF for greater thicknerser. Heat input when welding quenched and tempered Steel Btmll not 
exceed the *tee, prOcl”Ct?r’* recomme”dation. 

2 In iointr i”“oIYi”g ccvnbinafio”* Of has? lneta,s, preheat shall be as rpecified for the higher strength steel being welded. 
3 When the base metal temperature b below 3PF. preheat the base metal to at lest 7CPF and mainfain thb minimum temperature during 

WOldi”Q. 



6.2- 18 Welding Carbon and Low-Alloy Steel 

Fig. 6-27. Undesirable bead appearance caused by weld 5patXer. 

shown in Figs. 6-27 through 6-29. Methods for cor- 
recting undesirable characteristics are discussed in 
the following paragraphs. Not discussed here is arc 
blow, which is covered in Section 3.2. 

Weld Spatter 
Spatter does not affect weld strength but does 

produce a poor appearance and increases cleaning 
costs. To control excessive spatter: 

1. Try lowering the current. Be sure the current 
is within the recommended range for the 
type and size electrode (See Table 6-12.) 

2. Be sure the polarity is correct for the elec- 
trode type. 

3. Try a shorter arc length. 

4. If the molten metal is running in front of the 
arc, change the electrode angle. 

5. Watch for arc blow. 

6. Be sure the electrode is not too wet. 

Undercut 
Generally, the only harm from undercutting is 

impaired appearance. However, undercutting may 
also impair weld strength, particularly when the 
weld is loaded in tension or subjected to fatigue. To 
minimize undercut: 

1. Reduce current, travel speed, or electrode 
size until the puddle is manageable. 

2. Change electrode angle so the arc force holds 
the metal in the corners. Use a uniform 
travel speed and avoid excessive weaving. 

,:2 
,, ,, 

~ /,.,,- 
~~~ggzy”‘& 

J ,~ ,.,,,,, ((::g _; “‘,, ~’ ~;,-/x?‘,,j t,,,,,,,,,, ,‘,, 

Fig. 6-28. Undercut in a weld. The effect is undesirable from the 
appearance standpoint and may weaken the joint. 

Rough Welding 
If polarity and current are within the electrode ‘1 

manufacturer’s recommendations but the arc action ,i 
is rough and erratic, the electrodes may be wet. Try : 
electrodes from a fresh container. If the problem ,: 
occurs frequently, store open containers of ,; 
electrodes in a heated cabinet. ,,, ? 

‘~:: 
Porosity and Surface Holes ~,, ~: 

Most porosity is not visible. But severe porosity: 
can weaken the weld. The following practicess 
minimize porosity: 

1. Remove scale, rust, paint, moisture, or dirt L: 
from the joint. Generally use an E6010 or:, 
E6011 electrode for dirty steel. 

2. Keep the puddle molten for a long time, so ,’ 
that gases may boil out before the metal 
freezes. 

3. Steels very low in carbon or manganese or ,’ 
those high in sulfur or phosphorus should be,: 



; a shortarc length; short arcs are 

:, i ,: ,Proper fusion’ exists when ,the weld bonds. to 
:both ‘walls of the joint and forms ‘a ~solid bead across 
the joint. Lack of fusions is often ~visible and must be 
avoided for a sound tield. To correct poor fusion: 

1. ,Y& a higher current and a stringer-bead 
technique. 

>,:,,, 
2. Be sure the edges of the joint are clean, or 

use an E6010 or E6011 electrode. 

ive, provide better fitup or 
ique to fill the gap. 

the depth the weld enters 
full-strength welds, pene- 

,to the bottom of the joint is required. To 
e shallow penetration: 

y higher currents or slower travel. 

e small electrodes to reach into deep, 

(free space) at the bottom 

~,::T:: ,,M,ani different types of cracks may occur 
,throughout a weld. Some are visible and some are 
snot. However, all cracks are potentially serious, 
,because they can lead to complete failure of the 
weld. The following suggestions may help control 
potential cracking. Practices to minimize cracks are 
shown in Fig. 6-30. 

Fig. 6-30. Factors in controlling weld cracking. Illustrated arecorrect 
and incorrect joint geometries and bead shapes and a technique to 
permit stress relaxation in an otherwise rigid joint. 

Most cracking is attributed to high-carbon or 
alloy content or high-sulfur content in the base 
metal. To control this type of cracking: 

1. Use low-hydrogen electrodes. 

2. Preheat. Use high preheats for heavier plate 
and rigid joints. 

3. Reduce penetration by using low currents 
and small electrodes. This reduces the 
amount of alloy added to the weld from 
melted base metal. 

To control crater cracking, fill each crater before 
breaking the arc. Use a back-stepping technique so 
as to end each weld on the crater of the previous 
weld. 

On multiple-pass or fillet welds, be sure the first 
bead is of sufficient size and of flat or convex shape 
to resist cracking until the later beads can be added 
for support. To increase bead size, use slower travel 
speed, a short arc, or weld 5O uphill. Always 
continue welding while the plate is hot. 

Rigid parts are more prone to cracking. If pos- 
sible, weld toward then unrestrained end. Leave a 
l/32-in. gap between plates for free shrinkage move- 
ment as the weld cools. Pzen each bead while it is 
still hot to relieve stresses. 

For more on cracking, see Section 6.1. 





Shielded Metal-Arc Procedures 6.2-21 

INTRODUCTION TO WELDING PROCEDURES 

The ideal welding procedure is the one that will 
produce acceptable quality welds at the lowest 
over-all cost. So many factors influence the opti- 
mum welding conditions that it is impossible to 
write procedures for each set of conditions. In selec- 
ting a procedure, the best approach is to study the 
conditions of the application and then choose the 
procedure that most nearly accommodates them. 
The procedures given here are typical, and it may be 
uecessary to make adjustments for a particular 
&&&ion to produce a satisfactory weld. 
@ @jf;~,, ; For some joints, different procedures are offered 
&suit the weld quality - code quality and com- 
Bercial quality - that may be required. lpi; ‘: 
@z;;~P 
@$$Quality Procedures 
&Co&-quality procedures meintenddto provide 
#$$~;:~: 

&;~ highest level of quality and appearance. To 
ac:c,omplish this, conservative currents and travel &,:~ 
~gytds are recommended. 
:&+%These procedures are aimed at producing welds 
&at will meet the requirements of the commonly 
:uaed codes: AWS Structural, AISC Buildings and 
@dges, ASME Pressure Vessels, AASHO Bridges, 
and others. Code-quality welds are intended to be 
‘defect-free to the extent that they will measure up 
to the nondestructive testing requirements normally 
‘imposed by these codes. This implies crack-free, 
pressure-tight welds, with little or no porosity or 
undercut. 

The specific requirements of codes are so num- 
erous and varied that code-quality procedures may 
not satisfy every detail of a specific code. Procedure 
qualification tests are recommended to confirm the 
acceptability of chosen procedures. 

All butt welds made to code quality are full- 
penetration; fillet welds are full-size, as required by 
most codes. (The theoretical throat, rather than the 
true throat, is used as the basis of calculating 
strength.) 

Commercial-Quality Procedures 
Commercial quality implies a level of quality 

and appearance that will meet the nominal require- 

ments imposed on most of the welding done 
commercially. These welds will be pressure-tight and 
crack-free. They will have good appearance, and 
they will meet the normal strength requirements of 
the joint. 

Procedures for commercial-quality welds are not 
as conservative as code-quality procedures; speeds 
and currents are generally higher. Welds made 
according to these procedures may have minor 
defects that would be objectionable to the more 
demanding codes. 

It is recommended that appropriate tests be 
performed to confirm the acceptability of the 
selected procedure for the application at hand prior 
to putting it into production. 

Weldability of Material 
Weldability (see Section 6.1) of a steel has a 

considerable effect on the welding procedure. For 
some joints, more than one procedure is offered 
because of the marginal weldability of the steel. 

Good weldahiity indicates a steel with a compo- 
sition that ,is within the preferred range (see Table 
6-1) - one whose chemistry does not limit the 
welding speed. 

Fair weldabiity indicates a steel with one or 
more elements outside the preferred range or one 
that contains one or more alloys. These steels 
require a lower welding speed or a mild preheat, or 
both, to minimize defects such as porosity, cracking, 
and undercut. 

Poor weldability steels are those with compo- 
sitions outside the preferred range, alloy additions, 
segregations, previous heat-treatment, or some other 
condition that makes them difficult to weld. These 
steels require still lower welding speeds, preheat, 
possibly a postheat, and careful electrode selection 
to obtain a satisfactory weld. 

The addition of alloys to steel that enhance the 
mechanical properties or hardenability usually have 
an adverse effect on weldability. In general, the 
weldability of low-alloy steels is never better than 
“fair.” 



” 

6.2-22 Welding Cakbbn and Low-Alloy Steel 

DATA SHEET 

Article to be Welded 

Plate Sl 

; : 

I I I I I I I I I I I I I I 

Spkial Comments 

,,,: 

:: 

,,, 



Shielded Metal-Arc Procedures 6.2-23 

Procedures Notes 
In the following fillet-weld procedures, the fillet 

size is always associated with a particular plate 
thickness. This relationship is given solely for the 
purpose of designing a welding procedure and does 

: not imply that a certain size fillet is the only size 
” applicable to that plate thickness. In some of the 
::’ procedures, the fillet size shown is larger than 

necessary to meet code requirements for the plate 
thickness. In such instances, select t,he procedure for 
the proper weld size and quality. If the thickness of 
the plate being welded is appreciably greater than 
that specified in the procedure, a reduction in 
welding speed and current will probably be required. 

The procedure data given have been developed 
: to provide the most economical procedures for 
,:,various applications. In some cases, more than one 
iZ, type or size of electrode is recommended for the 

me joint. In small shops, electrode selection may 
d on the available power source; consequently, 
joints have procedures for either AC or DC 

ome joints procedures for two different 
pes of electrodes are given - for example, E’iO14 

4, E7018 or E7028. This allows a choice of 
s so the one with the better usability 
sties can be selected. 

Any procedure for a poor or fair welding quality 
steel may be used on a steel of a better welding 
quality. 

Travel speed is given as a range. The electrode 
required and the total time are based on the middle 
of the range. 

Unless otherwise indicated, both members of the ’ 
joint are the same thickness. 

Pounds-of-electrode data include all ordinary 
deposition losses. These values are in terms of 
pounds of electrode needed to be purchased. 

Total time is the arc time only and does not 
allow for operating factor. 

After a satisfactory welding procedure has been 
established, all the data should be recorded and filed 
for future reference. This information is invaluable 
if the same job or a similar job occurs at a later date. 
A suggested data sheet is shown on the opposite 
Page. 

The presented procedures are offered as a start- 
ing point and may require changes to meet the 
requirements of specific applications. Because the 
many variables in design, fabrication, and erection 
or assembly affect the results obtained in applying 
this type of information, the serviceability of the 
product or structure is the responsibility of the 
builder. 



1~ ‘6:2-2’~ (~ Wkldi& Chiboti &Loti&illoy Steel 

Position: Flat 
NeldCluality Lwel:Commercial 
Steel Weldability: Good 
Welded From: One side 

SHIELDED METAL-ARC (MANUAL) 

fy-loga 

u/ +- 

50% Minimum penetration 

I I I I 
Plate Thickness (in.1 
PtlSS 

Electrode Class 

Sire 

Current (amp) DC(+) 
Arc Speed (in.lmin) 

Electrode Req’d (lb/f0 
Total Time (hr/ft of weld) 

0.048 I18 ga) 0.060 (18 gab 0.075 114 ga) 0.105 (12 gal 0.135 (10 gab” 
1 1 1 1 1 

E6010 ES010 E6010 E6010 ES010 

3/32 118 118 5/32 3116 

4ot 70t 80 120 135 

22-26 30 - 35 25 - 30 20-24 17-21 

0.0244 0.0287 0.0262 0.0487 0.0695 
0.06833 0.00615 0.00727 0.00909 0.0105 

* “re 1116 in. gap and whip the electrode. 
t DC(-) 

SHIELDED METAL-ARC (MANUAL) 

‘osition: Flat I 
Yeld Quality Lwel:Commercial 
iteel Weldability: Good 
Nelded From: One ride 

FL 
50% Minimum penetration 

‘late Thickness (in.) 0.048 118 ga) 

‘ass 1 

ik?ctrale Class EC01 1 

Size 3132 

Current (amp) AC 50 
Arc Speed (in.lmin) 20-24 

Electrode Req’d Ob/ft) 0.0251 

Total Time (hr/ft of weld) 0.00!309 

* “se 1116 in. gap and Whip the electrode. 

0.060 (16 gal 0.075 (14ga) 0.105 (12 ga) 0.135 (lOgal’ 

1 1 1 1 

E6011 E6011 E6011 Et3011 

118 118 5132 3/16 

100 105 130 145 __ 

28-33 26-31 24-29 22-27 

0.0326 0.0367 0.0527 0.0648 

0.00656 0.00702 0.00755 0.00817 



Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 
Welded From: One side I 

Plate Thickness (in.) 
Pas!+ 

Electrode Clau 

SHIELDED METAL-ARC (MANUAL) 

5/16 I 3/S 112 
1 I 2 1 1 28~3 1 I 2 I 3 

Z6011 E6027 E6011 E6011 E6027 

Welded From: One side 

SHIELDED METAL-ARC (MANUAL) 



6.2-26 Welding Carbon and Low-Alloy Steel 

Position: Flat 
Weld Quality Level: Commercia’ 
Steel Weldabilitv: Good 
Welded From: One side 

SHIELDED METAL-ARC (MANUAL) 

kition: Flat 
Meld Ouality Level: Commercia 
steel Weldability: Good 
Nelded From: One side 

SHIELDED METAL-ARC (MANUAL) 

,-518 - I” 

I 

I- Steel 
backing 

-+4---r 
5116” 

Plate Thickness (in.) 518 I 314 I 1 
ParS I 1 [ 2-5 1 1 I 2-6 I 1 1 2-8 

I I I I I I 
Slectrode Class 

Size 

hrrent (amp) AC 
kc Speed (inlminl 

.lectrode Req’d llb/ft) 

roial Time lhrlh of weld) 

E6027 E6027 E6027 E6027 E6027 E6027 
3/16 l/4 3/16 l/4 3116 l/4 

300 400 300 400 300 400 
13.0-15.0 125-14.5 13.0-15.0 12.5-14.5 13.0-l 5.0 12.5-14.5 

0.228 1.35 0.228 1.69 0.228 2.37 
0.0759 0.0913 0.122 



Shielded Metal-Arc Procedures 

orition: Flat 
leld Quality Level: Code 
tee1 Weldability: Good 
lelded From: Two sides 

SHIELDED METAL-ARC (MANUAL) 

Position: Flat 
heid Quality Level: Code 
Steel Weldability: Good 
Welded From: Two sides 

SHIELDED METAL-ARC (MANUAL) 

tre I “IcK”ess IS”., I J,W I I . ..- 
a I qo.., I “0-C I 4 I 9P.3 1 4-7 1 1 1 Z&3 1 4-10 

. . 

-i&s 

E:ectrode Class 
Size 

Current (amp) AC 
ArcSpeed (in./min) 

L-a .eau I , LU 

E6011 E6011 E6027 E6011 E6011 E6027 E6011 E6011 E6027 
3116 114 114 3/16 114 114 3/16 II4 l/4 

135 275 400 135 275 400 135 275 400 
5.5-6.5 8.0-10.0 11.0-13.0 5.565 8.0-10.0 11.0-13.0 5.5-6.5 8.0-10.0 9.5-11.5 

Electrode Req’d (lb! 
Total Time ‘L-‘z- -1 

‘ft) 0.190 0.400 0.728 0.190 0.400 1.45 0.190 1 0.400 1 3.04 
,,w,,L 01 weld) 0.111 0.144 I 0.211 

Back gouge first pass before welding fhird pass. Complete third pass ride before turning over. 



Weld Quality Leval:Commercial 
‘. Steel Weldability: Good 

Welded From: One side 

Plate Thickness (in.1 

18 - 10 ga 

50% Minimum penetration 

1.048 (18 gal 0.060 (16 ga) 0.075 (14ga) 0.105 (12 ga) 0.135 (IO ga)* 
1 1 1 1 1 

E6010 E6010 E6010 E6010 E6010 
3132 l/8 118 5132 3116 

45t 75t 90 130 150 
25-30 33-38 27 - 32 22-27 18-22 

0.6234 0.0281 0.0272 0.0478 0.0730 
0.00727 0.00555 0.00678 0.00817 0.00100 

Position: Vertical down 
Weld Quality Level:Commercia 
Steel Weldability: Good 
Welded From: One side 

l- 

’ “se 1 II 6 in. gap and whip the electrode. 

+ “re DCI-1 

SHIELDED METAL-ARC (MANUAL) 

18 - 10 ga 18 - 10 ga 

m m 

1 1 

50% Minimum penetration 50% Minimum penetration 

Plate Thickness (in.) 0.048 ($8 ga) 
Pass 1 

Electrode Class E6011 

Size 3/32 

Current (amp) AC 55 

ArcSpeed (in.lmin) 23-28 

Electrode Req’d (Iblft) 0.0236 
Total Time (hrlft of weld) 0.00785 

* “re 1116 in. gap and whip the electrode. 

0.060 (16ga) 0.075 (14ga) 0.105 (12 ga) 0.135 (IO&d’ 
1 1 1 1 

E6011 E6011 E6011 E6Oll 
l/8 118 5132 3116 

110 115 140 155 
29-34 27 - 32 26-31 24-29 

0.0345 0.0376 0.0523 0.0640 
0.00635 0.00678 0.00703 0.00755 



,,,~,, 

Shielded Metal-Arc Procedures 6.2-29 

Position: Vertical up 
weld Quality Level: Code 
jteel Weldability: Good 
Nelded From: One side 

SHIELDED METAL-ARC (MANUAL) 

Plate Thickness (in.1 

Pass 

Electrode Class 
Size 

Current (amp) DC(+) 
Arc Speed (in./min)* 

Electrode Req’d (lb/f0 
Total Time (hr/ft of weld) 

l/4 5/16 3/8 l/2 
l&2 l&2 l&2 l-3 

E6010 E6010 E6010 E6010 
5132 5132 3/16 3116 

110 120 150 170 
5.2-5.8 3.8-4.2 4.8-5.3 3.8-4.2 

0.323 0.440 0.586 0.890 _ 
0.0901 0.118 0.130 0.152 

Position: Vertical up 
Weld Qualitv Level: Code 

1 Steel Weldability: Good 
Welded From: One side 

I 
PlateThickness (in.) 

PBS 

Electrode Class 
Size 

Current (amp) DC(+) 
ArcSwed (in./minl* 

HIELDED METAL-ARC (MANUAL) 

518 314 1 
l-4 l-6 1 - 10 - 

2010 E6010 E6010 
3116 3116 3116 

170 170 170 
3.8 - 4.2 3.8 - 4.2 3.8 - 4.2 

- 
1.48 2.08 3.56 

0.228 0.318 0.547 
Electrode Req’d (Iblft) 
Total Time (hr/ft of weld) 

’ First pess only. Vary speed on succeeding passes tp obtain proper weld size. 



~~~:“hS2-30 khldihg ‘&rb& and Lo&-All& Steel 

SHIELDED METAL-ARC (MANUAL) 
Position: Vertical up 

Weld Quality Level: Code 
Steel Weldability: Fair 
Welded From: One side 

‘osifion: Vertical up 
Veld Quality Level: Code 
iteel Weldability: Good 
Velded From: Two sides 

SHIELDED METAL-ARC (MANUAL) 

yy600T -f- gg I -7 ! ?!fFl7 ~’ 1 t 
314 - l-112” i 

,Gi!ly , 1 

I,*+ L;3 r I- 

52 

l/8” 

‘late Thickness (in.1 I 314 1 I l-l/4 l-1/2 

1 1 
.~- -, 

‘ass 2-5 1 
1 

1 
I 

Z-7 1 1 1 2-7 1 1 1 2-9 
/ I I I I I 

Electrode Class E6010 E7018 E6010 E7018 t E6010 E7018 E7018 

Size 5132 
.--. 1 E6010 ! 

5/32 5132 5132 5!32 5/32 1 5132 5132 

Current lamp) DC(+) 140 160 140 160 140 160 / 140 160 
Arc Speed (in./min) 3.5-4.1 1.1-4.9 3.5-4.1 3.5-4.1 3.9-4.1 2.3-2.9 3.5-4.1 2.4-3.0 

Electrode Req’d (Iblfr) 0240 0.900 0.240 1.66 0.240 2.40 0.240 
Total Time (hrlft of weld) 

3.16 _ 

0.230 0.367 ~~ 0.514 0,645 

oouga out Iearn for first parr on recond ride. 



ion: Horizontal 
Quality Level: Code 
Weldability: Fair 

ed From: One side 

Shielded Metal-Arc Procedtires 

SHIELDED METAL-ARC (MANUAL) 

SHIELDED METAL-ARC (MANUAL) 



SHIELDED METAL-ARC (MANUAL) _... ----- ~~~-~~.- ..~.. .~~~ -..-_ 

Welded From: Two sides 

SHIELDED METAL-ARC (MANUAL) 

Welded From. One side 



Shielded Metal-Arc Procedures 6.2-33 

Position: Overhead 
Weld Quality Level: Code 
Stse! We!dabi!it\;: Fair 
Welded From: One side 

Electrode Class 

SHIELDED ~~ETAL-ARC (MANUAL) 



SHIELDED METAL-ARC (MANUAL) 

I I 
Position: Flat and horizontal 
Neld Quality Lwe!:Commercial 
Steel Weldabi!ity: Good 

Position: Flat end horizontal 
Weld Quality Level:Commercial 
Steel Weldability: Good 

Plate Thickness (in.) 
PeSS 

Electrode Class 
Size 

Current (amp) AC 
Arc Speed (in.lmin) 

Electrode Req’d (Iblft) 
Total Time (hr/ft of weld) 

SHIELDED METAL-ARC (MANUAL) 

- 

D.048 (18 ga) 0.060 (16 9a) 0.075 I14 ge: 0.105 112 gab 0.135 (1D 

1 1 1 1 1 

E6013 E6013 E6013 E6013 E6013 

3132 118 5/32 5/32 3116 

70 105 155 160 210 

14- 18 14-1s 15-19 14-18 14- 18 

0.0413 0.0495 0.0670 0.0742 0.0926 

0.0125 0.0125 0.0116 0.0125 0.0125 



‘osition: Flat 
weldQuality LeveKommercia 

Steel Weldability: Good 

l- 
SHIELDED METAL-ARC (MANUAL) 

14ga - l/4” 

7 

fi 
i ‘,’ 

4 

w 

to 3116” 

SHIELDED METAL-ARC (MANUAL) 

Level:Commercial 



6.2-36 Welding Carbon and Low-Alloy Steele 

Position: Flat 

Weld Quality Level:Commercial 
Weldability: Good 

Weld Size. L (in.) 
Plate Thickness (in.) 
Pass 

Electrode Class 
Size 

Current (amp1 AC 
Arc Speed (in./minl 

Electrode Req’d (lb/h) 
Total Time lhr/ft of weld) 

SHIELDED METAL-ARC (MAh 

Y-““’ 
(‘“-Y4 4 

A 2 3 

1 

w 

SHIELDED METAL-ARC (MANUAL) 

475 550 475 550 
13.0-15.0 1 14.015.0 13.0-15.0 1 13.0-14.1 

1.07 1.46 
0.0429 0.587 

Weld Quality Level:Commercial 

Steel Weldability: Good 



Weld Quality Level: Code 
Steel Weldability: Good 

Weld Size, L (in.1 
Plate Thickness (in.1 

PasS 

Electrode Class 
Size 

~::Current lamp) AC 
‘t?Arc Speed (in./min) 
;:, ,, 
,:,Electmde Req’d (Ib’ff) 
:$Total Time (hr/ft of weld) 

;z,,,, 

i:,Position: Flat 
,,Weld Quality Level: Code 
‘%teel Weldabilfty: Good 

Weld Size, C (in.) 
Plate Thickness (in.1 
PaES 

Electrode Class 
Size 

Current (amp) AC 
Arc Speed (in./min) 

Electrode Req’d llbiftl 
Tots1 Time (hr/ft of weld) 

5/32 I 3’16 I 1’4 1 9’32 1 5’16 1 3’8 
3’16 1 l/4 5/16 I 3’8 I l/2 

1 ! 1 I 1 1 1 ! 1 1 I 1 1 

E6027 E6027 E6027 E6027 E6027 E6027 E6027 E6027 

5’32 5/32 3’16 3’16 7132 1’4 1’4 1’4 

210 220 260 270 335 380 390 400 
15.5-17.0 13.5-15.0 15.5-17.0 12.5-14.0 14.5-l 6.Q 14.0155 11.0-12.0 9.5-10.5 

0.119 0.146 0.167 a 0.215 0.228 0.269 0.343 0.428 
“~0123 0.0140 0.0123 1 0.0151 0.0131 0.0136 0.0174 0.0200 

SHIELDED METAL-ARC (MAN 

1’2 9’16 

5/S 3’4 
1 2 1 2 - 

E6027 E6027 E6027 E6027 
1’4 l/4 114 114 

400 400 400 400 
11.5-12.5 11.5-12.5 11.5-12.5 7.5.8.5- 

0.727 0.936 - 
0.0333 1, 0.0417 

c4-“’ 2 4 ,45/S-33/4” 

A 2 3 

1 

w 
5’8 3’4 
3/4 1 

1 1 Z&3 1 1 2-4 

E6027 E6027 E6027 E6027 

l/4 l/4 114 l/4 

400 400 400 400 
11512.5 11.0-12.0 11.5-12.5 10.0-l 1 .o 

1.12 1.58 
0.512 0.0737 



1 
I 
I 

I- 

Preheat may be “eces~ary depending on plate material. 

SHIE iLI DED METAL-ARC (MANUAL) 

Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Poor 

Weld Size. L (in.1 
Plate Thickness Iin. 
Pass 

5132 1 3/16 I l/4 5/16 318 
3/16 1 1’4 1 5’16 1 318 I 112 

1 ! 1 ! 1 ! 1 1 

Electrode Class 
Size 

Current (amp) AC 
Arc Speed (in.lmin) 

Electrode Req’d (Ib’ftl 
Total Time {hr’ft of we!d! 

E7018 E7018 E7018 E7018 E7018 
3’16 7132 7’32 1’4 1’4 

240 275 275 350 350 
13515.0 13.0-14.0 9.0-10.0 7.0-8.0 6.0-6.8 

0.109 0.132 0.195 0.272 0.409 
0.0140 I 0.0149 9.0202 0.0270 0.03i 3 

.’ 

SHIELDED METAL-ARC (MANUAL) 

&ition: Flat I 
I N&l Quality Level: Code 
steel Weldebility: Poor 

5’32 - 3’8” 

Preheat may be “eces~ary depending on plafe material. 



ShIelded Metal-Arc Procedures 6.2-39 

.r...a. .“,. 41.41.1111 SHIELDED kc I AL-HIV. \IYIAIVV- 

sition: Flat 
!Id Quality Level: Code 
?el Weldability: POOr 

J518” 

eld Size. L (in.1 112 
ate Thickness (in.) 518 
Is5 l&2 

lectrode Class E7028 

Size 1’4 

went lamp) AC 400 
rcSpsed (in.lmin) 9.5 - 11.5 

lectrode R&d (Iblft) 0.776 
otal Time (ht/ft of weld) 0.0384 

reheat may be nec&arv depending on plate material. 

- 

osition: Flat 
leld Quality Level: Code 
tee1 Weldability: Poor 

&Id Size. L (in.1 
‘late Thickness (in.) 
‘ass 

llectrode Class 
Size 

hrrent lamp) AC 
&Speed (in.lmin) 

ilectrode Req’d (Iblftl 
rotal Time lhrift of weld; 

‘rehest may be necerrarv dep 

SHIELDED METAL-ARC (MAN1 L) 

314 - 1” 

v 
n-5/8 - 314” 

A 4 
5 

3 
2 1 

w 

1’2 
5’8 

l&2 

E7018 

1’4 

350 

6.9 - 7.6 

0.727 
0.0555 

ling on plate material. 

314 - 1” 

< 
1 

& 5’6 - 314” 

/“\ 2 
4 

3 
1 

v 

5’8 3’4 
3/4 I 1 

l-3 l-4 

E7028 E7028 

l/4 1’4 

400 400 
9.0 - 11.0 9.0-11.0 

1.24 1 .79 
0.0615 0.0887 

- 518 3’4 
3’4 1 

l-4 l-5 

E7018 E7018 

1’4~ 1’4 

350 350 
6.7 - 7.5 6.6 - 7.4 

1.14 1.50 
0.114 0.123 



Welding Carbon and Low-Ahy Steel 

SHIELDED METAL-ARC (MANUAL) 

Neld Quality Level:Commercial 
Steel Weldability: Good 

18<- lOga 

Position: Vertical down 
Quality: Commercial 
Weldability: Good 

SHIELDED METAL-ARC (MANUAL) 



j Size. L (in.1 
e Thickness (in.) 

:t,ode Class 
Size 

rent lamp) DCHI 
Speed (in.lmin) 

:trode Req’d (Ib/ft) 
al Time (hr/ft of weld) 
action of welding 

YeId Quality Level: Code 
Steel Weldability: Fair 

! Current (amp) DC(+) 
Arc Swed (in./min) 

Electrode Req’d (Ib/ft) 
Total Time (hr/ft of weld) 

SHIELDED METAL-ARC (MANUAL) 

* First pass on,“. “a,” speed on rucceeding parser to obtain proper size 



‘osition: Horizontal 
Meld Quality Level: Commercial 
iteel Weldability: Good 

SHIELDED METAL-ARC (MANUAL) 

‘osition: Horizontal 
Weld Quality Level:Commen 
Steel Weldabilitv: Good 

Weld Size, L (in.) 
Plate Thickness (in.) 
PlLL 

Electrode Class 
Size 

Current (amp) AC 
Arc Speed (in./min) 

Electrode Req’d (lb/f,) 
Total Time Ihrlft of weld) 

SHIELDED METAL-ARC (MANUAL) 

114 - 1/2”y p- 

JL 

--r3”6 - 3w 

T 



Position: Horizontal 

Weld Quality Level:Commercial 
Steel Weldability: Good 

Weld Size, L (in.) 
Plate Thickness (in.1 
PeSS 

~,Electrode Class 
Size 

:&“&, (amp) AC 

;cj+c S&d lin.lmin) 

&&-,& Req’,, (,b,f,) 

&Total Time (hrlft of weld) 

~SHIELDED METAL-ARC (MANUAL) 

l/2 9/16 

5/S 3/4 
1 Z&3 1 Z&3 

E7024 E7024 E7024 E7024 

114 l/4 l/4 l/4 

375 375 375 375 

10.5-11.5 11.0-12.0 10.5-I 1.5 14.0-16.0 

0.73 0.92 
0.0356 0.0449 

-L(3/4”p- . I 

EI!39 
343 

1 2 -f 

SHIELDED METAL-ARC (MANUAL) 

5/S 
314 

1 1 2-4 

E7024 E7024 

114 114 

# 

375 375 
10.5-I 1.5 14.0-I 6.0 

1.15 
0.0582 

I I” I- 

,‘% “,- 4 

12-v 

1.62 
0.0822 

3/16 - 7/Z”+ r- 

5132 - 318” 



” 
i:, 
: 

>,‘< ,> 
;,’ ‘~ ,,,,, 

;!!;,,I:; ,~, 

,,,:, 

Position: Horizontal 
Weld Quality Level: Code 
Steel Weldability: Poor 

SHIELDED METAL-ARC (MANUAL) 

3/l 6 - 3/8”y r 

116” 

Electrode Class 

6.2-44 Welding Carbon and Low .-;;l’oy Steel 

Preheat m3y be necessary depending on plate material. 

SHIELDED METAL-ARC (MAN iL) 

Position: Horizontal 
Weld Quality Level: Code 
Steel Weldability: Poor 

Weld Size, L (in.) 
Plate Thickness (in.) 
PaSS 

Electrode Class 
Size 

-Current (amp) AC 
ArcSpeed (in.lmin) 

Electrode Aeq’d (Iblft) 
Total Time (hr/ft of weld) 

Preheat may be necessary de 

CL 

1 rl’/z” 

23 7 
318’ - 
112 
, 

E7028 
114 

390 
7.5 - 8.5 

0.483 
0.0250 

rding on plate material. 

* May not be full 3,8 in. on the vertica, leg. 

-L- 
-q PI/~-518” 

2 3/, 

1 

314” 

‘1 P” 

Jii!zlA 

3 51vj “, “‘““I 

,, 

’ 2 -f 1 2 7 

E7028 E7028 

114 ! 114 

390 390 
9.0 - 10.0 I 8.0 - 9.0 

1.28 1.82 

0.633 I 0.940 



Shielded Metal-Arc Procedures 6.2-45 

SHIELDED METAL-ARC (MANUAL) 

Position: Horizontal 
Weld Quality Level: Code 
Steel Weldability: Poor 3/16 - 3/8”+ r 

5132 - 5/l 6” 

Preheat mi+.y be nece65ary depending on plate material. 

&ition: Horizontal 
eld Quality Level: Code 

,eei Weldability: Poor 

eldsize, L (in.) 
ateThickness (in.) 
3s 

lectrode Class 

Size 

urrent lamp) AC 
rcSoeed (in.lminl 

lectrode Req’d (lb/f,) 
otal Time (hrlft of weld) J4?&%-- 
ve”eaf may me necessary aepending on plate material. 

SHIELD: 1 METAL-ARC (MANUAL) 

+ p--1!2” 

CL 2.3 

1 7 

3/S 
112 

l&2 

E7018 
114 

350 
9.5 - 11.5 

-y k5/8” 

E!i.9 

31/2”f 

1 2T 

l/2 
518 

l-3 

E7018 

114 

350 
9.5 - 10.6 

0.785 
0.0600 

l- 

5/S 
3/4 

l-4 

E7018 

114 

350 
8.0 - 9.0 

1 .I8 
0.0940 

-I t--l” 

-Q% z3 4 

1 2-f 

314 
1 

l-5 

E7018 

114 

350 
7.0-8.0 

1.62 
0.133 



,i,: ,,,, ,,,, ,,~ ,, ,~,, ,,, ~,, ,~: 

‘, 6.2-46 ‘Welding C.&bon and Low-Alloy Steel 

I 

,,, 

SHIELDED METAL-ARC (MANUAL) 

Weld Quality Lwel:Commercial 
Steel Weldability: Gwd 

3/16- ll2”~ r; 

.’ -I”“’ 

1-f 

- 318” 



Shielded Metal-Arc Procedures 6.2-47 

.~HIELDED METAL-ARC (MANUAL) 

Position: Overhead 
Neld Quality Level: Code 
Steel Weldability: Good 

3/16 - l”, 

On 112 in. plate and thicker. place the first P~QI of each layer on the fop chte. 

* Firrf pass only. Vary speed on s”cceedi”g parser to obfai” prwer weld sire. 

Position: Overhead 
Weld Quality Level: Code 
Steel Weldabilify: Fair 

SHIELDED METAL-ARC (MANUAL) 

Weld Size, L (in.) 5132 1 3116 1 114 5116 1 3/8 I 112 518 I 314 
Plate Thickness (in.1 3116 ) 114 1 5116 1 318 I l/2 518 I 314 1 

I , I 1 1 I 4-f I ,-,.-I I ,-‘lE 

On 3/S in. plate and thicker place the first pass of each layer an the top plate. 

* First oars only. Vary sw~eeding pe$ses to obtain proper weld size. 



SHIELDED METAL-ARC (MANUAL) 

Position: Horizontal 
Weld Quality Level:Commerciai 
Steel Weldability: Good 

6.2-48 Welding C&bon and Low-Alloy Steel 

SHIELDED METAL-ARC (MANUAL) 
Position: Horizontal I 
Weld Quality Level: Commercia I 
Steel Weldability: Good 

18ga - 5116” 

;5EGto 5’16” 



~,~, ,,~ 

Shielded Metal-Arc Procedures 6.249 

Position: Vertical down 
Weld Quality Level: Commercial 
Steel Weldability: Good 

SHIELDED METAL-ARC (MANUAL) 

f 

Plate Thickness (in.1 1.048 I18 ga) 0.060 (16 gal 0.075 (14 gab o.‘io5 I12 gal 0.135 (10 gi 

1 1 1 1 1 

E6013 E6012 E6012 E6012 ,E6012 

3132 118 5132 3116 3/16- 

75 115 155 210 220 

22-27 27-32 27-32 25-m 22-27 

0.0316 0.0375 0.0576 0.0781 0.0830 

0.00817 0.00678 0.00678 0.00728 0.00817 

Electrode Class 
Size I 

SHIELDED METAL-ARC (MANUAL) 

WeldQuality Level:Commercial 



6.2-50 Welding Carbon ,and~ LowAlloy Steel 

SHIELDED METAL-ARC (MANUAL) 

,: : ,, 
,,,, 

i:::, ,, 
,:,‘, :,i ,~ li, !‘: ~, ‘,‘,, 
I;,,, 

_’ 

Welded From: One side 

All thicknesses Also permissible 
for18and16ga 

SHII 

Position: Flat 
iNeld Quality Lew?l:Commercial 
Steel Weldability: Good 
Welded From: One side 

Wel~d Size, L (in.1 
Plate Thickness (in.) 
Pzrc 

Electrode Class E7024 E7024 E7024 E7024 E7024 
Size 5132 ) 3116 1 J/32 ( 7132 1 114 

Current lamp) AC 
Arc Swed fin./minl 

ElectrOde Req’d (Iblft) 
Total Time (hrlft of weld1 

)ED METAL-ARC (MANUAL) 

3116 - l/2” 

3132 1 118 1 5132 1 3116 1 l/4 
3116 1 114 1 5116~ I 318 I 112 

I I 1 I 1 I I I 



,.~ ,,,: ,: ~, ,,,, ,, 
‘,~ 

Shielded Metal-Arc Procedures 6.2-51 

K Weld Quahty Level: Commercial 

SHIELDED METAL-ARC (MANUAL) 

I 

Welded From: One side 

Position: Vertical down 
Weld Quality Level: Commercia 
Steel Weldability: Good 
Nelded From: One side 

I 

SHIELDED METAL-ARC (MANUAL) 

- 
-18- 10ga 

Plate Thickness (in.) 0.048 (18 gal 0.060 (16 gal 0.075 (14 gal 0.105 (12 gal 0.135 (10 gal 
Pass 1 1 1 1 1 

Electrode Class EM)10 E6010 E6010 E6010 E6010 
Size 3132 118 l/8 5132 3116 

cur;ent !ampl oc:-: 50 90 96 120 170’ 
Arc Speed (in./min) 35-40 40-45 M-45 37 - 42 33-38 

Electrode Req’d (Iblft) 0.0184 0.0278 0.0293 0.0436 0.0461 
Total Time (hrlft of weld) 0.00533 0.0047 1 0.00471 0.00507 0.00563 



r 

I NeldOuality Level:Commercial 
Steel Weldabiliw: Good 

-, ,, ~, 

6.2-52 Welding Carbon and Low-Alloy Steel 

SHIELDED METAL-ARC (MANUAL) 

SHIELDED METAL-ARC (MANUAL) 



Shielded Metal-Arc Procedures 6.2-53 “, 

WekiQualin/ Level: Commercial F 

PlateThickness (in.1 

stiiE~~Er2 METAL-ARC (MANUAL) 

Weld with spiral motion and continue 63 long as slag can be kepf molten or unfil the weld is completed. 

* Per weld 

+ Thickness of the weld may be reduced to S/8 inch per AWS Str”cf”,d Welding Code 2.8.8. 



6.2-54 Welding Carbon and Low-Alloy Steel 

SHIELDED METAL-ARC (MANUAL) 
SDecial Procedures for ASTM A203 and A537 Steels 

weld Quality Level: Code 
Steel Weldability: Poor 
Welded From: Two sides 

Plate Thickness (in.1 
P.rc 

Electrode Classt 

Electrode Req’d (Ib/ftl 

Position: Flat 

Weld Quality Level: Code 
Steel Wkldability: Poor 
Welded From: Two sides 

Plate Thickness (in.1 
PASS 

lElectrade :a$ _ 

Current (amp) DC0 I 
Arc Speed (in./minl 

I- 
Interpass Temperature, Max. (OF) 

5/16 3/a 
l&2 3&4’ l-3 4-6’ 

5132 5132 5132 5132 

150 150 150 150 

9-11 a- 10 9-11 s-10 

0.48 0.65 
0.0844 0.127 

150 150 

l/2 - 3;$$7 

318” 3116” 

l/2 I 5/a I 3/4 
l-5 1 6-8’ 1 l-7 [ a-lo* ) l-10 [ 11-13” 

I I I I I 
5/32 

150 
7-9 

5/32 

150 
a- lo 

5132 

150 
7-9 

5/32 

150 
8 - 10 

5132 

150 
7-9 

5132 

150 
a-10 

1.40 I 1.79 I 2.25 
0.188 0.238 0.313 

175 200 I 225 

* Second side is gouged after first ride is compfeted. 

+ See Tables 6-13 and 6-17. 



6.3-l 

Welding Carbon and Low-Alloy Steels 

‘,The submerged-arc process is typically some 
ee to ten times faster than stick-electrode weld- 

yet provides joints of exceedingly high quality 
; good appearance. The process has various desir- 
e performance features (see Section 5.2) and 
add be considered whenever the welding is to be 
ne by automatic or semiautomatic means. An 
lication of the relative speeds of submerged-arc 
1 other processes is given in Table 6-19. 

‘, TABLE 6-19. Comparison of Welding Speeds 

with the Submerged-Arc Process 

Welding Process 

kual shielded metal-arc 

~&$utomatic self-shielded flux-cored 

‘:$iautomatic submerged-arc 
.,, 
$omatic submerged-arc, one wire 

wn-arc submerged-arc 

qdem submerged-arc, two wires 

#@xn submerged-arc. three wires 

Arc speed for s/*-in. tuft weld 

Arc Speed* 
(in.lminl 

4-114 

10 

15 

18 

21 

30 

45 

The characteristics of electrodes are discussed in 
Section 4.1. Electrodes and flux combinations are 
selected to serve a specific purpose. They may, for 
example, be chosen to serve general-purpose needs 
at lowest cost, or they may be selected to meet 
special metallurgical requirements. Some combi- 
nations provide maximum resistance to weld crack- 
ing or to porosity from rusty plate, while other 
combinations provide fast-fill or fast-follow charac- 
teristics. Specifications for fluxes and electrodes are 
listed in Section 4.1. Since hundreds of combina- 
tions of flux and electrode are possible, prosp,ective 
users of the submerged-arc process should consult 
with suppliers of these materials before choosing a 
particular combination for a given application. 
Typical mechanical properties of submerged-arc 
weld-metal deposits are given in Table 6-20. 

Electrode Size 
Welding equipment for semiautomatic sub- 

merged-arc welding can accommodate only a limited 
range of electrode sizes. Change of electrode may 
require the purchase of a new gun and the altering 

TABLE 6-20. Typical Mechanical Properties of 
Submerged-Arc Weld-Metal Deposits 

F61 F71-EL12 

F72-EM13K 

FLUX AND ELECTRODE REQUIREMENTS 



‘, 6.32 “’ Weldtng Carbon and Lo&A/lo; St& 

of the feed mechanisms. Therefore, the job require- 
ments should be considered carefully before the first 
equipment is purchased. 

Generally, only the l/16, 5/64, and 3/32-in. 
electrodes are used for semiautomatic welding. The 
ljl6-in. wire is used for making high-speed fillet 
welds on steel ranging from 14-gage to l/4 in. thick. 
The 5/64-in. electrode is used for fillet, lap, and butt 
welds on plate 12-gage or more when the welding 
gun is hand-held. The 3/32-in. wire is used primarily 
when the gun is carried mechanich;‘y. Electrodes of 
this diameter can be used for hand-held operation, 
but the stiffness of the wire tends to make the cable 
rigid and thereby decreases the maneuverability of 
the gun. 

Fully automatic submerged-arc welding gener- 
ally employs electrodes of from 5/64 to 7/32 in. in 
diameter. There are exceptional conditions where 
wire as small as 0.035 or as large as 3/8-in. has been 
satisfactory, but most applications require elec- 
trodes of 5/64-in. or larger. Current ranges for the 
various electrode sizes are given in Table 6-21. 

When all other conditions are kept constant, an 
increase in wire size increases the bead width and 
decreases the penetration and the deposition rate as 
illustrated in Fig. 6-31. A larger wire size, however, 

I,, increases the maximum current capacity and, thus, 
: ~‘, j_ permits increased current and a higher deposition 

rate. A change to a larger wire size, with no increase 
:g; ‘,, in current, bridges gaps better if poor fitup is 

“;~ encountered. 

‘,‘, 
,’ ,WELDlNG CURRENTS AND VOLTAGES 

Welding current determines the rate at which the, ’ 
electrode is melted, the depth of penetration oft@ 
weld pool into the base metal, and the amou&of 
base metal fused. An increase in current i:@eases 

.I . .J 
TABLE 6-21. Current Ranges/ 

for Submerged-Arc Welding glecprodes 

600 amps, 30 volt?!30 ipm 
f,, ,,, ,~,, ,, 

Fig. 631. Effect of electrddk size on weld 6haradierjstics. With’tl 
current and voltage held co,&tant as electrode dim&r is increaSe 
bead width increases. but p$netration and deposition rate decrease. 

i 

penetration and n<elt-off rate, but an excessive1 
high current prqduces a high, narrow bead, a 
erratic arc, anddGundercut. Excessively low currer 
produces an upstable arc. Figure 6-32 shows th 
effect of currefit variation when other conditions a 
maintained c&stant. 

Current T& and Polarity 
The &ious attributes of AC and DC weldin] 

and of pio/sitive and negative polarity, were discusse 
in Secyons 3.2 and 5.2. Positive-polarity DC 
recomlnended for most submerged-arc weldin 
wher$fast-follow or deep penetration are importan 
It ~$0 gives welds that exhibit better resistance t 
pc/rosity, except on high-sulfur and high-pho 
,phorus steel. Negative polarity gives a melt-off ral 

;Tabout one-third greater than that of positive polarit 

Wire 
Diameter uiment 

(in.1 ,~~hnPl 

5/64 ,c 200 - 600 
3!32 ;. - 230 700 

,f 118 ,.( 300- 900 

5/32 “ 420 - 1000 
3/16 480-1100 
7132 600 - 1200 

114 700 - 1600 
5/16 1000 - 2500 
318 1500 - 4000 

(see Table 6-22), but negative polarity also product 
less penetration. It is used: 

1. For conventional fillets where the plate 
clean and free from rust. 

2. On applications such as hardsurfacing whel 
greater melt-off is beneficial. 

3. Where less penetration is needed to reduc 
admixture and thereby control cracking ( 
porosity on hard-to-weld steels. 

4. Where greater build-up and less penetratic 
helps to prevent cracking in the first pass1 
in deep-groove work. 

When changing from positive to negative pola 
ity with no change in current, voltage should 1. 
increased about 4 volts if a similar bead shape is 1 
be maintained. 

The cost of fillet welds can be reduced throug 
use of DCRP (electrode positive) in place of DCS 
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Semiautomatic 
3/32” electrode. 35 volts. 24 iom 

gy,; i 
k&,ecause of ‘the additional penetration provided by #j@;;:~~ 
q& 4 ,ositive polarity. The strength of a fillet weld 
k&depends on the effective throat size, which in turn, @a&,<,~, 
@&pq& on the depth of pen&&on. 
f&g 
&&<:; : 
%&,~: ‘AC is recommended for two specific sub- 

‘&merged-arc applications: 
p$$@ ~, 

1. For the trail electrode when tandem-arc 
!::i’ welding. 

:,, 2. Occasional single-arc applications where arc 
blow is limiting DC current and slowing 
travel speed. 

Fully Automatic 
7/32” electrode, 34 volts, 30 ipm 

For good arc stability a higher current density is 
needed for AC than for DC. Unstable arc condilions 
can usually be corrected by an increase in current or 
a reduction in wire size. 

Welding Voltage 
Welding voltage influences the shape of the weld 

cross section and the external appearance of the 
weld. Figure 6-33 shows the effect of voltage varia- 
tion when other conditions are maintained constant. 

Increasing voltage: 

1. Produces a flatter and wider bead. 

1~ TABLE 6-22. Twical Melt-Off Rates (Ib/hr) for EL12Clars Submewed-Arc Electrodes 



,-1:I:;~~:~~~~~~,‘:,:::,‘~~~ ,:,:i-- ‘,-:‘:,“,::‘;~w :,,~ ,A;’ ~A:‘, ~i:?~ i:: ” ~~~,,, ,’ :,:::’ ,: ,, ,,,., ~,:~:: ::,;G ,~ ,, :,:, 
Wt$ding~,Carbofl and Low-Alloy Steel 

Semiautomatic 
3/32” electrode, 500 amps, 24 ipm 

Fully Automatic 
7/32” electrode, 850 amps, 30 ipm 

27 volts 45 volts 34 volts 

Fig. 6-33. Effect of voltage on weld characteristics. An increase in 
voltage produces a wider. flatter bead that bridges gaps more readily. 

2. Increases flux consumption. 

3. Increases resistance to porosity caused by 
rust or scale. 

4. Helps bridge gaps when fitup is poor. 

5. Increases pickup of alloy from the flux. 
(This can be used to advantage to raise the 
alloy content of the deposit when welding 
with alloy or hardsurfacing fluxes. It can 
reduce ductility and increase crack sensi- 
tivity, particularly with multiple-pass welds.) 

Excessively high voltages: 

1. Produce a “hat-shaped” bead that is subject 
to cracking (Fig. 6-34). 

2. Make slag removal difficult. 

:,,‘. i ‘, ,,,, :,, ,: .,~,~~ ,,‘,_’ _ ,, ,_ ,, 

Fig. 6-34. A hat-shaped bead produced by excessive voltage. A simila 
effect is produced by travel speeds that are too slow. Such beads havt 
a tendency to crack in locations indicated by the arrows. 

3. In multiple-pass welds, increase the allo: 
content, thereby producing a crack-sensitiv, 
weld. 

4. Produce a concave fillet weld that is subjec 
to cracking. 

Semiautomatic 
3132” electrode, 500 amps, 35 volts 

12 ipm 24 ipm 48 ipm 

Fully Automatic 
7/32” electrode, 850 amps, 34 volts 

and width of the bead decrease with an increase in travel speed 



Lowering the voltage produces a “stiffer” arc 
needed for getting penetration into a deep groove 
and necessary for resisting arc blow on high-speed 
work. An excessively low voltage produces a high, 
narrow bead with poor slag removal. I 

TRAVEL SPEED 

Travel speed is used primarily to control bead 
;ize and penetration. It is interdependent with cur- 
rent. In single-pass welds, the current and travel 
speed should be set to get the desired penetration 
without burnthrough. For multiple-pass welds, the 
:urrent and travel speed should be set to get the 
desired bead size. 

Figure G-35 shows the effect of variations in 
travel speed when other conditions are maintained 
constant. Changes in travel speed have the following 
effects: 

:’ 1. Excessively high travel speed decreases wet- 
ting action and increases the tendency for 

::,, undercut, arc blow, porosity, cracking, and 

~~‘5 uneven bead shapes. Slow travel speed tends 
:“_;: : to reduce porosity, because gaseous material 

has time to boil out of the molten weld. 
g:, 2. Excessively slow speed produces: 

a. “Hat-shaped” beads that are subject to 

$$C:, cracking. 
,*,:& b. Excessive flash-through, which is 

uncomfortable for the operator. 
c. A large molten pool that flows around 

the arc resulting in a rough bead, spatter 
and, slag inclusions. 

LONG-STICKOUT WELDING 

Electric current is fed into the electrode at the 
point of electrical contact within the gun or nozzle. 
The current must then travel to the tip of the elec- 
trode to reach the arc. The distance between the 
point of electrical contact and the electrode tip is 
referred to as “stickout” or “electrical stickout” 
(Fig. 6-36). 

This entire length of electrode - not just the 
visible portion protruding from the nozzle -~ is sub- 
ject to resistance heating as the current passes 
through it. The longer the projection of the elec- 
trode from the point of electrical contact, the 
greater the heat build-up within it. This heat can be 
used to good advantage to increase the melting rate 
(see Table 6-22) and reduce penetration. Speciai 
attachments can be added to standard welding 
equipment to take advantage of the higher melt-off 
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Fig. 6-36. Long electrical stickout - used to increase melt-off rate 
through resistance heating of the electrode. The term. applied to the 
distance between the point of electrical contact within the nozzle and 
the tip of the electrode. is distinct from visible stickout. which 
denotes the length of electrode extending beyond the guide tip. 

rates and attendant increase in deposition rate. 
Deposition rates with long-stickout welding are 

typically increased some 25% to 50% with no 
increase in welding current. With single-electrode, 
fully automatic submerged-arc welding, the depo- 
sition rate may approach that of two-wire welding 
with a multiple power source. 

There are, however, side effects that must be 
anticipated. A change to long-stickout welding is 
similar to a change from reverse to straight polarity. 
Increase in deposition rate is accompanied by a 
decrease in penetration. This decrease generally is 
not large enough to prevent the use of long stickout 
except on applications where positive polarity is 
used for the express purpose of producing maximum 
penetration. Long-stickout welding also results ln 
less tendency for burnthrough, which can be advan- 
tageous when the fitup is imperfect, and reduces the 
heat-affected zone. 

A voltage drop accompanies the resistance heat- 
ing of the extra length of projecting electrode. When 
the operator sets the voltage control of the wire- 
feeding equipment, he must compensate for this 
voltage drop to avoid having the arc operate at less 
than optimum voltage. 

Long-stickout welding provides the greatest 
economies in fast-fill applications that require a 
large volume of weld metal, as, for example, in flat- 
fillet and groove butt welds. The reduction in heat- 
affected zone is particularly beneficial in the 
welding of quenched and tempered steels. In some 
instances, the heat-affected zone is reduced 25%. 

Long-stickout techniques can also be used to 
good advantage in build-up and hardsurfacing appli- 
cations. Here the benefits include greater speed, 
improved quality of deposit, and better appearance. 

Flux and electrode types are selected for long 
stickout on the same basis as for standard stickout. 



Wire sizes from 5/64 through 7/32-in. are used. 
The suggested stickout limitations with solid 

electrode wires for submerged-arc welding are: 

5/64,3/32,1/8-m. electrodes 3 in. maximum 
5/32,3/16,7/32-in. electrodes 5 in. maximum 

These recommendations are based on practical 
considerations, such as ease of striking the arc, 
maintaining good wash-in, bead shape control, and 
avoiding undue electrode “wandering” within the 
nozzle extension. While these’ recommendations 
apply on most applications, longer stickouts are 
permissible, especially with larger electrodes. 

INFLUENCE OF JOINT DESIGN ON SUB- 
MERGED-ARC PROCEDURES 

Butt Welds 
Butt joints are commonly welded by the sub- 

merged-arc process in material ranging from l&gage 
sheet metal to plate several inches thick. Procedures 
and weld design for butt joints depend upon 
whether the weld is to be made on sheet, on plate, 
or on extremely thick plate. In the latter case, the 
weld is called a deep-groove butt. 

Butt We&s in Sheet Metal: Principal consider- 
tions are control of distortion and prevention of 
burnthrough. For control of distortion, the work 
must be rigidly supported. A copper or steel backup 
bar is often used for this purpose as illustrated in 
Fig. 6-37. Backup bars also help prevent 
bumthrough. 

When a steel backup bar is used: a small gap is 
left between the plates to be joined. The weld pene- 
trates into the steel bar, making it an integral part of 
the weldment. Where this addition of material is 

Before welding After welding 

(al 

I 
V 

Copper 

I 

FIUX 

(Cl 
Copper 

Fig. 6-37. Joints with backup bars. The steel bar in la) becomes an 
integral part of the welded assembly. The notched copper bar lb) 
conducts heat away and does not fuse to the joint. Flux backup with 
a copper bar ICI provides a smooth back bead. 

Fig. 6-36. Excessive build-up an thick-plate square-butt joints (a) c 
be corrected by a bevel lb) or by a gap (c). The maximum penetrafi 
possible without a backup strip in a square-butt joint is approximatt 
60 to 80%. 

undesirable, a copper bar is used instead of stes 
Because of its high thermal conductivity, the copI 
does not melt and thus does not fuse to the stem 
The copper may be flat or may have a small groom 
depending on the shape desired on the backside 
the bead and the thickness of the sheet. The groo 
should be wider than the back bead to avoid undc 
cut at the bead edges. When extremely smooth bat 
beads are desired, the weld is backed by a layer 
flux placed in the groove. 

Butt Welds on Plate: Complete (100%) peneti 
tion without burnthrough is t@mlly required 
square-edge butt welds for full strength. Plates up 
51%in. thick can be butted tightly and then welt 
with one pass from each side. With normal shea 
or flame-cut edges, 60% penetration can usually 
achieved from the first side. Penetrations up to 8 
are possible if the edges are machined and fit 
together tightly. 

The built-up bead on top of the joint may 
large and have irregular edges if two square edges 

Fig. 6-39. Method for determining whether flux support is neede 
backup bar or seal bead is required if loose flux spills through the 
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Lo Seal bead 

‘ig. 6.40. Placement of seal beadsdepends on material thickness 

&ted together tightly, with steel 5/8 to 3/4-in. or 
icker. Excessive build-up or irregular beads can be 
Ntiected by beveling the edges of the plates, or by 
iving a gap between plates as shown in Fig. 6-38. 
; Gaps of any kind increase penetration. As a rule, 
ther a backup strip or a seal bead is required to 
‘bport flux if the gap is large enough to permit 
ose flux to spill through (Fig. 39). Seal beads can 
!,;made either manually or with semiautomatic 
luipment. The beads should be on the second pass 
Ie for workpieces more than l/2-in. thick. On 
aterial thinner than l/2-in., seal beads should be 
r the first-pass side (Fig. 6-40). 
: Gn steel up to l/2-in. thick, full-penetration 

$lds can be made from one side if the workpieces 
s: positioned with a gap, and a steel or copper 

I. 6-41. Full-pnnetration weld made from one side with a backup 
1. 

I I 

I. 6-42. An undesirable bead shape. The deep. narrow configuration 
motes internal cracks. 

Fig. 6-43. Effect of multiple-pass welding techniques on ease of clean- 
ing deep-groove welds. Slag generally is difficult to remove from large. 
concave beads la). but can be removed easily from small. convex 
beads lb). 

backup bar is used (Fig. 6-41). As with sheet-metal 
welds, the steel backup bar remains as a permanent 
part of the weldment. Avoid making deep, narrow 
beads, or beads with a wide surface flair - referred 
to as “hat-shaped” beads -because these types tend 
to develop internal cracks (Figs. 6-34 and 6-42)~. 

Deep-Groove Welds: The fist pass in a deep- 
groove weld requires the same considerations for 
penetration and burnthrough as square-edge butt 
welds on plate. The only difference is that the thick- 
ness of the land, rather than the entire material 
thickness, is important. In addition, flux depth, 
plate levelness, and slag removal are all important in 
deep-groove welding. 

Flux has a tendency to pile up to depths greater 
than 1 in. in deep-groove joints. Since excessive flux 
causes poor bead shapes, only enough flux to pre- 
vent excessive arc flashing should be used. 

The multiple-pass welds normally required with 
deep-groove welds generally create large molten 
pools that are quite fluid and “run” out of the joint 
easily if special precautions are not used. Therefore, 
the work should be level or inclined slightly for an 
uphill weld. (Welding on inclined plates is discussed 
later in this section.) 

Slag removal is sometimes difficult in a deep- 
groove welding. Small beads with slightly convex 
curvatures are easier to clean than large beads with 
concave surfaces, as illustrated in Fig. 6-43. There- 
fore, there is usually a cost saving in making small 
beads that are easy to clean, instead of making fewer 
large beads that are difficult to clean. 



I 
inexpensive preparation 

Expensive preparation 

Fig. 6-44. Joint preparation for deep-groove \;elding. Bevel edges (a) 
can be prepared at less cost than the machined edges of U joints Ib). 

T-L Undercut 

f f 

:, Fig. 6-45. Undercut may occur in single-pass fillet welds having legs 
larger than 318 in. 

The cost of joint preparation is an important 
factor. V-type plate edges, which can he made at 
low cost by flame-cutting, are inexpensive (Fig. 
6-44). U-type joints, on the other hand, are 
expensive to prepare. 

Fillet Welds 
A 3/S-in. leg is the largest single-pass fillet weld 

that can be made in the horizontal position with a 
single electrode. Attempts to make larger beads 
generally cause undercuts, as illustrated in Fig. 6-45. 
However, horizontal fillets up to 5/8 in. can be 
made with multiple electrodes. 

Bead width should be at least 25% greater than 
bead depth, since narrow beads are subject to crack- 
ing. However, even when fillet welds are properly 
shaped, they are generally more likely to crack than 
other types of welds because of the highly restrained 
nature of fillet joints. This restraint often prevents 
the small deflections that normally absorb thermal 
stresses set up as the weld solidifies. The proper 

Equal legs 

t 

!- 
ud -1 

300 

f 
Maximum Denetration 

Fig. 6-46. Influence of electrode alignment on penetration and leg 
size. In horizontal fillet welds. a 40’ inclination of the electrode la) 

produces equal legs, while a 30’ inclination Ib) maximizes pene- 
tration. In flat fillet welds. positioning the work at 45’ ICI provider 
equal legs. while positioning the work at 60” Cdl maximizes 
penetration. 

measures to observe for joint design are discussel 
more fully later in this section under Preventing 
Weld Cracking. 

The maximum penetration of the arc tends to be 
aligned with the axis of the electrode. Electrode 
inclination can thus be used to control the leg length 
of the bead and the degree of penetration into the 
joint. This is illustrated in Fig. 6-46: In multiple-pas! 
welds, succeeding passes should be placed so tha 
the two legs are buiit up equally, as shown in Fig 
6-47. A protruding bead can result if inappropriate 
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I 

ij?,’ Fig.‘~$47. Preferred &quence of bead deposit in multiple-pass, weld- 
‘,:’ ihi. T’he two legs should be built up equally, so that leg lengthsdo not 

,,,differ greatly as each layer is completed 

Fig. 6-49. Recommending positioning of workpieces for lap welding. 
The thin plate should be welded to the thick plate. The electrode 
should be inclined 0 to 10“ from the vertical for material 10.gage and 
thinner. Inclination should be 45O for plate 3116 in. and thicker. 

Fig. 6-49. Recommending positioning of workpieces for lap welding. 
The thin plate should be welded to the thick plate. The electrode 
should be inclined 0 to 10“ from the vertical for material 10.gage and 
thinner. Inclination should be 45O for plate 3116 in. and thicker. 

must be taken to ensure that the joint is free of 
moisture, paint, and other contaminants. 

p 
@Ef,g.: 6 46. Undesirable bead shBpe caused by too rapid travel speed. 
W&p flux pile, excessively high wrrent. excessively low voltage. or pf<#>::: 
&gpng uphill. 
#gq 
#&:: ; ‘Z 

#.$dmg variables or procedures are used, as shown 
&r&Pig. 6-48. 
~~~::,,Porosity caused by arc blow is especially preva- 
@e,nt in fillet welds because of the magnetic effects 
:@et up by intersecting workpieces. Techniques for 
%inimizing arc blow are discussed later in this 
z,~&ction under Preventing Weld Porosity. Section 3.2 
‘, also discusses arc blow. 

A fillet-lap attachment is recommended if hori- 
‘, zontal fillet welds are to be made with fully auto- 

matic equipment. This attachment keeps’the head in 
a vertical position while turning the electrode to the 
proper angle for the weld. The standard straight 
contact assembly should be used for flat or trough- 
position fillet welds. For any application, the head 
and flux hopper should not be tilted more than 40° 
from the vertical. A greater tilt can cause irregular 
flux flow. 

Lap Welds 
Tight fitup and proper electrode alignment are 

principal considerations in making lap welds. The 
plates must be he!d together tightly; gaps promote 
poor bead shape and unsound welds. Since a tight fit 
inhibits the escape of welding gases, lap weids are 
particularly susceptible to porosity. Therefore, care 

Through-laps are preferred to edge-laps on 
lo-gage or thinner material where good appearance 
is not essential. When the workpieces are of differing 
thickness, the recommended procedure is to weld 
the thin plate to the thick plate (Fig. 6:49). 

Position of the electrode is an important factor 
in determining lap-weld quality. The weld may not 
properly fuse to the bottom plate if the electrode is 
inclined too much toward the top plate. If it is tilted 
too far from the top plate, the weld may not prop- 
erly fuse to the top plate and may burn through the 
bottom plate. 

Plug Welds 
The principal consideration in making plug 

welds is to be sure that the weld fuses to both plates 
and completely fills the hole. A weld of 3/4-in. 
diameter is normally the maximum size used for 
plug welding. Larger plugs are sometimes made with 
semiautomatic equipment by circulating the arc 
around the plug to completely fill the hole. Plugs up 
to 2 in. in diameter and 2 in. deep are made in this 
manner. 

It is difficult to tell when the plug is filled, 
because the weld is always covered completely by 

Copper flux-retaining 

&2Y-, 

Fig, 6.50. Preferred geometry for plug welds. The weld must fuse into 
both plates and fill the hole completely. 



Fig. 6-51. Position of workpiece and flux in an edge weld. The flux 
supports should he placed as near to the weld as possible without 
interfering with the weld bead. 

flux. Therefore, plug welds are usually timed. The 
current is reduced for the last few seconds before 
the arc is broken to reduce the size of the crater at 
the top of the plug. A typical arrangement for the 
flux-retaining ring and workpiece is shown in Fig. 
6-50. 

Edge Welds 
Edge welds are made at high travel speeds on 

:,, ; sheet metal from lo-gage to about 16-gage. The i,~ 
major considerations involve guiding the electrode 

:; and supporting the flux. 
The electrode must be guided accurately so that ,,,,,, 

i : :, it is always positioned directly over the joint. Sup- 
‘1:“, li’ port is necessary to keep the flux from spilling over 

:‘,’ the edge and to hold the molten metal while it ,,, 
freezes. For best results, the weld should he made 

,,,, about loo downhill. The positioning of workpieces, 
flux, and electrode for edge welding is shown in Fig. 

” 6-51. 

Welds on Inclined Plates 
The workpieces in submerged-arc welding 

normally should be positioned level, since welding 
on inclined plate may result in improper penetration 
and may produce a distorted bead. Welding uphill 
increases penetration, and welding downhill reduces 

Molten pool 

Fig. 6-52. Undesirable flow of molten weld metal in downhill welding. 
The work should be positioned so that the molten pool does not run 
ahead of the arc. 

penetration. But there are two situations where 
inclining the work is advantageous - when welding 
sheet metal and when using multiple arcs on heavy, 
deep-groove joints. 

Since excessive penetration is undesirable when 
welding sheet metal, a 10 to 200 downhill’angle 
reduces penetration and permits use of high currents 
and rapid welding speeds. Inclines of more than 200 
may produce distorted beads. 

On heavy, deep-groove joints, particularly when 
made with multiple arcs, the molten pool islarge 
and fluid. If the work is slightly downhill, this large 
pool rolls ahead of the arc and may promote an 
unstable arc, wavy bead, or shallow penetration, as 
illustrated in Fig. 6-52. Running the bead 2 to 5O 
uphill solves the problem. 

Circumferential Welds 
Circumferential or roundabout welds differ from 

those made in the flat position in two important 
ways. First, the pool .of molten flux and weld metal 
tends to spill off the work. Second, slag removal on 
multipass welds is a factor that controls the progress 
of the welding. 

In flat work, the pool of molten flux and metal 
is kept beneath the electrode without too much 
difficulty, but on the curved surface of a circum- 
ferential weld tends to sag and run. In severe cases, 
the metal spills off the work. In less severe cases, the 
molten pool starts to run, but freezes before it spills, 
and thereby produces a distorted bead. 

To avoid spillage or bead distortion, the weld 
metal must solidify as it passes over the vertical 
center of the part. This requires that the electrode 
be positioned ahead of vertical center-be advanced 
from the center line opposite the direction of rota- 
tion. The bead shape and welding characteristics can 
be controlled by varying the displacement or 
“advance” of the electrode along the circumference, 
as shown in Fig. 6-53. Inadequate displacement on 
an outer weld or excessive displacement on an 
interior weld produce deep penetration and a ten- 
dency for burnthrough. It also results in a narrow, 
humped bead. Excessive displacement on an outer 
weld or inadequate displacement on an inner weld 
produce a shallow, concave bead. 

Suggested off-center distances for the electrode 
are listed in Table 6-23. The electrode should be 
positioned nearly perpendicular to the surface of the 
work, particularly on small circumferences. Position. 
ing the electrode at too great an angle of incidence 
may produce a distorted bead and may cause 
difficulty in striking the arc. 



. Inadequate Excess 
displacement 

Fig. 6-53. Effect of electrode displacement on bead shape in circumferential welds. A displacement that 
avoids spillage of the molten pool produces a correctly shaped bead la). Excess or inadequate displace- 
ment produces a distorted bead (bl and (cl. 
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Fig. 6-54. Approximate size of largest beads attainable on smalldiameter circumferential welds. Backups are 
required on thin sections. and special flux supports may be necessary. 

TABLE 6-23. Recommended Electrode Lead 
For Circumferential Welding 

Workpiece Diameter Electrode Displacement Ahead 
Iid of Vertical Center (in.) 

l- 3 3/8-3/4 

3-18 3/4-l 

18-36 l-l/4-1-1/2 

3642 l-l/2-1-3/4 

42-48 l-3/4-2 

48-72 2-Z-112 

72 R 

Regardless of electrode position, the metal will 
spill simply because it cannot freeze fast enough if 
the molten pool is too big in relation to the size of 
the workpiece circumference. The size of the molten 
pool can be controlled by limiting bead size, which, 

in turn, depends on the amperage and travel speed. 
Lowering the current and increasing travel speed 
reduce bead size. 

The size of the bead is limited by the diameter 
of the work. Approximate maximum sizes for 
single-pass welds on small-diameter work are shown 
in Fig. 6-54. Small-diameter work generally should 
be set up for three-o’clock welding. For large- 
diameter work, procedures that give good welds 
with minimum difficulty are presented in Fig. 6-55. 

Since the flux is granular, it, too, will spill off 
small-diameter work if not supported. One method 
to prevent ‘flux spillage employs a nozzle assembly 
that pours the flux directly above the arc. Another 
method employs a wire brush or other flexible heat- 
resistant material attached to the nozzle assembly 
ahead of the arc, as shown in Fig. 6-56. 

Flux support is also necessary at the edges of the 
work. Sheet-metal rings tack-welded to the edge, or 
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6.3: 12 : Welding Carbon and LoivAlloy Steel’ 
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,Fig. 6-55. Recommended welding currents for various workpiece diametersand thicknesses. Special provisions 
to control spillage should not be necessary. For diameters larger than those listed, use standard flat- 
position procedures. 

flexible retainers that ride the edge, are used for this 
purpose. These devices support the flux so that 
beads can be made at the very edge of the work 
(Fig. 6-57). This technique is commonly used in 
building up or hardsurfacing rolls. 

Excess flux promotes sagging or spilling. The 
flux should be just deep enough to cover the arc, 
but should not be so deep that it interferes with the 
solidification of the weld metal. 

Slag Removal: The removal of slag on multiple- 
pass circumferential welds is particularly important, 
since all slag must be removed before the work 
makes a complete revolution if the weld is to run 
continuously. The ease with which the slag is 
removed is determined largely by the size and shape 
of the bead. Because small beads cool quickly, slag 
generally does not stick to them readily. On two- 
pass welds, the first pass should be flat or slightly 
concave and blend upward to the top edges of the 
joint to promote easy slag removal. Convex or 

Fig. 6-56. Placement of flux support to avoid flux spillage 01 
circumferential welds. 
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,’ F zig. 6.57. Two types of flux supporf~ for circumferential welds made 
a t the edges of a roll. ,,,, 
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undercut beads tend to lock the slag to the weld at 
the edges of the bead and thereby impede slag 
removal (Fig. 6-58). However, on deep-groove welds 
requiring several passes, it is better to stagger the 
passes as in Fig. 6-59(a). For good slag removal, 
make the beads less than the width of the groove 
$d, slightly convex. Wide, concave beads, as in Fig. 
@59(b), make slag removal difficult. 
$<:;;‘;I In, heavy work, such as that encountered in thick 
pressure vessels, weldors have a tendency to put 
@own as large a bead as possible with each pass. This 
$actice,, however, is not economical. Circum- 
ferential welds can usually be made most rapidly by 
using many small beads that permit continuous ,,,, 
{welding because the slag falls away readily. With 
kuge beads, slag tends to stick to the bead, and the 
process must be stopped frequently for slag removal. 

‘Another way to improve slag removal, particu- 
larly on small-diameter work that may overheat 
,during welding, is to direct an air jet against the 
weld. Locating the air nozzle between the two and 
three-o’clock positions usually provides the best 
results. 

Special care should be exercised with flux collec- 
tion on long, continuous beads. Clean flux not only 
promotes sound, smooth welds, but also helps avoid 

fVt fVf 
Easy slag 
removal 

Difficult slag 
remcjval 

Fig. 6-58. Preferred and undesirable bead shapes for the initial pass of 
a two-pass weld. The bead should wash up to the edges of the groove 
to facilitate slag removal. 

Submiv-ged-,fkc: Process 
s.ieij ~, ,,,, “: 

clogging in the gun and flux-feed mechanism. The 
flux should be collected before it reaches the floor. 
A vacuum recovery unit will remove dust, and a 
magnetic separator removes particles of steel. 

WELDING WITH MULTIPLE ARCS 

Although the general rules governing operating 
variables for single-arc welding also pertain to 
multiple-arc welding, there are ,additional considera- 
tions that must be kept in mind when welding with 
multiple arcs. The use of two or three welding heads 
provides better control of ~bead shape so that faster 
speeds are possible: But multiple heads also intro- 
duce additional variables that must be controlled 
properly for satisfactory results. 

Since multiple electric arcs interact magnetic- 
ally, the type of power fed to each must be chosen 
to minimize arc blow and other detrimental effects 
from this interaction. In two-arc welding, combining 
a DC and an AC arc is usually preferred, because the 
arcs are easier to control. There are, however, many 
successful applications where both arcs are AC. 
Where three arcs are used, the lead arc is usually DC, 
and the two trailing arcs are usually AC. 

Welding Current: Penetration and melt-off rate 
are determined by the current level. The lead arc has 
the greatest effect on penetration and usually is fed 
the most current. Current in the trailing arc is 
adjusted to provide the desired build-up. Excessive 
current in the trailing arc causes molten metal to 
splash out of the joint, while too little current may 
allow the electrode to stick to the workpiece. 

Arc Voltage: Bead width and penetration are 
determined by arc voltage. If the electrode spacing is 
less than 2 in., the lead arc is usually set at the 
minimum possible voltage to provide maximum 
penetration. The voltage in the trailing arc is then 

M 
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Fig. 6-59. Narrow and slightly convex beads la) are easier to clean 
than wide concave beads (bl. 



a-b Arc travel 

Fig. 6-60. Effect of excessively slow travel speed in multiple-arc weld- 
ing. The Wailing arc may wash metal under the lead arc and cau% a 
wavy bead. 

set to provide the desired bead shape and width. On 
the trailing arc, voltage may be set as high as 35 to 
42 volts to provide good wash-in on the edges of the 
weld. 

Electrode Size: Electrode diameter also affects 
penetration. Small diameters maximize penetration, 
but it may be necessary to select a large electrode 
for the lead arc to carry the required current. With 
DC-AC-AC three-arc welding, the third (AC) elec- 
trode is usually the same size or smaller than the 
fist AC (second-arc) electrode. Electrode spacing 
and current for the trailing arc are usually the same 
or less than that of the lead AC arc, but voltage is 
usually higher for the trailing arc. 

Polarity: On the lead arc, DC reverse polarity 
provides maximum penetration, and DC strsigk 
polarity provides maximum deposition rate. When 
DC is used on the lead arc, AC on the trailing arc 
provides the best control over magnetic interaction. 

Travel Speed: Bead width and penetration are 
determined by travel speed. Increasing speed 
decreases penetration and produces a narrow bead 
with a tendency toward undercutting. Excessively 
slow speed may allow the trailing arc to wash metal 
under the lead arc, resulting in an erratic arc and 
rollover at the bead edges, as illustrated in Fig. 6-60. 

Type of Flux: With proper procedures, most 
mild-steel fluxes can be used in multiple-arc welding. 
However, some fluxes are designed for high-speed 
welding, while others work better on slow-speed, 
deep-groove welding. Consult the flux supplier for 
advice. 

Flux Depth: In addition to protecting the 
molten weld metal against contamination, flux also 
serves as a mechanical dam that prevents molten slag 
and metal from flowing forward where it would 
interfere with the arcs. Flux should be deposited to 
a depth where the trailing arc barely breaks through 
occasionally. Excessive flux depth may promote a 
narrow, rough bead. The flux should be applied far 
enough in front of the arc - about 2 in. minimum - 
to prevent molten flux or metal from running ahead 
of the arc (Fig. 6-61). 
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This flux is acting as a dam 
holding both slag and ~metal 
from flowing ahead 

Fig. 6-61. Recommended placement of flux in multiple-arc welding. 
Flux should be deposited at least 2 in. in front of the lead arc so that 
the flux serves as a dam for molten metal and slag. 

Electrode Spacing: The distance between elec- 
trodes affects penetration and bead width. A spacing 
of 518 to l/8 in. usually is preferred except on 
horizontal fillet welds where the spacing may be as 
much as 5 in. 

Electrode Stick-out: The nozzles should be 
l-1/4 to l-1/2 in. above the work, or should just 
clear the top of the flux. When using the long stick- 
out technique, a wire guide is necessary below the 
contact tip. (See Fig. 6-36.) 

Electrode Alignment: The electrodes should be 
kept directly in line, one behind the other, to within 
l/32 in. The plane of alignment should be perpen- 
dicular to the surface of the work. Improper align- 
ment produces undesirable bead shapes. 

Grounding: The location of ground connections 
is important, especially on short welds. Both AC and 
DC ground connections should be at the start of the 
weld, unless back blow is desired to keep weld metal 
from running ahead of the arc. Where back blow is 
desired, the weld should be made toward the ground 
connection. 

Nozzles: An insulated clamp on the nozzles 
helps maintain proper electrode alignment. Worn 
tips should be replaced, because they cause misalign- 
ment and poor contact, which can produce erratic 
arc action. 

Deep-Groove Welding with Multiple Arcs 
Alignment: Maintaining alignment of the weld- 

ing heads is exceptionally important when multiple 
arcs are used for deep-groove welding. The following 
rules should be observed to maintain alignment: 

1. The seam should be aligned exactly with the 
line of travel of the welding heads so that 
little or no adjustments are needed after 
welding begins. 

2. The work should be level across the seam, 
and level or slightly uphill (2 to 5 degrees] 



along the length of the joint. Leveling across 
the seam permits proper alignment between 
the wall of the joint and the electrodes. 
Welding slightly uphill helps prevent molten 
flux and metal from running ahead of the 
arc. Since multiple-pass welds tend to build 
up faster at the start of the weld, filling the 
crater at the finish end by stopping travel 

‘before breaking the arc helps maintain an 
even build-up. 

3. When making weld beads as in Fig. 6-43(b), 
electrodes should be spaced away from the 
wall of the groove a distance approximately 
equal to the width of the larger electrode. 
The heads should have provisions for hori- 
zontal adjustment so that they can be easily 
moved across the joint for alignment. 

4. Electrode stickout should be the same for all 
passes. Maintaining this constant stickout 
usually requires raising the heads slightly 
after each pass to compensate for the build- 
up of the previous bead. Constant stickout 
also ensures proper spacing between elec- 

$2;:; trodes. The heads can be raised easily if the 
g@;,,~ equipment includes a vertical lift 
~;&f;,,;,, : fI,y& ) adjustment. 

& ~, Joint preparation: Side-wall angles should not be 
~~~~ss than ‘70 after the plates have pulled together 
@:from contraction. Perpendicular sides are easily 
,,,, ;&rdercut and thus difficult to clean. But too large 
;::: an angle wastes material. Run-off tabs are necessary 
‘::‘::on most jobs, except for the welding of girth seams. 
‘~, ITabs must be used at both ends of the joint and 

: should be shaped exactly like the joint. They should 
be heavy enough to minimize arc disturbance, and 

,’ should be welded to both sides of the joint and the 
steel backup bar if one is used. Close the finish end 
to provide a magnetic bypass and minimize arc 
blow. 

Preheat and Postheat: The appropriate preheat 
and interpass temperatures can be determined from 
tables or special slide rules. The entire workpiece 
should be preheated if possible. After welding, all 
pieces should be cooled slowly to room tempera- 
ture. Postheat can be used to avoid cooling cracks 

i on rigid workpieces. 
Root Passes: To ensure adequate penetration, 

the first few passes in the root are quite critical. For 
these root passes, a single arc with DCRP (electrode 
positive) is recommended, except where arc blow 
occurs, in which case use AC. 

Bead Shape: Beads should be made slightly 

convex to inhibit longitudinal cracking. The beads 
should also be positioned almost flat, rather than 
being inclined against the wall as with a fillet. 

Control of Molten Weld Metal: Preventing the 
molten flux and metal from running ahead of the 
arc is most important. The following practices, sum- 
marized from the prior discussion, are helpful in 
keeping the molten pool properly contained: 

Use high speeds. 
Weld slightly uphill, not downhill. 
Keep flux piled well ahead of the arc. 
Do not start on a high spot in the previous 

bead. 
Maintain proper alignment of electrodes and 

joint. 
Use high voltage on the trailing arc to flatten 

the bead. 

PREVENTING WELD POROSlTY 
Porosity due to the entrapment of gas in the 

weld metal is not desirable, although the strength of 
the weld is not lowered appreciably unless the 
porosity is very severe. Porosity may be evident on 
the surface, as in Fig. 6-62, or may occur beneath a 
sound surface. Various factors are causes of weld 

Fig. 6-62. Severe porosity apparent on the surface of the weld bead. 
Causes of the porosity are (from the top down1 oily workpiece. dirty 
flux. insufficient flux, and backward arc blow. 

I 
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porosity. These factors and their control are 
discussed in the following text. 

Contaminants in the Joint: The most common 
cause of porosity is the presence of organic materials 
or other gas-producing contaminants in the joint. 
Weld joints, thus, must he free of foreign matter, 
such as rust, dirt, oil, and moisture for porosity-free 
welds. Although cleaning the exterior surfaces (top 
and bottom of the plate) helps reduce porosity, the 
abutting edges of the workpieces must he cleaned 
for best results. 

It is not necessary, however, to clean every edge 
that is to be welded by submerged-arc. Edges that 
have been prepared by machining or flame-cutting 
can be welded without further cleaning if they are 
not rusty or oil-coated. Also, edges with ordinary 
mill scales can be welded if the scale is not loose or 
flaky. Even heavy “blue” mill scale can be welded 
satisfactorily if a silicon-killed electrode is used. 
Blue mill scale is dark gray or black in color and has 
no detrimental effect in welding. “Red” mill scale, 

Rusty plate before welding 

Weld on uncleaned rusty plate 

Weld on torch-heated rusty plate 

Weld on rusty plate wire-brushed 
before tacking 

Weld on rusty plate wire-brushed 
before tacking and torch-heated 

Fig. 6-63. Effect of various US-removal methods on weld porosity. 
Power wire-brushing combined with torcti-heating results in minimum 
porosity. 

however, which is reddish brown in color, has the 
same detrimental effect as rust. 

Power wire-brushing and torch-heating are used 
to clean rust and red mill scale from edges (Fig. 
6-63). Either method, used individually, greatly 
reduces the porosity normally produced by these 
contaminants. For best results, however, both clean- 
ing techniques should be used in combination. 

Joints should he brushed clean before they are 
fitted together, then a flame torch should be played 
on the joint about a foot or two in front of the arc 
during welding to drive off residual moisture. If 
there is red mill scale or rust on the plate, the sur- 
face of the plate edges must be heated to about 400 
to 600°F to drive off the moisture. Some moisture 
will remain to cause porosity ifs this temperature 
range is not reached. 

Oil, grease, and die lubricants should be removed 
by degreasing and washing operations. The washing 
compound must be rinsed away completely, and the 
work must be dry before welding begins. 

Wire Contamination: Welding electrodes some- 
times become rusty during storage. This rust may 
cause porosity, especially in high-speed welds on 
light-gage sheet metal. Rusty wire also may not feed 
properly through the feed cables of semiautomatic 
welders, and the rust causes excessive wear and 
arcing at the contact nozzle. Do not attempt to use 
rusty wire. 

Wire that has become contaminated with oil, 
grease, or dirt should be cleaned prior to welding. 
Sometimes, a small amount of lubricant is put on 
the wire for semiautomatic welding to improve feed 
through the cable. If too much is applied, it will 
cause porosity. 

Insufficient Flux: If an inadequate amount of 
flux is used, the arc flashes through the flux and 
causes scattered surface porosity. On the other 
hand, too much flux causes an undesirable bead 
shape. The correct amount is indicated when the 
light of the arc reflects on the wire. 

Insufficient flux coirerage is more common on 
circumferential welds than on flat welds. On small 
circumferential welds, the flux must be contained 
around the arc by mechanical support. The weld 
may contain surface porosity if the slag spills off the 
weld before it has solidified. The danger of slag 
spillage is especially great with corner welds and 
with multiple-pass horizontal fillet welds. 

Contaminants in the Flux: Contaminants may 
he picked up by the flux-recovery system and 
deposited in subsequent welds. The flux should be 
discarded if these contaminants cannot be removed 
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(61 
Fig. 6-64. Porosity caused by entrapped flux M. and sound weld tbt 
produced by reducing penetration. Penetration i n la) came within 
5132 in. of the backup bead. but missed the backup bead in (bl by 
3116 in. 

by the recovery equipment (by magnetic separation 
or heating, for example). 

Welding flux in factory-sealed moisture-resistant 
ii;’ bags can be stored for several months in a dry area 
$:,without picking up moisture. Flux exposed to the 
&atmosphere will pick up moisture by condensation 
&&specially in a humid location.Flux cm be&iedby f&:::,,,, fpz,, iheating to 500°F for a period long enough to ensure 
@& @hat the entire bulk has reached that temperature. 
@For a long exposure period in a humid atmosphere, & ,, 
&~,~ #t*@jj.~,500F may be necessary. 
f&y;,: : Did 
~i~:~ must be kept out of the flux. The flux- 

)@& wj recovery system should be equipped to remove dust 
&from the flux. Collected dust should be removed 
~~~~om the recovery equipment regularly. If it is not 

~~~~~~~moved frequently, slugs of dust may fall into the 
~~lrecovered flux and cause large holes in the weld. 

On some joints, such as those inside tanks, 
&&es of mill s&e may fall onto the joint and 
‘$\,j contaminate the weld. This scale also may reach the 
ii’:: ‘weld through the flux-recovery system. However, 
:: ,’ mill scale can easily be removed from recovered flux 
‘, by a magnetic separator. 

Entrapped Flux: Thee is a possibility of por- 
osity wherever there is an opportunity for flux to 
become trapped between the bottom of the bead 
and the onnosite side of the joint. This porosity may 
either be- subsurface or may come through to the 
surface as large holes. The solution to this problem 
is to leave at least 5/3.2 in. between the root of the 
weld and the other side, or to penetrate completely 
into the other side so that no unwelded space 
remains (Fig. 6-64). 

Porosity from entrapped flux is most commonly 
encountered in tutt welds. If the gap between the 
plate edges is l/32 in. or more, flux may spill into 
the gap ahead of the arc. The remedy is to back the 
joint with a manual or semiautomatic weld or a 
backup strip. The head must penetrate the backup, 
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Fig. 6-65. An offset lap 4d, which rends to rrap flux at the bottom 
of the joint. The first p;,u may be porous. but the second pass will be 
sound. 

or clear the backup by at least 5/32 in. 
Offset lap welds, as illustrated in Fig. 6-65, are 

vulnerable to flux entrapment. Here, it is necessary 
to penetrate beyond the corner of the joint to 
produce porosity-free welds. Such penetration 
frequently cannot be obtained with a single pass, so 
two passes must be used. The second pass remelts 
most of the first, and the resultant deposit is clean 
and porosity-free. 

Segre ;dtiion: The composition of the base metal 
has a bes.r;!cg ‘on the porosity occurring in the weld. 
Even wh<‘~I ~~::r;~position is within acceptable limits, 
possible pi’ Ic,‘i segregation of constituents may pro- 
mote porosity. Sulfur in particular tends to segre- 
gate within steel alloys. These sulfur segregations 
can be detected by a deep etch of the cross section, 
or by other chemical processes. Severe segregations 
may appear as laminations and cause large holes in 
the weld. 

When it is necessary to weld steels with sulfur 
segregation, use procedures that give minimum 
admixture (low current, negative polarity, and large 
electrode diameters), and travel as slowly as possible 
to allow gases to escape through the molten pool. 
On joints that are normally square-edge butts, scarf 
the joint; and on joints that are normally beveled, 
increase the scarf. Also use multiple passes where 
possible. 

Press-Fit Lubricants: Parts to be joined by a 
press-fit are usually coated with a lubricant, such as 
white lead, prior to mating. If a weld is then made in 
the vicinity of the press fit, the lubricant gives off 
gases that cause porosity, usually large holes at or 
near the end of the weld. Preferred practice is to 
avoid press fits in joints to be welded and to allow a 
gap of up to l/32 in. But if press fits must be used, 
one piece should be knurled to allow a path for 
gases to escape. 

Inappropriate Polarity: Though the effect of 
polarity on porosity is slight and not normally an 
important factor, positive polarity generally pro- 
duces less porosity than negative polarity. Negative 
polarity, however, results in less porosity with 
sulphur-bearing steels or with other alloys where 
penetration and admixture are to he minimized. 



Excessive Travel Speed: Reducing travel speed 
reduces porosity, since slow speeds allow gaseous 
materials to boil out of the molten weld metal. But 
a reduction in speed generally increases costs, so 
other solutions should be investigated first. The 
effect of speed on porosity is particularly strong 
with light-gage sheet, where rapid travel tends to 
increase porosity by increasing arc blow. Reducing 
speed may substantially reduce porosity here, if 
other means of controlling arc blow are not 
effective. 

Slag Residue from Tack Welds: Slag from some 
types of electrodes may cause porosity where tack 
welds are covered with a submerged-arc bead. To 
avoid this problem, the manual electrodes used for 
tack welding should be of the E6010, E6011, 
E7016, or E’7018 classes. These electrodes do not 
leave a residue that causes porosity in subsequent 
cover welds. 

PREVENTING WELD CRACKING 

Weld cracking with mild steel is seldom a prob- 
lem in material less than 3/B in. thick. With t.hicker 
material, welds are subjected to rapid cooling 

: rates, which frequently induce high stresses and lead 
‘,: to cracking. Low ambient temperature increases the 
,’ cooling rate and produces a similar effect. Con- 
: ,, strained shapes not free to flex or deflect under 

thermal stresses also have a tendency to crack, as do 
steels of high hardenability or “hot-shortness.” The 
term “weldability,” used to indicate the relative ease 
with which steels can be welded without cracking, is 

~,: discussed in Section 6.1. 

Cracking in Fillet Welds 
Cracking is more common in fillet welds than in 

butt welds because both legs of a fillet joint are 
rigidly fixed. This rigidity prevents deflections that 
normally absorb thermal stresses. The following 
factors influence the crack resistance of fillet welds: 

Gap: When any part to be welded is more than 1 
in. thick, a gap of l/32 to l/16 in. should be used to 
allow the weld to shrink during cooling. Grooving 
the plate edges or inserting a compressible material 
between the workpieces minimize the shrinkage 
stresses. 

Polarity: Positive polarity is normally recom- 
mended for fillet welds to obtain greatest pene- 
tration and minimum tendency for porosity at high 
speeds. But if the chemical composition of the 
workpiece promotes cracking, negative polarity 
should be used to reduce penetration and minimize 
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Fig. 6-66. Influence of bead shape an weld cracking in fillet welds. 
Welds least likely to crack are those (a) with a width that exceeds the 
depth. The minimum recommended ratio of width to depth is 1.25 to 
1. Beads with greater depth than width (bl may crack internally. 
Regardless of bead shape. concwe bead surfaxs (cl should be 
avoided, because they promote surface cracks. 

admixture with plate metal. Also, bhe 20 to 30% 
increase in melt-off-rate with negative polarity helps 
build up an adequate bead with the preferred 
convex shape. 

Electrode Size: Large-diameter electrodes should 
he used when cracking is a problem to reduce pene- 
tration and decrease admixture with the parent 
plate. 

Flux Coverage: Flux thickness should be just 
adequate to cover the arc. 

Number of Arcs: Twin electrodes, frequently 
used on flat fillets, produce less penetration, less 
admixture, and more melt-rff compared to a single 
arc. For a given arc speed, twin electrodes thus 
reduce tendencies toward porosity and cracking. 
Twin electrodes also produce less arc blow. 

Type of First Pass: A manual first pass with an 
E7018 electrode reduces admixture and thereby 
minimizes cracking tendencies. This practice is also 
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good assurance against bumthrough where poor 
fitup is encountered. 

Bead Shape: Width of the weld cross section 
should be l-1/4 times the depth to reduce stresses 
caused by internal shrinkage, as illustrated in Fig. 
6-66(a). This rule-of-thumb is especially important 
on steels with high cracking tendencies. Beads that 
are too deep may crack internally, Fig. 6-66(b). Slag 
removal also is difficult with deep beads. The bead 
surface must not be concave. Although concave 
welds have a pleasing appearance, the resulting 
surface stresses promote surface cracks. 

Edge Preparation: Internal cracking and slag 
inclusions are possible\if the prepared angle on 
single-pass welds is too ac,ute. Bevel joints should 
not be used unless they have included angles of at 
least 60°, so that the width is greater than the 
depth. If 100% penetration T joints are specified on 
heavy plate, the first pass on each side should be 
:made with E7018 electrode, or the joint should be 
prepared in a manner to avoid excessive penetration 
‘sand the resultant possibility of beads having greater 
?depth than width. 
$:,‘, Angle of Electrode: When two steels to be 
welded are of differing chemical analyses, arc move- 
&ent should be toward the more weldable alloy to 
‘&minimize admixture with the less weldable alloy. ;,;;,;,,; 
$:;::, Electrode Stickout: As electrical stickout (dis- 
$tance from point of electrical contact to electrode 
!.tip) is increased, melt-off rate increases while pene- 
~tration and admixture decrease. Increased stickout 
,,,thus reduces cracking tendencies, but also increases 
,the difficulty of controlling the bead shape. 

Grounding: The workpiece should be grounded 
at the “start” end of the weld, except on short 
welds, which should be grounded at both ends of 
the joint. 

Speed and Current: Travel speed and welding 
current should be decreased as the proportion of 
carbon and other alloy constituents in the steel 
increase. This measure reduces cracking tendencies 
by reducing penetration and minimizing the size of 
the molten puddle. 

Cracking in Butt Welds 
~‘~ Cracking in butt welds is less common than in 
fillet welds because butt joints are less constrained 
and can generally deflect enough to absorb thermal 
stresses. But when cracking is encountered in butt 
welds, the following factors should be reviewed: 

Bead Shape: “Hat-shaped” beads, caused by 
excessively high voltage or slow travel speed, may 
promote cracks at the change in bead contour where 

Fig. 6-67. Deep, narrow beads in a back-chipped butt joint ate prone 
10 cracking. Beads should be wider than they are deep. 

the “crown” joins the “brim” (Fig. 6-34). A reduc- 
tion in voltage is usually sufficient to avoid such 
cracks, but an increase in travel speed may also be 
required in some cases. These measures may require 
that the weld be made with two passes instead of one. 

Bead shape may also promote cracking in seams 
that have been back-chipped or back-gouged. Crack- 
ing, therefore, is often a concern in the first pass on 
the second side of a double-beveled joint. Since the 
groove produced by back-gouging or back-chipping 
is deep and narrow, the bead placed in this trough 
often has a tendency to crack (Fig. 6-67). The 
appropriate measure in this case is to produce a 
groove that is wider than it is deep. 

Admixture: Butt joints made in steeis of poor 
weldability may have a tendency to crack. The 
appropriate remedy, as described in the prior para- 
graphs pertaining to fillet welds, is to reduce admix- 
ture with the base metal. This is usually best 
accomplished by using negative polarity, large elec- 
trodes, twin electrodes, a manual first pass, long 
electrode stickout, slow travel speeds, or low 
currents. 

Alloy Pick-Up from the Flux: Excessively high 
ar- voltages cause substantial pick-up of manganese 
anti silicon from some fluxes. This pick-up usually 
can be avoided by not exceeding voltages recom- 
mended in standard procedures tables. 

WIRE FEEDING EQUIPMENT AND CONTROL 
SYSTEMS 

The submerged-arc process is inherently a mech- 
anized process - either semiautomatic or automatic. 
The electrode-feeding equipment varies with the 
degree of mechanization. 

Semiautomatic Welding: Semiautomatic equip- 
ment, commonly called manual “Squirt,” maintains a 
preset current and voltage. The operator must strike 
the arc, guide the welding gun along the seam, and 
manually pace the travel speed. A remote electrode- 
feeding mechanism (Fig. 6-68) feeds the electrode 
and automatically controls the current and voltage. 
A typical gun, shown in Fig. 6-69, is hand-held by 



Fig. 6.66. A typical electrode-feeding unit for semiautomatic sub- 
merged-arc welding. The flux tank holds approximately 100 Ibs of 
flux. which feeds by dry fluidiration through a hose to the gun. 

the operator. In Fig. 6-70, a travel-speed device is 
added to the gun, but the operator must hold the 
gun and guide it along the seam. In Fig. 6-71, the 
gun is mounted on a small tractor that rides on the 
work and follows the joint. This relieves the opera- 
tor from holding and guiding the gun, and reduces 
his function to setting the guide rolls for the joint, 

,,, 

Fig. 6-69. Typical gun for semiautomatic submerged-arc welding. The 
gun is designed for fluidized flux feeding. 

Fig. 6.70. Gun with a travel mechanism attached 

starting the welding, and monitoring the progress as 
the tractor rides the seam. Equipment shown in Fig. 
6-70 and 6-71 is called mechanized squirt-welding 
equipment. 

Automatic Welding: A typical fully automatic 
head is shown in Fig. 6-72 The head shown is 
equipped to feed a single electlode. The same head 
will feed two electrodes by changing to a contact 
nozzle as shown in Fig. 6-73 and changing the wire 
drive rolls. This modification is known as twin- 
electrode submerged-arc welding. The electrical con- 
trol system maintains the preset current and voltage, 
strikes the arc, starts the travel and controls the 
travel speed. Either the head is stationary and the 
work moves, or the work is stationary and the head 
moves. 

Multiple Automatic Heads: For higher welding 
speeds two or three heads may be combined to weld 
simultaneously on the same joint. This is known as 
multiple-electrode or tandem-arc welding. Each 
welding head is powered by a separate power source, 
as distinguished from twin-electrode welding, in 
which both electrodes are powered by the same 
power source. 

Fig.6.71. Gun mounted on a small tractor. which relieves the operator 
of holding and guiding the gun. 



&Fig. 6-72. Typical submerged-arc welding head for fully automatic 

& ‘, Control Systems: The success of any automatic 
&ubmerged-arc operation depends on the control of 
&the arc length, or the distance from the tip of the 
~~&electrode to the work. This can be accomplished by 
‘f&rying the wire-feed speed or the rate of melt-off to 
:~‘::compensate for irregularities that increase or 
;;‘,,:‘decrease the distance of the welding head from the 
‘~ work. 

Changes in arc length that result from such 
movement result in arc voltage changes. With a vari- 
able-voltage control system, a change in arc voltage 
is detected and the wire-feed speed is automatically 
increased or decreased to shorten or lengthen the arc 
and restore it to the desired length. With such a 
system, by varying the wire feed the arc voltage is 
kept within a narrow range. The welding current 
may be AC or DC, but the power source must be of 
the variable-voltage type (see Section 4.2). 

The arc length can also be maintained by current 
control. This method depends on high short-circuit 
current characteristics to keep the arc length con- 
stant. If the arc length becomes shorter than desired, 

,the current increases to melt the electrode more 
rapidly and lengthen the arc. With this method - 
the constant-voltage system of arc-length control - 
the wire-feed speed is usually constant. (Modified 
constant-voltage control can be used in conjunction 

with arc-voltage control for greater sensitivity.) The 
arc voltage is preset at the power source. Only DC is 
used with the constant-voltage system, and the 
power source must be the constant-voltage type. 

The application determines the type of 
arc-length control that should be used for optimum 
results - and thus the type of submerged-arc 
process. 

Variable-Voltage Submerged-Arc: The range of 
recommended applications include all fast-fill joints, 
such as multiple-pass welds and heavy single-pass 
welds where a high deposition rate is a primary 
requirement. Variable-voltage submerged-arc is also 
used on high-speed single-pass welds on l/4-in. and 
thicker plate. It is not the best, but is, at least, 
useable on fast-follow applications on 14-gage and 
thicker steel. When the work consists mostly of 
3/16-in. and smaller welds, constant-voltage DC 
processes are preferred for consistent weld quality at 
high speeds. 

With the single electrode and twin electrode, 
variable-voltage submerged-arc: 

1. Has flexibility for a wide range of applica- 
tions, such as multiple-pass welds, single-pass 
welds on 14-gage and thicker material, and 
circumferential seams 2 in. and larger in 
diameter. 

r 

Fig. 6-73. Twin-electrode nozzle for converting a single-arc head for 
welding with two wires simultaneously. 



2. Is excellent for deep-penetration (DC+) and 
conventional (DC-) fillets. 

3. With long stickout, and operating DC nega- 
tive, approaches the deposition rates of 
DC-AC tandem arc. 

4. IS a good choice for hardsurfacing and 
welding alloys. 

5.‘Is easy to set up and use and easy to convert 
to ,long stickout, or to convert the single- 
electrode head to twin-electrode. 

Variable-voltage submerged-arc, however, is not 
as fast as constant-voltage in fast-follow sheet-metal 
welding. 

Variable-voltage DC-AC tandem arc gives deposi- 
tion rates and speeds 25 to 100% over single-wire 
DC on many applications, such as multiple-pass 
welds, single-pass butt welds on lo-gage and thicker 
material, single-pass horizontal fillets l/4 to l/2 in. 
in leg size, single-pass flat fillets l/4 to 3/4 in. in leg 
size, and large-diameter roundabouts (40 in. mini- 
mum). It is the best choice for making butt welds up 

‘~, to 3/4 in. from one side into a flux backing. Elec- 
:’ trode spacing and controls are easy to set for differ- 
;,’ ent applications. Long stickout techniques can be 
;,:,, used for increased deposition rates. 
,‘!, ,,,,, ,,:::’ Variable-voltage DC-AC-AC three-wire tandem 
:;., arc gives still higher deposition rates and arc speeds, 
S ‘:, but on a more limited range of applications, such as 
‘:! multiple-pass welds, horizontal fillets 5/16 to l/2 in. 
:~,,’ in leg size, flat fillets l/2 to 3/4 in. in leg size, and 
:,,I single-pass butt welds. Three-wire tandem is widely 
,:,,, ,‘used on the longitudinal seams in the fabrication of 
‘,,’ large-diameter pipe. Setting up is more complicated 

with three arcs than with two arcs, but once the 
set-up is established, repeat welds can be run with- 
out resetting. The long weld crater produced with 
three arcs minimizes porosity. 

Constant-Voltage Submerged-Arc: With con- 
stant-voltage DC, small-diameter electrodes are used. 
The welds amcharacterized ,by uniform penetration, 
which results in, minimal burnthroughs, skips, and 
misses when laying small beads at fast travel speeds, 
providing the fitup is good. If the fitup is not good 
or butt joints not tight, backup strips are needed. 
Recommended applications are fast-follow single- 
pass welds on sheet metal and plate 5/16-in. and 
thinner. On thicker plate, constant-voltage sub- 
merged-arc tends to produce undercut and ropey 
beads. 

Constant-voltage single-electrode submerged-arc 
permits high travel speeds on l/8 to l/4-in. fillets 
and lap welds, gapped butt welds in H-gage sheet to 
l/4-in. plate, tight butt welds in 18-gage to 3/16-in. 
material, and on edge and corner welds in sheet 
metal. Small roundabouts - down to 1/2-m. 
diameter - may be welded efficiently. 

Constant-voltage twin-electrode submerged-arc 
enables the staggering of electrodes to make wide 
beads and control undercut. It is often used as a 
replacement for single or tandem-arc welding where 
burnthrough problems are encountered. It permits 
high speeds on l/8 to l/4-in. fillets, gapped butt 
welds on 14-gage to l/4-in. material, tight butt 
welds on 14 to lo-gage sheet, and on gage-size 
joggled laps and edge and corner welds. The 
penetration, however, is not adequate for through 
lap welds. 



INTRODUCTION TO WELDING PROCEDURES 

The ideal welding procedure is the one that will 
produce acceptable quality welds at the lowest 
over-all cost. So many factors influence the opti- 
mum welding conditions that it is impossible to 
write procedures for each set of conditions. In selec- 
ting a procedure, the best approach is to study the 
conditions of the application and then choose the 
procedure that most near!y accommodates them. 
The procedures given here are typical, and it may be 
necessary to make adjustments for a particular 
application to produce a satisfactory weld. 
$ For some joints, different procedures are offered 
ko, suit the weld quality - code quality, commercial 
Suality, and strength only - that may be required. 
;;;,I, *<, 
&de-Quality Procedures 
~~~~:::~~:,Code-quality procedures are intended to provide 
the- highest level of quality and appearance. To 
&omplish this, conservative currents and travel 
speeds are recommended. 
$~:lr, These procedures are aimed at producing welds 
that will meet the requirements of the commonly 
<used, codes: AWS Structural Code, AISC Buildings 
and Bridges, ASME Pressure Vessels, AASHO 
,Bridges, and others. Code-quality welds are intended 
to be defect-free to the extent that they will 
measure up to the nondestructive testing require- 
ments normally imposed by these codes. This 
implies crack-free, pressure-tight welds, with little or 
no porosity or undercut. 

The specific requirements of these codes are so 
numerous and varied that code-quality procedures 
may not satisfy every detail of a specific code. 
Procedure qualification tests are recommended to 
confirm the acceptability of chosen procedures. 

All butt welds made to code-quality are full 
penetration; fillet welds are full size, as required by 
most codes. (The theoretical throat rather than the 
true throat is used as the basis of calculating 
strength.) 

Commercial-Quality Procedures 
Commercial quality implies a level of quality 

and appearance that will meet the nominal require- 

ments imposed on most of the welding done 
commercially. These welds will be pressure-tight and 
crack-free. They will have good appearance, and 
they will meet the normal strength requirements of 
the joint. 

Procedures for commercial-quality welds are not 
as conservative as code quality procedures; speeds 
and currents are generally higher. Welds made 
according to these procedures may have minor 
defects that would be objectionable to the more 
demanding codes. 

It is recommended that appropriate tests be 
performed to confirm the acceptability of the 
selected procedure for the application at hand prior 
to putting it into production. 

Strength Only Procedures 
The purpose of strength-only procedures is to 

produce the highest speed welding at the lowest 
possible cost. To accomplish this, the weld appear- 
ance and quality need only be good enough to do 
the specific job for which it is intended. In this 
category, defects and imperfections may be accept- 
able provided that the welds will perform satis- 
factorily under service conditions. 

This quality level may apply to seal beads, 
partial-penetration welds, some lap welds, high- 
speed edge welds, and to many low-stress welded 
connections which have no real need for better 
quality at higher cost. On fillet welds the joint must 
be welded from both sides. 

Since this is a compromise quality level, realistic 
tests should be made to confirm the satisfactory 
performance of welds made according to these 
procedures. Welds of strength-only quality will be 
free of cracks but may not be pressure-tight. 

Weldability of Material 
Weldability, (see Section 6.1) of a steel has a 

considerable effect on the welding procedure. For 
some joints, more than one procedure is offered 
because of the marginal weldability of the steel. 

Good weldability indicates a steel with a compo- 
sition that is within the preferred range (see Table 



6-l) - one whose chemistry does not limit the 
we’ding speed. 

Fair weldabiity indicates a steel with one or 
nIore elements outside the preferred range or one 
that contains one or more alloys. These steels 
require a lower welding speed or a mild preheat, or 
both to minimize defects such as porosity, cracking, 
and undercut. 

The addition of alloys to steel that enhance the 
mechanical properties or hardenability usually have 
an adverse affect on weldability. In general, the 
weldability of low-alloy steels is never better than 
“fair.” Procedures designed for fair weldability can, 
of course, be used on good weldability steels. 

Procedure Notes 
In the following fillet weld procedures, the fillet 

size is always associated with a particular plate 
thickness. This relationship is given solely for the 
purpose of designing a welding procedure and does 
not imply that a certain size fillet is the only size 
applicable to that plate thickness. In some of the 
procedures, the fillet size shown is larger than 
necessary to meet code requirements for the plate 

:: thickness. In such instances, select the procedure for 
: the proper weld size and quality. If the thickness of 
~;, the plate being welded is appreciably greater than 
,’ that specified in the procedure, a reduction in 

welding speed and current will probably be required. 
Travel speed is given as a range for semiauto- 

matic procedures; the electrode required and the 
total time are based on the middle of the range. 

Unless otherwise indicated, both members of the 
joint are the same thickness. 

Pounds-of-electrode data include all ordinary 
deposition losses. These value, are in terms of 
pounds of electrode needed to be purchased. 

Total time is the arc time only and does not 
allow for operating factor. 

The procedures do not specify the grade of flux 
or electrode to be used. Manufacturers of flux and 
electrode will guarantee mechanical properties of 
flux-electrode combinations but the industry is not 
standardized on other characteristics such as fill, 
freeze, and follow. Consult the supplier for a recom- 
mendation on the best flux-electrode combination 
for the application. 

Electrode position affects penetration, the place- 
ment, and shape of the weld bead. Maximum pene- 
tration is in the direction which the electrode 
points. Thus, for symmetrical weld beads in the flat 
position, the electrode should be vertical and 
centered on the joint. For welds in other positions 

and for unsymmetrical beads, the electrode should 
be positioned so it controls the point of maximum 
penetration and the effect of the am force on the 
bead shape. 

The flux pile should be only deep enough to 
cover the arc. ~Excessive flux depth can cause PGGI 
bead shape. Insufficient flux causes porosity. 

Stickout (SO) is the distance from the tip of the 
electrode to the contact jaw or contact tip. Increas 
ing the stickout, especially if the current density is 
high, increases the melt-off rate at the expense of 
both penetration and accuracy in weld placement. 
Except where used to purposely increase deposition 
rate, the stickout should be only enough to clear the 
flux pile. In general, this is about 3/S-in. for a 
5/64-in. electrode, and up to I-l/2-in. for a 7/32-m 
electrode. 

Seams should be tight but if gaps do occur, seal 
them with a fast, stick electrode seal bead. Use a 
5/32-in. E6010 or E7018 electrode, clean the slag 
thoroughly, and place the seal beads as follows: 

On groove joints, place the seal bead on the 
first-pass side. 

On square butt joints, place the seal bead on the 
first-pass side if the plate is less than l/2-in 
thick. On 1,/2-in. and thicker plate, seal on the 
second-pass side. 

Seal beads can also be made with submerged-arc 
semiautomatic equipment using 200-250 amp, 25-30 
v, 45-50 ipm, with electrode negative. Apply the seal 
beads in the same side as described above for stick 
electrode. 

Where stick electrode welds are used in combi- 
nation with submerged-arc welds, the procedures 
data does not specify the ek?CtiWde or indicate time 
required for the stick electrode weld. Select an 
appropriate welding procedure from the manual 
shielded metal-arc welding section. 

After a satisfactory welding procedure has beer 
established, all the data should be recorded and filed 
for future reference. This information is invaluabk 
if the same job or a similar job occurs at a later date, 
A suggested data sheet is shown opposite. 

The presented procedures are offered as a start 
ing point and may require changes to meet the 
requirements of specific applications. Because the 
many variables in design, fabrication, and erectior 
or assembly affect the results obtained in applying 
this type of information, the serviceability of tht 
product or structure is the responsibility of tht 
builder. 
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Joint 

Am’ 

Fillet 

Root Pass 
In Groove 

Multiple 
Pass Weld 

Square Butt 
Weld 

Fillet Lap 
orsq. 6”tt 

Spud or 
Deep Groove 

Spud 

Aw 

Aw 

Anv 

Aw’ 

Aw 

Out Of 
Position 

Aw 

TABLE 6-24. Submerged-Arc Trouble Shooting Guide 

Full Automatic 

Problem 

LOW 
Penetration 

Semiautomatic, Single Electrode, Twin Ek 

Corrective Action - In 01 

1. Increase welding current. 
2. Use electrode positive. 
3. Lower voltage on fillets or 

Cracking 

V-joints. 

1. Use EMl2K electrode. 
2. Use electrode negative. 
3. Lower voltage. 

Cracking 1. Lower current and voltage. 
2. Use electrode negative. 
3. I nerease mot opening or 

TralwJerse 
Cracking 

Cracking 

included angle. 

1. Increase interpass temperature. 
2. Decrease welding speed. 

1. Check fixture for plate 

Pock Marking or 
SlagSticking 

mo”.?ment 
2. Decrease welding speed. 

1. Use EM12K electrode. 
2. IncreaSe voltage. 
3. Decrease c”rrent. 
4. Decrease speed. 

Slag Sticking 

Not Overlapping 

Undercutting 

1. Decrease voltage. 
2. Decrease current and voltage. 

1. Decrease voltage. 
2. Decrease current and voltage. 

1. Use electrode negative. 
2. Decrease voltage. 

1 3. Decrease current. 

Rust Porosity 

Organic Porosity 

1. Use EMl2K or EM13K electrode. 
2. I “crease voltage. 
3. Lower CUrrent 
4. Use electrode positive. 

1. Use EL12 electrode. 
2. Use electrode positive. 

2. Increase welding current to 
tie-in. 

Metal Spots 1. Lower voltage. 
2. Use electrode negative. 

Metal Spillage 

Bead Shape 

1. On roundabouts, move further off 
center opposite to direction of travel. 

2. Lower voltage. 
3. Lower current and voltage. 

1. Increase voltage to get wider. 
flatter bead, 

2. Decrease current to get flatter bead. 
3. Decrease speed to get flatter bead 

on fillets. 

- 
.der 

i 

of Imoortanca 

4. Use short stickout. 
5. Decrease arc speed. 
6. Increase included angle on 

Vloints. 

4. Decrease welding speed. 
5. Preheat joint. 
6. Increase electrodediameter 

and lower voltaae. 

4. Preheat joint. 
5. Make sure back gouging is 

not narrcw and deep. 

3. Decrease voltage. 
4. Decrease current and voltage. 

3. Check for copper Dick-uo 
from backup: 

6. Position fillet, if possible. 
6. Heavier plate than normal 

will cause pocking 
7. Clean all mill scale, rust 

and oil off plate. 

4. Increase electrode diameter 
and lower voltage. 

5. Decrease speed. 

5. Use torches in front of arc. 
6. Clean joint completely 

(butting edges also) 
7. Decrease soeed. 

3. Decrease speed. 
4. Degrease joint and dry 

comWaelv. 

4. Lower current and voltage, 
5. Increase electrode diameter 

and lower voltme. 

3. Decrease welding speed to 
tie-in. 

4. If 100% ioint not reauired 
then de&ease penetration. 

3. Decrease current and voltage. 
4. IncreaSe arc mead. 

4. Increase speed on horizontal 
fillets. 

5. On roundabouts, increase speed 
- lower current and voltage. 

4. Use electrode diameter that is 
proper for welding current. 

5. Use electrode positive on square 
butt welds and fillets smaller 
than l/4”. 



Submerged-Arc Procedures 6.3-27 

TABLE 6-25. Submerged-Arc Trouble Shooting Guide 

Joint 

Aw 

Any 

Any 

Aw 

Aw 

Bitt Weld 

Fillet, Lap 

t-- 

or square 
Butt 

Deep Groove 

l- 

f 

Problem Corrective Action - In Order of Itnportance 

LOW 
Penetration 

Undercutting 

Run 
Porosity 

Organic Organic 
Porosity Porosity 

2nd Pass 
Side 
Porosity 

Metd 
spots 

Arc 
Stability 

P00r 
Bead 
Shape 

Wavy 
Edges 

Cracking 

Cracking 

TK?MWM 
Crackins 

Cracking 

Pock Marking or 
Slag Sticking 

Slag Sticking 

Fun Automatic Multiple Electrodes 

1. Increase lead arc current. 
2. Decresse lead arc voltage. 
3. oecrease speed. 

1. Decrease electrode spacing. 
2. Lower trail arc volragz. 
3. Raise lead arc voltage. 

4. Increase included angle or 
root opening. 

5. Use DC(+) -AC stup. 

4. Decrease arc speed. 
5. Possibly raise trail arc current. 
6. Use proper electrode size for 

C”rW”t. 

Best Combination DC(+) AC 
1. UseEMlZKorEMl3K 5. Use torches in front of arc. 
2. Increase voltage. 6. Clean joint completely 
3. Lower current. (butting edges alsol. 
4. Use electrode positive. 7. Decreasespeed. 

Best Combination DC(+) AC 
1, Use EL12 electrode. 3. Decrease speed. 
2. Use electrode positive. 4. Degrease joint and dry completely. 

Best Combination DC(+) AC 
1. Usually caused by improper 3. Decrease welding speed to tie-in. 

tie-in. 4. If 100% ioint not required, 
2. Increase welding current to tie-in. then decrease penetration. 

Best Combination DC(-) AC 
1. Lower voltage. 3. Decrease current and voltage. 
2. Use electrode negative. 4. Increasearcspeed. 

1. Unstable welding is commonly thought to be poor AC stability. Usually the problem 
is too much forward blow by the trail arc causing the puddle to get under the lead arc. 
This is best corrected by increasing the electrode spacing. This is especially true in 
groove welds. 

2. If the problem is really AC stability, then: 
a. Use a smaller AC electrode. 
b. Increase the arc voltage. 
c. Put electrodes closer together. 

1. Increase lead arc voltage to 
flatten and widen bead. 

2. Decrease trail current to flatten bead. 

3. Decrease electrode spacing to 
flatten and widen bead. 

Best Combination DC(+) AC 
1. I ncreare diameter of lead arc elec- 

trade and decrease diameter of trail 
arc electrode. 

4. Increase lead arc current. 
5. I “crease welding speed. 

2. Lower trail arc current. 
3. Lower lead arc voltage. 

Best Combination DC(-) AC 
1. Use EMlZK 
2. Lower lead arc voltage. 
3. Lower trail arc current and voltage. 

4. Decrease welding speed. 
5. Preheat joint. 
6. Increase electrode diameter and 

lower voltage. 

1, Lower current and voltage on both arcs. 
2. Use electrode negative on lead arc. 
3. Increase root opening or included angle. 

1. Decrease welding speed. 
2. Lower voltage on both arcs. 

4. Preheat joint. 
5. Make sure back gouging is not 

narrow and deep. 

3. Lower trail arc current and voltage. 
4. I ncrem interpass temperature. 

1. Raise lead arc voltage. 
2. Increase trail arc current. 

1. Use EMlZK electrode. 
2. Lower trail arc current 
3. Raise lead arc voltage. 
4. Raise trail arc voltage. 

1. Lower lead arc and/or trail arc voltage. 

4. Decrease electrode spacing. 
5. Check fixture for plate movement. 

5. Decrease welding speed. 
6. Clean all mill scale, rust and oil 

off plate. 
7. Position fillets, if possible. 

2. Decrease current and voltage. 



6.3-28 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 
Welded from: One side 16 to 10ga 

backing 

Plate Thickness (in.) 0.060 (16 ga I 0.075 (14 ga I 0.105 (12 ga I 0.135 (loga I 
Pass 1 1 1 1 

ElectrodeSize (in.1 l/E 118 118 118 

current (amp1 DC(+) 450 500 650 650 
Volts 25 27 27 28 
ArcSpeed (in.lmin) 1 110 80 65 55 

t- 

0.017 
0.015 - 0.021 

n m-II*? 

0.027 0.038 0.057 
I 0.023 - 0.031 I 0.032 - 0.044 I 0.049 - 0.065 

0 “0%” n nnNl* r-8 l-l”RRd _.__ .-- -. - - -- - - .----- -.---_ 
G (in.1 I 1132 I 1132 I 1116 I l/16 
t. min 14aa 12aa 12aa 1 /S” 
W. min (in.1 I 3/8 I 3/s I 112 I 5/s 

I 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

L Steel 
backirjg 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 
Welded from: One side 3/16 - 112” 

1 -I rGap 

Plate Thickness (in.1 3116 I 114 3/s 112 
Pass 1 1 I 1 I 1 

Electrode S ize 3116 3116 3116 3116 



SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Flat 
Weld Qtiality Level: Code 
Steel Weldability: Good or fair 
Welded from: One side 3/16 - 3/8”, 4 l--Gap 

!;j,; ,‘Fi,, groove in backing bar with flux before welding. 

,;~:j+ introductory notes. 
,: 

Yelding Position: Flat 
Neld Quality Level: Commercial 
steel Weldability: Good 
welded from: One side 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

‘late Thickness (in.) 
b.c 

ilectrode Size 

hrrent (amp) DC(+) 

lolts 

\rcSpeed (in.lmin) 

i lectrode Req’d (lb/f:) 
:Iux i?eq’d iib!ft! 
‘otal Time (hrlft of weldl 

L 
14ga 

2 
f 



SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

eve : Streng:it only 
Steel Weldability: Good 
Welded from: One side 

backup 

6.3~30 Welding Carbon and Low-Alloy Steel 

I Welding Position: Flat 
Weld Qualitv Level: Commercia 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELEC’LRODE 

I 

1 Steel Weldabilitv: Good 
Welded from: Two sides 

1 2 

\ I / I Lw -+ t -7, 



Submerged-Arc Procedures 6.3-31 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

E 
B 

m 

314 - 1” 

LA A 

/ ;e,,Thicknesslin.) 

,,; ,, 
f& Electrode Req’d (Iblft) 
q<,,: ,, Flux Req’d (Ib/ftl 

” t&L,; 
& - Total Time (hr/ft of weld) 
fl@!,,, 
@is;:,, Depth, A (in.1 
@$f:;’ Depth. B (in.1 
#z~;;, 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Weld Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 
Welded from: Two sides 

Depth, A (in.1 



SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

” ,6.3-32 Welding Carbon and Low-Alloy Steel 

I- 
u 
\i 
z 
ti 

i 
f 
E 

( 
, 

/ 

E 
f 
1 

, 

I 

I 

I 
I 

I 

, 

I 

I 

I 
1 

* Back bead can be stick. semiautomatic, or automatic. 

see in*OlduCtorY notes. 

Intended !irimarily f-al. large girth seams. 

ality Level: Code 

mm: Two sides” 

see introductory notes. 

Intended primarily for large girth semw 
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Submerged-Arc Procedures 6.3-33 ,>; 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Neld Quality Level: Code 
steel Weldability: Good, fair, or poor 
Nelded from: Two sides 

t 
* Passes 1 and 2 are made with stick electrode, preferably with 5/W in. ET018 electrode 1160 a,,,~ AC on PBIO ,, 

225 amp AC on pars 2). Tha back should then be gouged to sound metal and finished 86 given in the procedure. 

+ Stick elecrrode, stick welding time, and gouging time am not included in these figurer. 

There prmedures are conservative and are designed for code quality welding of ~~4s which have tensile strengths 
Of 70,000 psi arc! !imit*d weldability woh as ASTM A51570. 

SUBMERGED-ARC (FULLAUTOMATKZ) SINGLE ELECTRODE 

Welding Position: Flat 
Weld Duality Level: Code Weld Duality Level: Code 

‘steel Weldability: Good ‘steel Weldability: Good 
Welded from: Two sides Y”“7 

T- 
314 - l-l/8” 11’“” 

L T1 
f2iic-J 

‘&ielded metal?%dmi” 
l/16” min reinforcement 

Plate Thickness (in.1 314 718 1 l-1/8 
P2cr I 1 I * I 

Electrode Size 7132 

Current lamp) DCi+) 900 

Volts 35 

ArcSpeed lin./min) 18 

Electrode Req’d (Ib/ftl’ 0.29 

Flux Req’d lIb/ftj 0.22 - 0.31 
Total Time (hrlft of weld)” 0.0111 

* Doer nor include stick electrode weld. 

7132 7132 7132 

1000 1050 1100 

35 37 37 
:2 9 7.5 

0.51 0.73 0.95 

0.43 0.60 - 0.59 - 0.83 0.82 - 1.2 

0.0167 0.0222 0.0267 

See introductory note*. 

Make stick electrode weld first. For nlate preparation and electrode selection, see procedures for shielded 
metal-arc welding. 



Welding Position: Flat 
\ Neld Quality Level: Code 
Steel Weldability: Good or fair 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

1 3/16 I 114 I 5/16 I 3/S I 112 I 5/S 

t-lace I nlcK”ers II”., l/4 5116 318 l/2 518 314 
Pass I 1 ! 1 ! ! 

I 
! ! - 1 1 1 1 1 

Electrode Size 118 5/32 3/16 3/16 3116 3/16 3/16 

Current lamp) DClbl 

see introductor” notes 

Welding Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 

Weld Size (in.) 
Plate Thickness (in.) 
P;lrc 

Electrode Size 

Current (amp1 DC(-) 
Volts 

Arc Speed (in.lminl 

Electrode R&d lIb/ft) 
Flux Req’d (lb/f*) 
Total Time (hr/ft of weld) 

SUBMERGED-ARC (FULL AUTOMATIC) SI 

1 
l-114 

~. 

3/16 

t-114 
l-112 

1 I 2 I 3--4 

3116 

2.93 
1.45- 1.95 

0.0800 

3LE ELECTRODE 

3/16 

4.20 
2.00 - 2.70 

see intrDLjuc*orV notsr 



,, 
Submerged-&c Procedures 6.3-35 

SU0MERGEC )-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Weld Quality Level: Commercial 

Electrode Size 

Current lamp1 DCI+) 

VOlfS 
ArdSpeed (in./min) 

El&de Req’d lIb/ft) 
Flux Req’d (Ib/ffl 
TotalTime thrift of weld) 

5164 3/321-j l/8(-) 5/32H 
0.075 l14ga) 1 O.l05(12W) I 0.135(10ga) I 3116 

. I 4 ‘I 1 
I 1 I I 

3132 3/32 l/8 l/8 

375 400 450 500 

28 29 27 28 

125 110 80 65 

0.013 0.017 0.025 0.040 

0.0089 - 0.012 0.012 - 0.016 0.016 - 0.022 0.026 - 0.035 

0.00160 0.00182 0.00250 0.00308 

A constant-voltage ww*r source is recommended. 

~ighr copper backup bars are required behind both plater c.n 14 and 12 W. 

See introductory notes 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

ding Position: Flat 
d Quality Level: Commercial 
?I Weldability: Good 4”” - “’ 

d Size, (in.1 
:eThickness tin.1 

ctrodeSize 

‘rent lamp1 DC(--I 
ts 
Speed iin./min) 

ctrode Req’d ,Ib/ft) 
x Req’d (Ib/ff) 
al Time (hr/ft of weld1 



6.3-36 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (FULL AUTt-lMATK!) .qINRI I= I=, Fr?rClnt-,~ 
4 

Welding Position: Flat 
Weld Quality Level: Strength onI\ 
Steel Weldability: Good 

‘4” 

See introductory notes, 

I 118 5132 3115 I 3115 I 3115 I 3/15 3115 I 3/16 

425 575 575 775 850 950 1000 I I 1000 26 I 1 28 31 I 34 
I 

35 

60 42 30 23 18 I 127 8.5 I 

118 
I 5116 I 

3115 l/4 I 5115 1 318 

3/E I l/2 I 618 1 314 1 
1 . . I I 

0.028 0.063 0.11 0.17 0.25 
0.020-00.025 0.041 -0.05510.06-0.087(0.10-0.14~0.15-0.20~ 

0.00333 0.00476 1 0.00567 / 0.00870 I I 0.0111 0.0167 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Horizontal 
Weld Qualitv Level: Code 
Steel Weldability: Good or fair 

Weld size Ii”., l/8 5132 3115 114 
PlateThickness (in.) 

5/15 
5132 3115 114 

Pese 
5115 318 

1 1 1 1 1 

Electrode Size 118 118 118 l/8 5132 

Current (amp) DC 
Volts 

Arc Speed (in./min) 

Electrode Req’d (Ib/ft) 

Flux Req’d (ibift) 
Total Time (hr/ft of weld) 

see introductory note*. 

4ool+) 475t+j 550(t) 450 (4 5001~I 

24 25 28 29 30 
54 44 35 25 18 

0.029 0.046 0.065 0.12 0.18 

0.024 - 0.032 0.034 - 0.048 0.053 0.069 - 0.070 - 0.095 0.11 - 0.15 

0.00370 0.00455 0.00555 0.00800 0.0111 



SUBM SUBM 

Welding Position: Horizontal Welding Position: Horizontal 
Weld Qualitv Level: Commercial Weld Quality Level: Commercial 
Steel Weldability: Good 

Plate Thickness (in.) 

Elecwode Size 

Current (amp) DC 

ArcSpeed (in./minl 

Electrode Req’d Ilb/ft) 
Flux Req’d (Iblft) 
Total Time (hr/ft of weld) 

IGEDARC (FULL AUTOMATIC) SINGLE ELECTRODE 

See introd”cto,y notes., 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Horizontal 

Weld Quality Level: Strength only 
Steel Weldability: Good 



6.3-38 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Weldins Position: Horizontal 
Weld Qiality Level: Commercial 
Steel Weldability: Good 

5/32-3+=&+ 

1 

Weld Sire (in.) 118 3/15 114 5115 
Plate Thickness (in.) 5/32 114 5115 3/E 
P8SS 1 1 1 1 

Electrode Size 118 l/8 5132 5/32 

Current lamp) DC 450(+) 450(-j 5251-j 575(-I 
Volts 25 27 31 34 
Arc Speed lin.lmin) 62 42 30 22 

Electrode Req’d (Ib/ft) 0.032 0.070 0.12 0.19 
Flux Req’d lIb/ft) 0.024 - 0.032 0.042 - 0.055 0.070 - 0.095 0.11 -0.15 
Total Time Ihrlft of weld1 0.00323 0.00475 0.00667 0.00909 

see introd”cfOry note*. 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Flat I 
Weld Quality Level: Commercial 
Steel Weldability: Good 

18 to 10 ga 
-I- 

T 

Plate Thickness (in.1 
Pa% 

Electrode Size 

0.048 (lEga) 1 O.O50(16ga) 1 O.O75(14ga) I 0.105l12ga~ I 0.135(10ga) 
1 I 1 I 1 I 1 I 1 

II8 l/8 l/8 l/8 118 

Current (amp1 DC(+) 380 425 475 525 575 
Volts 23 26 28 29 30 
Arc Speed (in.lmin) 120 120 120 90 70 

Electrode Req’d (Ib/ft) 0.012 0.014 0.017 0.027 0.040 
Flux Req’d (Ib/ft) 0.010 - 0.012 0.011 - 0.014 0.013 - 0.017 0.020 - 0.027 0.029 - 0.040 
Total Time (hr/ft of weld) 0.00167 0.00157 0.00167 0.00222 0.00285 

See introductory notes. 



Submerged-Arc ~fropx&& 
~‘,” 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

I 

I 

Plate Thickness (in.) 1 0.048llSgal 1 O.O60(16ga) 1 O.O75(14gal 1 0.105(12ga) 1 O.l35(1Ogal 
Pas5 I 1 I 1 I 1 I 1 I 1 

Electrode Size l/8 118 118 5132 5/32 

Current lampl DC(+) 450 500 550 650 750 
~Volts’ 23 26 28 30 32 

‘, ‘, Arc Speed lin./min) 120 120 120 100 80 

Electrode Req’d (Ib/ftl 0.016 0.019 0.022 0.034 0.051 
Flux Req’d (Ib/ft) 0.015 - 0.020 0.018 : 0.024 0.021 - 0.028 0.030 - 0.041 0.048 - 0.061 
Total T,ime (hrlft of weld) 0.00167 0.00167 0.00167 0.00200 0.00250 



‘6.340 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

With backing - 
80 to 100% penetratiOn 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Welding Position: Flat 
Weld Cluality Level: Commercial 
Steel Weldability: Good 

I With backing - 
80 to 100% penetration 

Plate Thickness (in.) 3/16 l/4 3/S l/2 
PasS 1 1 1 1 

Electrode Size 5/32 3/16 3116 3116 

Current (amp) DCI+l 625 700 750 850 
‘VOkS I 31 I 32 I 35 36 
ArcSpeed (in./min) 70 56 42 32 

Electrode Req’d (Ib/ftl 0.046 0.062 0.089 0.13 
Flux Req’d (Iblft) 0.038 - 0.051 0.051 - 0.069 0.074 - 0.10 0.10-0.14 
Total Time thrift of weld) 0.00286 0.00357 0.00477 0.00625 

A fl”X retainer is “eCe6E.3,” to avoia spillage. 

- l/2" 

Without backing - 
50 to 70% penetration 

0.035 0.061 0.10 
0.029 - 0.039 1 0.047 - 0.065 1 0.080 - 0.11 

0.00333 1 0.00417 1 0.00555 

See infroducfor” notes 



Submerged-Arc Procedures 6.3-4 1 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Nelding Position: Flat 
Neld Quality Level: Commercia 
iteel Weldability: Good 

-r 
Without backing - 

50 to 70% penetration r3/16-314” 

‘late Thickness (in.1 3116 114 318 112 

! I ! 
I 518 314 

‘ass 1 1 1 ! 1 1 I 1 

ilectrode Size 5132 5132 3/16 3116 3116 3116 

3urrent (amp1 DC(+) 450 550 650 750 850 900 
Uolts 28 30 31 35 35 37 
Ire Speed (in.lmin) 72 60 48 38 32 22 

ilectrode Req’d (Ib/ft) 0.025 0.041 0.061 0.095 0.14 0.22 
:Iux Req’d (Ib/ft) 0.023 - 0.031 0.036 - 0.051 0.053 0.072 - 0.083 0.11 - 0.12 - 0.16 0.18 - 0.25 
rotal Time (hr/ft of weld) 0.00278 0.00333 0.00417 0.00526 0.00625 0.00808 

4 fl”x retainer is “ecessa,” to avoid spillage. 

See infroductory notes, 

SUBMERGED-ARC (FULL AUTOMATIC) SINGLE ELECTRODE 

Weld Quality Level: Commerci; 
Steel Weldability: Good 

A flux retainer is nece5oary to avoid spillage. 

See introductory notes. 



~: 63-42 ,~‘, W&/dihg C@?bbn a$ Low-Alloy Steel 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 

14ga-l/4' 

4 +-Gap 

1s 

Electrode Size 

Electrode spacing, 5116 in. 

backing 

0.075 (14 ga) O.l05(12ga) 0.135 (10931 3116 l/4 
1 1 1 1 1 

1116 kwol l/16 (two) 5/64 (twoI 5/84 (two) 5/64 bvo) 

900 (C) 950 (+I 950 (-I 975 (-I 1000 I-) 

27 27 27 30 34 

200 170 135 95 60 

0.033 0.043 0.061 0.066 0.152 
0.04 - 0.05 0.04 - 0.06 0.05 - 0.07 0.07 - 0.10 0.12 - 0.15 

0.00100 0.00118 0.00148 0.00211 0.00333 

12ga x 3/S 12gax 112 lOgax6/8 3116 x 314 1/4x 1 

l/l6 1116 3/32 l/8 5132 

Constant voltage power source is recommended. 

,. See introductory notes. 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 



Submerged-Arc Procedures 6.3-43 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Nelding Position: Flat 
Meld Ouality Level: Code 
jteel Weldability: Good 

PlateThicknen(in.) 
Pa% 

Electrode Size 

Current (amp) DC(+) 

Volts 
ArcSpeed (in.lmin) 

Electrode Raq’d (Ib/ft) 
Flux Req’d (Ib/ft) 
Total Time (hr/ft of weld) 

Backing. minimum size (in.1 

Gap (in.) 

Electrode spacing. 3/8 in. 

OnI” for steel* With ,e** than I 

See i”trOd”ctOr” notes. 

I 3116 - --i l/2” kGap 

backing 

3116 l/4 31% 112 
1 1 1 1 

3/32 (two) 3i32 ltwol 3/32 bm) 3132 Itwol 

900 950 1250 1400 

39 39 40 41 
49 39 36 24 

0.15 0.19 0.31 0.53 
0.10-0.14 0.13 - 0.18 0.22 - 0.30 0.40 - 0.56 

0.00417 0.00513 0.00555 0.00833 

3116 x 314 1/4x 1 114x 1 3/S Y 1 
1116 - 118 118 - 3/16 5132 - 7132 3/16 - l/4 - I I 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

1 
Weld Quality Level: Code 
Steel Weldability: Fair 

l/4 - l/2” -c 1 P-Gap 

I- 

000 psi tenrile strength. 

backing 

PlateThickness (in.1 114 3/S l/2 
Pass 1 1 1 

ElectrodeSize 3/32 b,vol 3132 ltwol 3132 bvol 

Current (amp) DC(+) 670 880 980 
Volts 37 39 40 
ArcSpeed (in.lmin) 26 27 17 

Electrode Req’d (Ib/ftJ 0.16 0.24 0.46 

Flux Req’d (Iblft) 0.11 -0.15 0.18 - 0.23 0.34 - 0.44 
Total Time (hrlft of weld) 0.00714 0.00741 0.0118 

Backing. minimum size (in.) 1/4x 1 114 x 1 3/8 x 1 

Gap (in.1 l/8 - 3/16 5132 - 7/32 3116 - l/4 

Electrode spacing, 3/S in. 

For steel. With tensile strength Of 60,000 psi or greater. 

See introductory nofer. 



6.3-44 Welding Carbon and Low-Alloy Steel 

Nelding Position: Flat 
Neld Quality Level: Code 
Steel Weldability: Good 
Nelded from: Two sides 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

metal-arc weld 

PlateThickness (in.1 318 112 518 
Pass 1 1 1 

ElectrodeSize 3/32 bJol 3/32 Mm) 3132 bvol 

Current (amp) DC(+) 1000 1200 1300 
volts I 36 I 38 I 38 
ArcSpeed (in./min~ 42 40 34 

Electrode Req’d (Ib/ftl l 0.19 0.26 0.35 
Flux Req’d (Iblftl 0.13- 0.19 I 0.16 - 0.25 0.23 - 0.32 
Total Time (hr/ft of weld) * 0.00476 0.00500 0.00588 

Electrode spacing, 316 in. 

Make stick electrode weld first with 1116 in. minimum buildup. 

For plate preparation. see shielded metal.arc procedures. 

* Does not include shielded metal-arc weld. 

See introductory notes. 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 
Welded from: Two sides 

I 

I 

metal-arc weld 

PlateThickness (in.) 3/4 I 7/a I 1 I l-l/8 
PaSS 1 1 1 1 

Electrode Sire 3/32 kml 3/32 (twoI 3/32 @ml 3132 bd 

Current (amp) DC(+) 1200 1300 1500 1500 
Volts I 37 I 38 I 38 I 39 
ArcSpeed (in.lmin) 27 22 16 11 

Electrode Rsq’d (Iblft) * 0.38 0.55 
Flux Req’d (IblfY 0.24- 0.34 0.35 - 0.50 
Total Time (hr/ft of weld)” 0.00741 0.00909 

Electrode spacing (in.1 318 3/s 

Make stick electrode weld first with l/16 in. minimum buildup. 

For plate preparation see shielded metal-arc procedures. 

* Doe. not include manual weld. 

See introductory notes. 

1 .o 1.5 
0.65 -- 0.90 0.95 - 1.35 

0.0125 0.0182 

518 5/a 



Submerged-Arc Procedures 6.3-45 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Veld Quality Level: Code 
;teel Weldability: Good 
Velded from: Two sides 

See introductory notes. 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 
Welded from: Two sides 



SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Weld Quality Level: Code 
Steel Weldability: Good 
Welded from: Two sides 

PlateThickness(in.1 l-114 l-318 l-112 
Pass 1 -2 3 1 2 3 1 2 3 

Electrode Size 118 (twoI l/8 (two1 118 (two) 1 I8 (two) 118 ltwol Ii8 Itwol 118 (two) 118 (two) 118 Itwo) 

Current (amp) DC(+). 1400 1500 1300 1500 1500 1300 1500 1500 1500 
Volts 34 33 35 34 33 35 34 33 35 
Arc Speed (in./min) 19 16 17 14 16 16 14 14 13 

Electrode Req’d (Iblftj 1 1.89 2.24 
I 

2.68 
Flux Req’d (Iblft) l.O- 1.6 1.2 - 1.9 
Total Time (hr/ft of weld) 1 

I I 1.4 - 2.3 
0.0348 0.0393 0.0440 

Depth. A (in.1 
Depth. 8 (in.) 
Angle, C (deg) 

Angle. D (degl 

Electrode spacing. l/2 in. 

7116 l/2 112 
9/16 5/B 314 

75 80 80 
90 80 80 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding Position: Flat 

Weld Quality Level: Code 
Steel Weldability: Good 

Position electrodes Parallel to direction of travel for all except 314 in. weld size. For 34 in. weld, position electrodes 
90° to direction of travel. 

Bee introductory notes. 



SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 

-f2”6-3’4” 

I- 

w 

SUBMERGED-ARC (FULL AUTOMATIC) TWIN ELECTRODES 

Nelding Position: Flat 
Neld Quality Level: Commercial 
jteel Weldability: Good 



SUFMERGEDARC (FULL AUTOMATIC) TWIN ELECTRODES 

Welding P&tic-n: Flat 
Weld Clu#y Level: Commercial 
Steel Weldability: Good 

1T=14ga,-3/16” 

e ;T (mid , $7, 

112” n-l,” 

Plate Thickness, T Iin. 

Electrode Spacing, 5116 in. 

0.075 (14 gab 0.105 (12 gal 0.135 (IOga) 3/16 
I I I 1 

I/16 ~twol 1116 (two) l/16 (two) 5164 (twoI 

800 900 1000 1100 
27 28 29 30 

200 170 130 75 

0.027 0.038 0.058 0.1 I5 
0.03 - 0.04 0.03 - 0.05 0.05 - 0.06 0.09 - 0.11 

0.00100 0.001 I8 0.00154 0.00267 

A consfanf-voltage power *o”rCe IS recomnw”ae~ 

See introductory notes 



elding Position: Flat 
eld Quality Level: Code 
:eel Weldability: Good 
‘elded from: One side 

Submerged-Arc Procedures 6.3-49 

SUBMERGED-ARC (FULL AUTOMATIC) MULhPLE ELECTRODES 

tickout (in.1 I-112 4 I 6 
acking, Minimum thickness (in.1 l/2 I 3/S 5/16 

lectrode spacing, 7;S in. 

lightly hi&r current on the first pass is preferred but 750 amps is the maximum permitted by the AWS Structural Code. 
his procedure can be applied directly or with modifications to several prequalified joints (see Section 11.3) other than those shown here. 

Be introductory noPa% 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 

L Steel backing 

Plate Thickness (in.1 0.135l10gal 3/16 I14 3/S I/2 
Pass 1 I I I I 

Electrode Size: Lead (No.11 3116 3116 3/16 3116 3116 

Trail (No.21 5132 5132 5132 5/32 5132 

Current (amp): Lead (No.11 DC(+) 750 975 1000 1000 1000 
Trail (No.21 AC 550 725 775 775 800 

Volts: Lead (No.11 31 32 33 33 35 
Trail (No.21 33 36 37 37 39 

Arc Speed (in./min) 96 70 50 45 30 

Electrode Req’d Ilblftl 
Flux Req’d (Ib/ftl 
Total Time (hr/ft of weld1 

Sacking, minimum size (in.1 
Gap (in.l 
Electrode spacing, S (in.1 

0.07 0.14 0.22 0.24 0.38 
0.05 0.07 0.10 - 0.15 0.16 - 0.23 0.18 - 0.25 0.26 - 0.40 

0.00208 0.00286 0.00400 0.00444 0.00667 

1/8x 5/S 3/16x 3/4 I/4x I 114x I 3/s x 1 
l/16 l/8 5/32 5132 3/16 
5/S 518 314 3/4 7/S 

See introducfory nofes. 



SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Neld Quality Level: Commercial 
Steel Weldability: Good 

See introductory notes 



SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good 
Welded from: Two sides 

PlateThickness (in.1 
PasS 

ElectrodeSize: Lead (No. 1) 
Trail (No. 2) 

Current (amp): Lead (No. II 
DC(+l 

Trail (No. 21 AC 

Trail (No. 21 

‘Electrode spacing. S (in.1 7/S I I I I-I/S I l-114 

J/4 1 I-114 I-112 
1 2 I 2 I 2 1 2 

3/16 3116 3116 3116 3116 3116 3/16 3/I 6 
3116 3/16 3/16 306 3/16 3/16 3116 3116 

950 1050 950 1050 950 1075 1075 1150 
700 800 700 850 750 850 850 900 

35 36 36 38 36 38 36 40 
40 41 41 43 42 43 43 44 

40 30 26 22 20 16.5 20 15 

0.67 0.97 I .32 I .67 
0.48 - 0.64 0.60 - 0.85 0.92 - I .30 l.OO- 1.40 

0.0117 0.0168 0.0220 0.0233 

I/8 I/4 3/a 7116 
I/4 3/S 112 518 
90 80 70 60 
90 80 70 70 

,,;;,see introductory notes. 



,, 
6.362 Welding’Carbon and Lo~~Ailoy Steel 

SUBMERGED.ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Welding Position: Flat 
Weld Quality Level: Code 
Steel Weldability: Good or fair 

5116 - I/2” 

(\/ Spacing4 S lc 

Weld Size, L (in.1 5/16 3/s l/2 
Plate Thickness (in.1 5/16 to 1 3/a t0 i-314 112 to Z-112 
Pas5 1 1 1 

Electrode Sire: Lead (No.11 3/16 3/16 3116 
Trail INo.Zl 306 3/16 3116 

Current (amp): Lead (No.1) DC(-) 550 600 750 
Trail (No.2) AC 420 520 550 

Volts: Lead (No.11 29 29 32 
Trail (No.2) 31 34 36 

Arc Speed (in./min) 35 30 20 

Electrode Req’d (Ib/ft) 0.18 0.26 0.47 
Flux Req’d (IbAt) 0.11 -0.15 0.16 - 0.21 0.27 - 0.36 
Total Tim: lhrlft of weld) 0.00571 0.00667 0.0100 

Electrode spacing, S (in.) 518 518 3/4 

see i”frod”CtOry “me*. 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Current (amp): Lead (No. 1) 

See intr~ductwy notes. 



Submerged-Arc Procedures 6.3-53 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

See introductory nafer. 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

ice introductory note*. 



SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good 

Weld Size, (in.) 
Plate Thickness (in.) 
PeSS 

ElectrodeSire: Lead (No. 1) 
Trail (No. 2) 

Current (amp): Lead (No. I) DC(?) 
Trail INo. 2) AC 

“Ok Lead (No. 1) 
Trail INo. 2) 

Arc Speed (in.lmin) 

3/16 
l/4 

1 

5132 
118 

600 
350 

26 
28 

75 

114 
5/16 

1 

3/16 
5132 

800 
550 

26 
28 

60 

5/16 
318 

1 

3116 
5132 

a75 
600 

28 
31 

45 

Electrode Req’d (Iblft) 
Flux Req’d lIb/ftl 
Total Time lhrlft of weld) 

0.066 
0.052 - 0.068 

0.00267 

0.120 I 0.181 
0.089 - 0.1 I 0.13 - 0.17 

0.00333 I 0.00444 

see i”tr0d”ctor” “ate*. 

SUBMERGED-, 
Welding Position: Horizontal 
Weld Quality Level: Commercial 

I_ 

Electrode Size: Lead INo. I) 
Trail INo. 2) 

Current lamp): Lead INo. 1) DC(-) m 
Electrode Spacing, S (in.) 

See introductory notes. 

IC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

?, y” 
L!L Travel 

3/s I 7116 I 112 
l/2 5/s 314 

1 I 1 I 1 

3/16 
l/8 

750 
400 

30 
28 

28 

3116 3/16 
l/8 l/8 

750 750 
375 350 

32 34 
27 26 

21 16 

0.262 0.358 0.480 
0.19 ~- 0.25 I 0.27 - 0.35 I 0.35 - 0.46 

0.00715 0.00953 ‘0.0125 

0 l/l6 l/8 
3132 ! 118 ! l/8 

3 4 5 



,: ,,,,, ~~, ,~,~,,, ,,,, ,,, ,~, 

Submerged-Arc Procedures 6.3-55 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Electrode Size: Lead (No. I) I- 
DC(-) 

Trail (No. 2) 

& 
,,’ Arc Speed (in./min) 

I- joo7 r 2o07 

-liPT!F 
2 

l-2 1 3-18 I l-2 I 3-16 I l-2 1 3-14 

3/16 3116 3/16 3116 3116 3116 
3116 3116 3116 3/16 3116 3116 

,,:, 
,,i ” Slightly higher current on the first pars is preferred but 750 amps is the maximum permitted by the AWS Structural Coder. 
':,, 

This procedure can be applied directly or with modification* to several prequalified iointr lsee Section 11.3) ather 

‘_/ “‘~:~C than those shown here. 

see inrrod”ctor” “OTC-. 



6.3-56 Welding Carbon and Low~Alloy Steel 

r 
r 
S 
r 

F 
F 

E 

t 

\ 

/ 

E 
F 
1 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

Velding Position: Flat 
Veld Quality Level: Code 

,, ,,,, ,‘, ,,,, ‘, 

See introductory notes. 



elding Position: Flat 
eld Quality Level: Code 
eel Weldability: Good 
elded from: Two sides 

SUBMERGED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 

0 

‘~[s~[~~ Trav; k$:n- 1.1/y 

Electrode spacing C 

,lectrode Req’d (ib/ftl 0.69 0.94 1.26 1.52 
‘Iux Req’d lIb/ftl I 0.56 - 0.73 I 0.75 - 0.99 I 1 .oo - 1.30 I 1.20- 1.60 
‘otal Time (hrlft of weld) 0.00840 0.0106 0.0133 0.0150 

lepth, A Iin.) l/8 l/4 3/8 7116 
lepth. B (in.) 114 3/8 112 5/8 
rngle, C (deal 90 80 70 60 
wgle. D (deg) 90 80 70 70 
;pacing, S (in.) 3/4 3/4 718 1 
pacing. S2 Iin.) 3/4 3/4 7/B 1 

ee introductory notes 



6.3-58 Welding Carbon and Low-Alloy Steel 

SUBMEI 

Welding Position: Horizontal 
Weld Quality L.evel: Commercial 
Steel Weldability: Good 

Weld Size, L (in.) 
Plate Thickness (in.) 
P%S 

Electrode Size: Lead (No. I) 
Trail (No. 2) 
Trail (No. 3) 

Current lamp): Lead INo. 1) DC 
Trail INo. 2) AC 
Trail (No. 3) AC 

Voitr: Lead (No. I) 
Trail (No. 2) 
Trail INo. 31 

Arc Speed lin.!minl 

Electrode Req’d Uh/ftl 
Flux Req’d (Ib/ftl 
Total Time Ihr/ft of weld) 

Electrode location, A (in.) ~ 

Electrode location. C tin.1 ,~. ~. 
Electrode spacing. S (in.) 
Electrode spacing, S2 (in.) 
Electrode angle, X Ideg) 
Electrode angle. Y (deg) 

see i”trOd”CtOry note*. 

ED-ARC (FULL AUTOMATIC) MULTIPLE ELECTRODES 



SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Welding Position: Flat 
WeldQualitvLevel:Commercial 

1 Steel Weldability: Good 
r 

15.200 

PlateThickness (in.1 0.075 I1 4 gal 0.105 (12ga) O.l35(10gal 3116 114 
PBS 1 1 1 1 1 

Electrode Sire 1116 1116 1116 1116 1116 

Current (amp) DCl+l 275 325 375 425 425 

Volts 25 27 29 33 36 

ArcSpeed (in./minl 44-50 40-46 35-40 26-30 14-16 

Electrode Req’d (Iblft) 0.037 0.047 0.065 0.106 0.190 

Flux Req’d (Ib/ftl 0.09 -0.13 0.10 -0.14 0.12 -0.16 0.14 0.16 - 1 0.15 0.21 - 

Total Time (hr/ft of weld) 0.00426 0.00465 0.00534 0.00715 I 0.0125 

Backing, minimum size (in.1 1 12 ga x 3/6 1 12gaxl12 I 10ga x 5/6 1 3/16x3/4 114x1 

Gap (in.) 1116 1116 3132 3132 l/6 

See introductory notes. 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Welding Position: Flat 
Weld Qualitv Level: Commercial 
Steel Weldability Good ,- 3116 - 3l8” 20.25O 

L Steel backing 

Plate Thicknesslin.) 3/16 114 5116 318 
Pass 1 1 1 1 

Electrode Size 5164 5164 5164 5164 

Current lamp1 DC(+) 425 450 475 500 
Volts 31 32 34 35 
ArcSpeed lin./min) 20-22 15- 17 13- 15 10-12 

Electrode Req’d (lblft) 0.12 0.18 0.22 0.30 
Flux Req’d (Iblftl 0.13-0.17 0.21 0.27 - 0.25 -0.32 0.34 -0.43 
Total Time (hrlft of weld1 0.00952 0.0125 0.0143 0.0182 

Backing, minimum size (in.1 3!16 x 314 114 x 314 114x1 1/4x 1 

Gap (in.1 l/8 5132 5132 3116 

See introductory notes 



SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 
Welded from: Two sides 

15.200 

:,, 
1::; 
+:: 
:; 

>,::’ 

Welding Position: Flat 
WeldQualityLeuel:Commercial 
Steel Weldability: Good 
Welded from: Two sides 



,, 

,,,, ,jm 
WeldQualityLevel:Commercial WeldQualityLevel:CommerCial 

Submerged-Arc Procedures Submerged-Arc Procedures 

JBlbfERGEDARC (SEMIAUTOMATIC) MANUAL 

PlateThickness(in.) 

Vclding Position: Flat 
Yeld Quality Level: Commercia 
;@I Weldability: Good 
&lded from: Two sides 

‘lateThickness(in.) 
‘ass 

Electrode Size AT7 

:urrent (amp) DC(-) 

volts 
4rcSpeed (in./minl 

Electrode Req’d (Ib/ftl 1.34 
Flux Req’d (Ib/ftl 2.70 - 3.35 
t’otal Time (hrlft of weld1 0.0614 

5/E 314 
1 2 1 2 

5164 5/64 6164 5164 

475 500 475 500 
35 36 35 36 

16-18 16-18 11-13 11 - 13 

0.37 0.53 
0.60 - 0.75 0.75 - 0.96 

0.0235 0.0333 

7132 9132 
7132 I 9132 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

6.3-61 

l-1/4 

1.88 2.75 
3.80 - 4.45 5.20 - 5.80 

0.0852 0.125 

1 h 
0 
17 

Seam must be tight. Seal all gaps with small bead on first-pars side. 

See infrod”ctor” notes. 



_,,~~ ,,,~, ,.,~,.~~ ,, ,,~, ~, ,,., ,, i, ;.;;--~~~,?~~~~~~~~~~ 

6.562 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Weld Quality Level: Commercial F 

‘i, 

Electrode Size 

Current kmp) DC(-) 
Volts 
ArcSpeed (in.lminl 

Procedure for Conventional Fillets with l-in. Electrical Stickout 



SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

elding Position: Flat 
eldQualityLevel:Commercial 
:eel Weldability: Good 

Procedure for Long Stickout (2-l/4 in.1 

4 5116 -5/S” 314” 
II4 - 112” 5/8” 

> -c 

w 

A < 

w 

‘eld Size. L (in.1 114 5116 3/8 112 5/a 
lateThickness (in.1 5lI6 3/8 II2 516 314 
ass 1 I 1 1 1,2&3 

lectrode Size 5164 5164 5164 5164 5164 

went (amp) DC(-) 425 450 450 450 450 
ats ~, 45 47 47 47 47 
rC,Speed (in./min) 28-31 22-24 I7 - 19 9-11 17 - 19 

;&ode Req’d llblft) 0.14 0.22 0.30 0.52 0.81 
!,ux Req’d llblft) 0.10-0.15 0.16 - 0.22 0.26 - 0.35 0.42 - 0.52 0.80 - 0.95 
otal Time (hrlft of weld) 0.00678 0.00870 0.01 I I 0.0200 0.0333 
i&irical Stickout. 2-114 in. 1 
i’: ,,;, I 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Welding Position: Flat 

,, Weld QualityLevel:Strength only 
:, Steel Weldability: Good Procedure for Penetration Welds with t-in. Electrical Stickout 



SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Weld Quality Level: Commercial 
Steel Weldability: Good 

6.3-64 Welding Carbon and Low-Alloy Steel 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Nelding Position: Horizontal 
NeldQualityLevel:Commercia 
Steel Weldability: Good 

Weld Size, L (in.1 
Plate Thickness (in.1 

PSS 

Electrode Size 

Current lamp) DC(-) 
Volts 
Arc Speed (in./mint 

Procedure for Conventional Fillets with l-in. Electrical Stickout 

See i”frOcl”CtO,” notes. 



SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good Procedure for Long Electrical Stickout (2-l 14’7 

Weld Size. L lin.1 

Electrical Stickout. 2-114 in. 

* Each pas* 
See introductory notes. 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Submerged-Arc Procedures 6.3-66 ‘, :, 

Welding Position: Horizontal 
WeldQualityLevel:Strengthonly 
Steel Weldability: Good 

Weld Size.~ L (in.1 
Plate Thickness, T (in.) 
Pass 

Electrode Size 

Current (amp) DC(+) 
Volts 
ArcSpeed (in./minl 

Electrode Raq’d (Ib/ft) 
Flux Req’d (Iblft) 
Total Time (hrlft of weld1 

Procedure for Penetration Fillets with l-in. Electrical Stickout 

-(up-3/16-5/8” 

5132 - 5/l 

see lnfroaucfory notes 

A n 



SUBMERGED-ARC 6EMIAUTOMATIC) MANUAL 

63-66 Welding Carbon and Low-Alloy Steel 

WeldQualityLevel:Commercia 
Steel Weldability: Good 

Weld Size. L (in.1 

Total Time (hr/ft of weld1 

Welding Position: Horizontal 
Weld Quality Level: Commercial 

Electrode angle, E (deg) 

see infrOd”CfOry notes. 

25.30° -7 
-6 Travel 

21 

L 

318” 

f. 

1 l/2” 

7 

” 

ht i 
+iI!??% 

3 -----L 
1 

-i 

2 518” 

7 

3/8 I 1 I? 

l/2 I 5/s 
1 ! 2 1 ! 2 ! 3 

5164 5/64 5/64 5164 5164 

425 425 425 425 425 

35 35 35 35 35 

23-25 23-25 20-22 20-22 20-22 

0.31 0.53 

0.32 - 0.50 0.55 - 0.80 

0.0167 0.0286 

65 50 50 60 40 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

il- P i I 
* 

I 



Submerged-Arc Procedures 6.3-67 

SUBMERGED-ARC ~~E~WAUTOMATIC) MANUAL 

WeldQualityLevel:Commercia 
Steel Weldability: Good 

Weld Size. L (in.1 3/32(-l 3/32 l/8(-, 3116 114 

Plate Thickness (in.) 0.075 (14ga, 0.105l12ga, 0.135l1Ogal 3116 114 
Pass 1 1 1 1 1 

Electrode Size l/l6 1116 l/16 l/l6 l/16 

Current (amp) DC(+) 185 250 325 360 400 

Volts I 23 I 24.5 I 28.5 I 30.5 I 37 - 
ArcSpeed lin.lminl 47 - 52 47 - 52 52 - 58 42 - 47 27 - 30 

Electrode Req’d (Ib/ft, 0.022 0.030 0.037 0.055 0.086 

Flux Req’d (Ib/fr, 0.09 - 0.13 0.11 -0.15 0.11 - 0.15 0.12 - 0.16 0.13-0.17 
Total Time (hrlft of Weld) 0.00404 0.00404 0.00364 0.00449 0.00702 

see introductory note*. 

SUBMERGED-ARC (SEMIAUTOMATIC) MANUAL 

Nelding Position: Horizontal 
&Id Quality Level: Commercial 
Steel Weldability: Good 

See introductory notes, 



SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 

L 
3116 - 318” 

?- 

Plate Thickness (in.) I 3/16 I l/4 I 5/16 I 316 
Pass 1 1 1 1 

Electrode Size 3/32 3132 3132 3/32 

Current lamp) DC(+) 500 550 575 600 
Volts 32 34 35 36 
Arc Speed lin./min) 26 20 18 14 

Electrode R&d (Ib/ftl 0.12 0.18 0.22 0.32 
Flux Req’d (Iblftl 0.14-0.16 0.22 - 0.28 0.27 - 0.35 0.35 - 0.4s 
Total Time (hrlft of weld) 0.00769 0.0100 0.0111 0.0143 

Backing, minimum size (in.1 3/16x 314 1/4x3/4 114.x 1 114x 1 
Gap (in.1 118 5/32 5132 3/16 

See introductory nofe~. 

SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

-I- 
I Nelding Position: Flat 

Neld Quality Levi: Commercia 
Steel Weldability: Good 
Nelded from: Two sides 



1 Weldinb Position: Flat I I 
Weld Quality Level: Commercial 
Steel Weldability: Good 
Welded from: Two sides 

Weld Quality Level: Commercia 
Steel Weldability: Good 
Welded from: Two sides 

Plate Thickness (in.1 
Pass 

Electrode Size 

Current lamp1 DCI-I 
Volts 
Arc Speed Lin.lmin, 

Electrode Req’d (Ib/ft, 

Flux R&d lIb/ft, 
Total Time (hr/ft of weld) 

See introductory notes. 

7/s 

m 

0.98 
2.23 - 2.51 

0~0427 

/8 i\ L7/16” 

1 

3132 

500 
34 
25 

1 
2 

3132 

550 
34 
25 

i .28 
2.82 - 3.05 

0.0560 

3-8 

3132 

550 
3s 
30 



Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldabilirv: Goad 
Welded from: Two sides 

SUBMERGED-ARC 6EMIAUTOMATIC) MECHANIZED 

1.90 2.58 
4.00 - 4.25 5.42 - 5.75 

0.0841 0.115 

l-112 

1 I 2 J 3-14 

3/32 3/32 -i 3132 

500 550 - 

I 

j 550 

34 34 I 38 
21 21 25 



Welding Poniticn: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good 

Weld Size, L lin.l 
PlateThickness Iin.) 
PaSS 

Electrode Size 

Current bnpl DC(-) 
Volts 
Arc Speed (in.lmin) 

Electrode Req’d IIb/ftl 
,,Flux Req’d Ilb/ft) 
Total Time (hrlft of weld1 

:;see i”trOd”ctor” note*. 

SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

3/16 114 5116 318 112 

l/4 5/16 318 112 5/8 

1 1 1 1 1 

3132 3132 3/32 3/32 3/32 

475 550 600 I 600 600 1, 

37 40 I 42 42 I 42 

50 ;?-a 36 28 I 19 11 

0.08 0.13 0.18 I 0.26 0.46 

0.11 - 0.15 I 0.15 - 0.20 I 0.20 - 0.27 0.28 - 0.37 I 0.50 - 0.62 

0.00400 0.00556 0.00714 I 0.0105 0.0182 

“YYm..Lm.ULY-,..I.Y ,.z’L..,.nu I “WlcII mu, I”IL”1I.-u”,LLY 

Nelding Position: Flat 
Neld Quality Level: Commercial 314 1” - 

jteel Weldability: Good < 

A 

30 lw* - 450 

5/a - 314” 

&JNeld Size, L Iin. 5/S 314 

‘late Thickness (in.) 3/4 1 
‘ass l-3 l-3 

Electrode Size 3132 3132 

zllrt (amp) DC(-) 600 600 

Llcdts 42 42 

4rc Speed (in.lmin) 21 15 

Electrode Req’d (Ib/ft) 0.74 1.05 

Flux Req’d llblft) l.O- 1.2 1.3 - 1.6 
rotal Time (hf/ft of weld) 0.0286 0.0400 

^.-.~_.-A(~-_~ ~~.~ 



6.3-72 Welding Carbon and Low-Alloy Steel 

Yelding Position: Horizontal 
Yeld Quality Level: Commercial 
iteel Weldability: Good 

SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

see introductory notes. 

IIWeldaualirv: Welding Position: Horizontal 

” Steel Weldability: Good 

SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

314” 

!mii!i2 k 

5/8” 

3 
1 

F 2 

n 

!I!?!3 t 3/4’ 

4 3 

1 

2 

See introductory notes. 



SUBMERGED-ARC (SEMIAUTOMATIC) MECHANIZED 

Neldability: Good 

Weld Size L (in.) 

A field installation to double-end pipe with the submerged-arc Process. 



,,,,,, ,~, ,, 

6.3-74 Welding Carbon and Low-Alloy Steel 

Operator chwkimg visible stickout on a long stickaut i;un. 



,,,, ,, ~~, ,,, ,, ,,,~ :;, ,, ,s,,, I ,, ,,,,, ,~ ,~,, ., ,fj.4*,f::,,:‘;~:: ,,,, z,: 

The self-shielded flux-cored electrode process is 
described in Section 5.3. As noted, the semiauto- 
matic version of it has been finding increased use as 
a replacement for the manual shielded metal-arc 
process in the welding of mild and low-alloy steels. 

:: Since the process is of more recent origin, weldors 
‘;,:are less experienced with it, and sometimes are 
i):apprehensive about their abilities to manually weld 
iz:;,:with a mechanized welding gun. Where the semi- 
ij?,:,autornatic process has been introduced in welding 
K;,:shops, however, it has been found that an experi- 
$::enced weldor learns to handle the gun with a degree 
@f proficiency after about a day of instruction and 
Rpractice. In a week, he has mastered the art and is 
$:capable of bringing to the work the full cost-reduc- 
,t$ion benefits of semimechanization. 

~, Operators of full-automatic equipment are 
~usually already acquainted with full-mechanization 
1, and merely have to adapt to the specific perform- 
,ance characteristics of the process. 

Because the process is relatively new - and elec- 
‘trode composition and types were still under 
development when this handbook was published - 
data on the process are not so rigidly standardized as 
with other processes. This is especially true in 
respect to performance characteristics of the elec- 
trodes, which vary not only from classification to 
classification, but also from manufacturer to manu- 
facturer. For this reason, it is important that the 
manufacturer’s performance data be consulted in 
making a selection of an electrode for a specific type 
of joint and welding position. Some electrodes can 
be used in the flat and horizontal positions onJy; 
others perform satisfactorily in all positions. 

ELECTRODE CLASSIFICATION 

The AWS A5.20-69 classification for flux-cored 
arc-welding electrodes of both the self-shielded and 

Welding Carbon and Low-Alloy 
Steels with the Self-Shielded 
Flux-Cored Electrode :Process ‘: 

gas-shielded types follows the general pattern used 
in other AWS filler-metal classifications. Some vari- 
ations are necessary, however, to accommodate the 
composite nature of the electrodes. 

In a typical designation, E60T-7, the prefix “E” 
indicates an electrode for electric arc welding, as in 
other classification systems. The number “60” indi- 
cates the minimum as-welded tensile strength is in 
the range of 60,000 to 69,000 psi. The letter “T” 
indicates that’ the electrode is of tubular construc- 
tion. The suffix “7” designates a particular grouping 
based upon chemical composition of deposited weld 
metal, type of current, polarity of operation, 
whether it can be used with or without gas, and 
other specific information for the category. The 
classification system does not define performance 
characteristics. 

The following AWS classifications cover flux- 
cored electrodes, both self-shielding and those used 

TABLE 6-24 Composition Requirements* 
for Flux-Cored Electrodes 

No chemical recuirements 



6.4-2 Welding Carbon and Low-Alloy Steel 

TABLE 6-25. Required Tests for Mechanical Properties, 
Soundness, and Usability of Welds 

Made by Flux-Cored Electrodes 

TABLE 6-26. AWS A5.20.69 Mechanic&Property Requirements 

a As welded mechanical propertier. 
b Shielding garer are derigr.z:cd ar fa!!“‘:vs: 

co* = carbon dioxide 
None = no separate shielding gas 

c 
d 

Rsverre ~olarit” means electrode is ,msifi”e; sraight ~olerity meam electrode is negative. 
R*q”iremenr for ringle-pars electrodes. 

e Requirement for multiple-pars electrodes. 
f For each increase of one ~e,ce”tage ,mint in elongation over the “>ini,““tm, the minimum required 

Yield strsngttl or the tensile strength. or both. may decreare ,000 psi. for a “laxirn”m reducficl” of 
2000 psi in eifher the required minimum yield strength or the tensile strength, or both. 

g Where CO* and None are indicated as the shielding gafes for a given clarrification. chemical analysis 
pads and test arsemblier shall be prspared using both ,202 and no sepwate shielding gas. 

with gas (see Section 6.5). Required chemical com- 
positions for these electrodes for welding mild and 

used for single and multiple-pass welds. The weld 

low-alloy steels are shown in Table 6-24; required 
deposits have high crack resistance. 

tests for mechanical properties, soundness, and 
E60T-8 electrodes are self-shielding and can be 

usability are indicated in Table 6-25; and mechani- 
used for single and multiple-pass applications in the 

cal-Property requirements are listed in Table 6-26. 
flat and horizontal positions. The weld deposits have 

E60T-7 electrodes are self-shielding and can be 
high crack resistance and good notch toughness at 
OOF. 



E70T-1 electrodes are designed to be used with 
CO* shielding gas for making single and mul- 
tiple-pass welds in the flat position and for hori- 
zontal fillets. 

E70T-2 electrodes are designed to be used with 
CO2 shielding gas and are intended primarily for 
,single-pass welds in the flat position and for hori- 
zontal fillets. These electrodes will tolerate a greater 
amount of surface contamination than the E70T-1 
grade. 

E70T-3 electrodes are self-shielding and are 
characterized by their fast-follow characteristics. 
They are intended primarily for depositing single- 
pass, high-speed welds in the flat and horizontal 
positions on sheet, steel and light plate. They should 
not be used on heavy sections or for multiple-pass 

: welding. 
,, E70T-4 electrodes are self-shielding and have 
&fast-fill characteristics. They can be used for single 
&;,and multiple-pass applications in the flat and hori- ,;;c : 
&zontal positions. These electrodes are charaCterized 
&y a high, deposition rate, low spatter loss, flat to &f~,~, 
&cmvex bead shape, and easily removed slag. Weld 
@leposits have high crack resistance, even in &,;,, 
@&$Fstrained joints and in plate with high sulfur or 
@@bon content. The weld metal is low in hydrogen, j&g+,::, 
&$nd X-ray quality is achieved with standard proced- 
&I&. One of the practical advantages of these 
@iectrodes is their tolerance of poor fitup. 
g$‘:,‘: E70T-5 electrodes may be used with or without 
@&ternal gas and are primarily designed for flat fillet 
;:!~or,groove welds. Horizontal fillet welds can be made 
i’?$atisfactorily, but at lower deposition rates than 
,‘I,:-obtainable with flat groove welds. These electrodes 
,:: can be used in single-pass applications with minimal 

,:surface preparation. Operating characteristics of 
E70T-5 electrodes include globular transfer, low 
penetration, slightly convex bead configuration, and 
a thin, easily removed slag. The weld deposit has 
good notch toughness at -2OoF. 

E70T-6 electrodes are similar to those of the 
E70T-5 classification. Chemical composition 
requirements (Table 6-24) are slightly different, 
however, because the electrodes are designed for use 
without externally applied gas. 

E70T-G electrodes are those flux-cored elec- 
trodes that are not included in the preceding classi- 
fications. The electrode supplier must be consulted 
for the characteristics and proper use of these elec- 
trodes. They may be designed for multiple-pass 
work or limited to single-pass applications. E’IOT-G 
electrodes are not required to meet chemical, radiog- 
raphic, bend-test, or impact requirements. They are, 

however, required to meet tension-test requirements 
and all other requirements of this classification. 

Low-alloy flux-cored electrodes are not 
separately classified. They are referred to by their 
equivalent designations in AWS Specification A5.5. 
All chemical-composition, mechanical-property, 
soundness-test, and use requirements are to be 
governed by such specifications (or to be agreed 
upon between the user and supplier) until a filler- 
wire specification is approved for low-alloy 
flux-cored electrodes. 

Flux-cored electrode is usually packaged in 60-lb 
or smaller coils for use on semiautomatic or auto- 
matic wire feeders, or in 600~lb drums and 300 and 
600-lb reels for use with high-production 
full-automatic welding equipment. 

PERFORMANCE CHARACTERISTICS OF SELF- 
SHIELDED FLUX-CORED ELECTRODES 

Performance characteristics include such oper- 
ational features as welding-position capability, 
deposition rate, penetration, slag covering, and weld 
spatter. As noted in the introduction, performance 
characteristics of flux-cored electrodes within a 
classification can vary with the manufacturer. 

Welding-position capability is influenced by 
weld-puddle size, slag volume, electrode diameter, 
and current capacity. All self-shielded flux-cored 
electrodes are capable of flat-position performance. 
Those with high deposition rates usually produce 
flat-posit,ion welds most economically. As with 
covered manual electrodes, the small-diameter flux- 
cored electrodes suitable for downhand welding can 
also be used to make vertical and overhead welds, 
but their performance and weld quality will not 
match that achieved with electrodes specifically 
designed for out-of-position work. 

Typical deposition rates for E70T-4, E70T-G, 
and E60T-7 self-shielded flux-cored electrodes are 
given in Table 6-27. The composition of the core 
and current-carrying capacity of the mild steel 
sheath influence deposition rates. The electrode’s 
ability to tolerate extended electrical stickout while 
maintaining the required mechanical properties and 
quality of weld metal is also a factor that affects 
depor,ition rate. 

The arc characteristics of the self-shielded flux- 
cored electrode are primarily responsible for pcsne- 
tration. Changing welding current and electrical 
stickout within the tolerance limits of the specific 
electrode will also affect penetration, but the effect 
is minimal compared to the difference in pene- 



TABLE 6-27. Typical Deposition Rates for 
Flux-Cared Electrodes 

current Wire Feed Deposition Rate 
ktmpl Rate (ipml Ilblhrl 

E70T-4 Fast-Fill Electrode 
lnx+1 

1/8-h. diam electrode (0.0279 Iblftl, 2.314.in. electtical stickout 
350 130 14.5 
400 150 17.5 
450 175 20.0 
500 209 23.0 
550 225 26.5 
600 250 30.0 

118.h. diam electrode to.0279 Ib/ftl, 3-3/4-h electrical stickout 

450 205 25.0 
500 260 29.5 
550 305 34.5 
600 355 39.5 

3132-h diam electrode (0.0183 Ib/ftl, 2-314-h. electrical stickout 

250 120 10.0 
300 150 12.5 
350 195 15.5 
400 235 18.5 

E70T-G (E60T-7) Fast-Follow Electrode’ 
DC(-) 

7164-h diam electrode (0.0244 Ib/ft), 1-112-h. electrical stickout 

325 100 10.0 
400 145 14.5 
450 175 18.0 
550 240 25.5 
625 300 33.0 

3/32-h. diam electrode (0.0190 Iblftl, I-112.h. electrical stickout 

200 75 5.4 
300 135 10.2 
325 150 11.4 
400 210 16.5 
450 270 22.0 

E70T-G WOT-7) Fast-Freeze Electrode* 
DCW 

3/32-h. diam electrode (0.0198 Ib/ftl, 718-h. electrical stickout 

225 6”: 4.5 
250 5.3 
270 
325 

:i 6.0 
7.8 

5164-h diam electrode (0.0138 Ib/ftl, 718-h. electrical stickout 

170 55 3.2 
220 2 4.5 
240 5.2 

I 280 102 6.2 

tration of electrodes of different classifications. 
Electrodes that have a confined arc invariably give 
deep penetration, as compared to electrodes having 
the globular, soft-type arc. The need for penetration 
varies with joint design and precision in fitup. 

Slag covering differs primarily in volume and 
type with the various flux-cored electrodes. Large 
slag volume is associated with limited-position 
operation. The type of slag produced by electrodes 
that give high volume is usually a “friable-porous” 

slag or a “dense-solid” slag. Both types perform the 
desired action of blanketing the molten weld metal, 
preventing atmospheric contamination as it solidi- 
fies, and protecting the solidified weld metal as it 
cools. Both types are easily removed from welds. 

Self-shielded flux-cored electrodes producing 
low-volume slags are either those particularly suited 
to vertical and overhead welding or those designed 
for the high-speed joining of sheet materials. Elec- 
trodes designed for out-of-position performance 
produce a low volume of slag that sets up quickly 
and is easily removed. The slag produced by the 
electrodes designed for high-speed sheet-metal weld- 
ing promotes good wetting action and uniform 
fusion between the deposit and the base material 
along the edges of the weld. Such slag has a very 
dense, glasslike appearance and structure and is 
difficult to remove. 

Weld spatter volume and size .ary with arc 
characteristics. The electrodes that h- re a confined 
arc usually have a smaller droplet. transfer in the arc 
stream. The spatter from this type is finer than that 
produced by the electrodes that have a globular, 
soft-arc characteristic. Since the deposition efficien- 
cies of flux-cored electrodes are very similar, the spat- 
ter volume, although differing considerably in appear- 
ance, can be assumed to be approximately the same. 

As a group, the self-shielded flux-cored elec- 
trodes are practically immune to moisture pickup. 
No special storage facilities under normal usage are 
required - a factor that is especially important in 
field welding where jobsite control of the moisture 
content is a difficult task with low-hydrogen stick 
electrodes. Welds produced in the field with flux- 
cored electrode wire taken directly from the ship- 
ping carton are as low or lower in hydrogen as those 
produced with carefully stored low-hydrogen elec- 
trodes. If the electrode wire is rusty, however, the 
result is the same as if it had picked up moisture, 
and excessive spatter and weld porosity can occur. 
In addition, wire feeding becomes difficult and 
contact tips wear rapidly. 

EQUIPMENT FOR WELDING 

The equipment required for self-shielded flux- 
cored arc welding consists of a power source, a 
wire-feeder mechanism, and a welding gun or head 
(see Sections 4.2, 4.3, 4.4, and 5.3). 

Power Sources: Constant-voltage DC power 
sources - either transformer-rectifiers or generatorr 
- are used for welding with self-shielded flux-cored 
electrodes. The transformer-rectifier is preferably 01 

the flat-slope type; the DC generator can be either 
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:I:$:E’Fig. 6-74. Electrical stickout is the lengrh of electrode wire between 
,?;:L~~~,~ the point of eleCtrical contact in a gun or welding head and the arc. 

‘, electric-motor-driven or engine-driven (see Section 
4.2). 

Wire Feeders: The wire feeder (see Section 4.3)’ 
may be located either at a distance from the arc, as 
in semiautomatic welding, or just above the nozzle, 
as in full-automatic welding. In semiautomatic weld- 
ing, by the use of a wire-feed extension, the feeder 
may be as much as 45 ft ahead of the coil of elec- 
trode and 15 ft behind the welding gun. In this 
arrangement, the feeder pulls electrode from the coil 
and pushes it another 15 ft to the gun. In standard 
operations, electrode is pushed to the semiautomatic 
gun and pulled to the full-automatic welding head. 
The wire-feed motor and rolls in a typical full- 
automatic head are directly above the nozzle, and 
the electrode is pulled from a reel that rides on the 
travel carriage with the welding head. 

Some wire-feeding units for semiautomatic flux- 
cored electrode welding can also be used with semi- 
automatic submerged-arc welding - or, vice versa. 
Manufacturers of such equipment provide the basic 
units with an optional flux-tank, so that they are 
usable either for the submerged-arc or open-arc 
process. 

Welding Guns: Welding guns for semiautomatic 
work (see Section 4.3) should be light and man- 
euverable to facilitate sustained high-speed work. 
They should be equipped with a small guide tip for 
reaching into deep grooves. Guns are made in light, 
medium, and heavy-duty models, with different 
ampere ratings and to accommodate different elec- 
trode diameters. Electrical contact is made within 
the nozzle of the gun, and the electrode is electric- 
ally “cold” until the trigger is pressed. A shield 
protects the operator’s hand from excessive heat and 
sparks on medium and heavy-duty guns.. 

Nozzles for full-automatic self-shielded arc weld- 
ing are also available in light, medium, and heavy- 
duty types, with optional water-cooling attachments 
for heavy work. 

Electrical Stickout Guide Tips: The procedures 
for self-shielded flux-cored arc welding specify elec- 
trical stickout along with electrode type and 
diameter and current and voltage ranges. Thus, the 
procedures for a typical l/S-in. E’IOT-4 electrode 
wire may prescribe a current range of 325 to 600 
amp at 28 to 35 volts with a 2-3/4-in. electrical 
stickout, or a current range of 400 to 600 amp at 34 
to 37 volts with a 3-3/4-in. electrical stickout. 
Amount of electrical stickout must, therefore, be 
selected in advance of the welding, along with the 
type and size of electrode. 

A long electrical stickout (Fig. 6-74) - the dis- 
tance from the arc to the point of electrical contact 
- increases deposition rate by preheating the wire 
before it is melted at the arc. Effects on welding 
costs can be significant; deposition rates can increase 
by as much as 50%. With the various flux-cored 
electrodes, the electrical stickouts prescribed in 
procedures range from 3/4 to 3-3/4-in. Use of the 
3-3/4-in. stickout is generally limited to 5/16-m. and 
larger leg-size flat fillets, multiple-pass flat fillets, 
and flat deep-groove butt welds. 

The specified electrical stickouts are obtained by 
using the proper guide tip and visible stickout on the 
welding gun. Thus, a medium-length guide tip and a 
1-3/8-m. visible stickout provide a 2-3/4-in. elec- 
trical stickout, and a long (3-3/S-in.) guide tip and a 
1-3/8-m. visible stickout produce a 3-3/4-in. stick- 
out. When changing from a medium guide tip to a 



long guide tip for a 3-3/4-in. stickout with E70T-4 
electrode, the voltage must be increased two to 
three volts to obtain a good flat bead, along with an 
increase in the current setting, which increases the 
wire-feed speed. The need for increases in current 
and voltage is shown by the higher ranges specified 
. m the procedures. 

A guide tip is not usually used with fill-freeze 
and fast-freeze electrodes, and electrical stickout is 
limited. The normal stickout with these electrodes is 
3/4 to l-in., although sound welds can be made with 
the fill-freeze types with stickouts from 5/S to 
l-l/2-in. The longer stickouts are used for making 
horizontal butt welds and for handling poor fitup. 

SEMIAUTOMATIC OPERATING TECHNIQUES 

Before welding, control settings should be 
checked carefully. Control settings should be within 
the range specified by the procedures, and adjusted 
according to past experience with the specific joint. 
Drive rolls and wire guide tubes should be correct 
for the wire size, and drive-roll pressure should be 
adjusted according to the manufacturer’s instruc- 
tion. The wire feeder and power source should be 
set for constant-volt,age output. The gun, cable, and 
nozzle contact tip should be correct for the wire size 
and for the stickout. 

Starting the Arc: To start the arc, the electrode 
” is “inched” out beyond the nozzle to the visible 

stickout recommended for the electrode size and 
guide tip. The tip of the electrode is positioned just 

1, off, or lightly touching, the work, and the trigger is 
pressed to start the arc. The electrode should not be 
pushed into the joint as it bums away, as in stick- 
electrode welding, since the mechanical feed will 
take care of advancing the electrode. Welding is 
stopped by releasing the trigger or quickly puiling 
the gun from the work. The instruction manual with 
the specific wire feeder usually gives specific recom- 
mendations on setting feed speed and open-circuit 
voltage to facilitate starting. 

When a long electrical stickout is to be used, it is 
best to start with a visible stickout of about 1,!2-in., 
and increase the visible stickout to the specified 
amount after the arc has been established. 

Accommodating Poor Fitup: As noted in Sec- 
tion 5.3, one of the advantages of flux-cored elec- 
trode welding is the ability to handle poor fitup. 
With a fast-fill electrode poor fitup can be accom- 
modated by increasing the visible stickout to as 
much as 3-in. Pulling the gun away from the work to 
increase the visible stickout reduces the current, and 

thus the penetration, and helps to avoid burn- 
through. After a poor fitup area has been traversed, 
normal stickout should be used for the remainder of 
the joint. This method of controlling penetration 
should be used only with the short guide tip. 

With the fill-freeze electrodes, poor fitup can be 
handled by reducing the welding current to the 
minimum value specified in the procedures. Increas- 
ing the stickout to l-l/2-in. also helps to reduce 
penetration and burnthrough. 

Removing Slag: Slag removal is easy in most 
self-shielded flux-cored electrode welding. In heavy 
fast-fill work, the slag often curls up and peels off 
behind the welding gun. Otherwise, a light scrape 
with a chipping hammer or wire brush is usually all 
that is needed to dislodge the slag. 

Slag is occasionally trapped on 90° vertical 
welds or in a downhand convex bead. Ent,rapment 
can be avoided by proper bead location and drag 
angle and by using a smooth, even travel speed to 
insure good bead shape. 

Fig. 6-75. The drag angle la) and the electrode-!o-joint angle (b) an 
variables that affect performance and weld appearance. 



13utt Welds. Including Pipe 
First Two Passes with 
Stick Electrode 
1. Make a distinct hesita- 

tion at the outer edges 
of bevel. 

2. Minimize each upward 
step. Do not step up at 
the edges; come straight 
out from the hesitation 
point, and move up 
acres the weld. 

Fillet and Lap Welds 
5/16+x and Larger 
1. FIRST PASS: Use a 

triangular weave with a 
hesitation at the outer 
edges. 

2. SECOND PASS: Use a 
side-to-side weave simi- 
lar to that used for butt 
welds. The previous 

‘;, bead should have a face 
‘,t width of 5/16 to 3/&n. 
:;:, before weave is started. 
1:s. Make welds smaller 
i;:, than 5/16-in. with ver- 
_)::‘, tical-down techniques. 

L 

~iT,:Fig. 6-76. Techniques for vertical-up and overhead welding with 
;:;,ETIOT-G electrodes. ,,, ,, 
,~,. 

_,I:‘,: Electrode Position: The drag angle is the angle 
‘i,‘between the electrode center line and the seam 
_‘,~,center line in the direction of travel, as illustrated in 
,~ Fig. 6-75(a). The desired drag angle is approximately 
l,the same as in stick-electrode welding. If slag tends 

to run ahead of the arc, the drag angle should be 
decreased. 

For best bead shape on most 5/16-in. and larger 
horizontal fillets, the electrode should point at the 
bottom plate, as illustrated in Fig. 6-75(b), and the 
angle between the electrode and bottom plate 
should be less than 45O. With this arrangement, the 
molten metal washes up onto the vertical plate. 
Pointing the electrode directly into the joint and 
using a 45 to 550 angle will decrease root-porosity 
problems, if they occur, but may produce spatter 
and a convex bead. 

For l/4-in. and smaller fillets, the wire should be 
pointed directly into the joint and the electrode 
angle held at about 400. 

When a follow-freeze electrode is used on sheet 
or thin plate, arc striking is best accomplished by 
starting with a l/Z-in. visible stickout and increasing 
it slowly to l-in. Welding should be done with a 

stringer bead technique in all positions, with a 
steady travel speed. A steady speed is important; 
hesitation is likely to cause burnthrough, with metal 
sag developing on the underside of the joint and 
porosity in the weld. 

Fitup with light material should be tight, 
although a small gap on 12-gage to 3/16-in. steel can 
be handled by reducing the current and voltage 
about 10%. A steady whip or weave may help, but 
these motions should not be overdone. 

The light slag on thin-gage material adheres 
tightly, but does not have to be removed. A wipe 
with a weak acid solution before painting will 
neutralize the weld area and remove smoke deposits. 

For out-of-position welding with FJOT-G elec- 
trode, best results are obtained by positioning the 
work downhill or vertical-down. Stringer beads 
should be used, with the current settings in the 
middle to high portion of the range. The gun should 
be tipped in the direction of travel so that the arc 
force helps hold the molten metal in the joint. 

In vertical-up and overhead welding with fill- 
freeze electrodes, low-hydrogen techniques, as 
opposed to E6010 techniques, should be used. 
Whipping, breaking the arc, moving out of the 
puddle, or moving too fast in any direction should 
be avoided. Currents should be in the low portion of 
the range. Figure 6-76 shows general techniques for 
vertical-up and overhead work. 

In full-automatic welding with self-shielded 
flux-cored electrodes, the work position angle, elec- 
trode-to-joint angle, and electrode drag angle are 
critical. Figure 6-77 shows how electrode angles and 
off-center circumferential distances vary for rounda- 
bout butt and lap welds in cylindrical assemblies 
from 3 to 30-in. in diameter. 

OPERATING VARIABLES 

Four major variables affect welding performance 
with flux-cored electrodes: arc voltage, current, 
travel speed, and electrical stickout. These variables 
are interdependent, and, if one is changed, one or 
more of the other three usually require adjustment. 

Arc voltage variations, with current, travel 
speed; and electrical stickout held constant, produce 
these effects: 

1. A high arc voltage produces a wider and 
flatter bead. 

2. An excessive arc voltage may produce a 
porous weld. 
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Off center 
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Recommended off-center circumferential 
distance and angle to floor position for 
round-about welds. This information 
applies to lav; and butts. 

Refer to the appropriate lap and butt 
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Fig. 6-77. Variations in electrode angle la) and off-center circumferential distance when making roundabout 
butt and lap welds in cylindrical assemblies by full-automatic fluscored welding. 

3. A low voltage tends to cause a convex, ropey 
bead. 

and strike the joint bottom, pushing the gun 
UP. 

4. Extremely low voltage may produce a 
tendency for the wire to stub on the plate. 

In most. applications, a good bead shape is 

The wire~may dive through the molten metal 
obtained by using the highest voltage possible with- 
out causing porosity. With higher current,s, higher 



voltages can be used without causing porosity. 
Current variations, when arc voltage, travel 

speed, and electrical stickout are held constant, have 
the following effects: 

1. Increasing current increases melt-off and 
deposition rates. 

2. Excessive current produces convex beads, 
resulting in poor appearance and wasted 
‘weld metal. 

3. Too low current gives a droplet transfer, 
with reduced penetration. 

As current is increased, arc voltage must also be 
increased to maintain good bead shape. Increased 
current also increases the maximum voltage that can 
be used without porosity occurring. 

Travel speed, assuming the other variables are 
,,: held constant, can have the following effects: 

1. Excessive travel speed increases the con- 
vexity of the bead and causes uneven edges. 

$,T$ 2. Too slow a travel speed results in slag inter- 
!@;:,, : 
& ference and inclusions and a rough, uneven 
tq?;,,,, bead. 

& Travel speed is always faster with self-shielded 
&:flux-cored electrodes than with stick electrodes - to 
~&accommodate the higher deposition rates. The 
!,zT:,,beginning operator with the semiautomatic process 
r-1, Will tend to move too slow because of his experience 
i:i with stick-electrode welding. As in all other welding 
‘, processes, travel speed should be that necessary to 
,“, :handle the molten metal and slag and produce the 

desired weld size. 

TABLE 6-28. Trouble-Shooting Adjustments 
for Welding with Flux-Cored Electrodes 

Problem 

Porosity 

Solution” 

Drag 
Current Voltage Speed Stickout Angle 

5t l& 4J 2t 3? 

Spatter 

Convexity 

Back Arc 
BIOW 

4&t 1t 5J 3J 2J 

44 1t 53- 2J 3t 

44 3J- 5J 2t 1t 

Insufficient 
Penetration 2t 

Not Enough 
FOIIOW 4? 

Stubbing 44 

36 4T l& st 

lJ- 5J 2t 3t 

1t 3J- 24 

* Arrowr indicate the need to increase or decreare the setting to 
correct the probiem. Numbers indicate order of importance. 

t With E‘IOT-G electrodes. increasing the c”rrent reduces droplet 
5ize and decreases rpaner. 

Self-Shielded Flux-Cored Electrode Process 6.4-9 

Uniformity in travel speed is important. It is 
accomplished by maintaining a uniform distance 
between the wire and the molten slag behind the 
wire. 

Electrical stickout variations, with the other 
variables held constant, have the following effects: 

1. Increasing the stickout decreases the welding 
current and vice versa. 

2. Increasing the stickout lowers the actual 
voltage across the arc. Lower arc voltage 
increases the convexity of the bead and 
reduces the tendency for porosity. 

3. Short stickout gives greater penetration than 
long stickout. 

Obviously, a proper balance of the four variables 
is necessary for the best performance. Table 6-28 
summarizes the adjustments to be made when 
trouble is encountered. 

FULL-AUTOMATIC OPERATING TECHNIQUES 

In full-automatic welding, the weld puddle pro- 
vides a good index to performance. The puddle 
should be formed as illustrated in Fig. 6-78 at the 
start of the weld. Amount of molten metal present 
and amount and direct.ion of the arc force are two 
principal factors that influence puddle shape. Suf- 
ficient molten metal must be available to form the 
puddle, and the puddle must follow smoothly 
behind the arc. A puddle with a sharp leading edge 
(as shown in the figure) is to be expected in down- 
hill welding as a consequence of the arc force plus 
the force of gravity. 

Following smoothly requires that the distance 
between the ‘arc and the front edge of the puddle 
remain constant as welding progresses. With a 
smooth follow, metal freezes at the back edge at the 

Flux-cored electrode - 

Leading edge 1 

Fig. 6.78. A properly formed weld puddle when full-automatic 
welding. 



6.4-10 Welding Carbon and Low&ioy Steel 

ldl 
Fig. 6-79. Weld beads formed by fullLwtomatic flux-cored welding. 
Properly formed bead is shown at la). The bead in (b) shows lack of 
follow; the leading edge has been blown back into the puddle. The 
beiid at ICI shows what happens when lack of follow ‘esults from 
excessively high speed or low c”rrent. In Id). follow has been too 
close, as a result of slow speed, high current. or high downhill angle. 

same rate that new metal is added to the leading 
edge, and the finished weld is uniform, as illustrated 
in Fig. 6-79(a). 

Lack of follow occurs when a stable leading edge 
of good shape does not form. When this happens, 

‘, the puddle follows the arc irregularly, and the weld 
,,, is thin, irregular, and may have open spots. 

In some instances of lack of follow, the leading 
edge of the weld puddle begins to form after the 
weld progresses, but the arc force then blows it back 
into the puddle. The weld is irregular in appearance, 

:~ as shown in Fig. 6-79(b). The weld builds up from a 
low, thin bead to a lump at the point where the 
leading edge was blown back into the puddle. The 
lump is followed by an open spot in the weld. 

The primary causes for lack of follow are insuf- 
ficient molten metal or too small a downhill angle: ~’ 
The downhill angle is the angle between the hori- 
zontal and the joint being welded. With the E70T-3 
electrodes in fuh-aut.omat,ic welding, welding dourn- 
hill greatly aids in the proper formation of the weld 
puddle. Fixtures for full-automatic welding with 
these electrodes should be made so that the work 
angle is adjustable. Because of gravity, the weld 
puddle tends to flow down the workpiece when 
welding downhill. The arc force holds the metal 
back in the puddle. Proper interaction of the two 
forces provides a good weld puddle with a sharp 
leading edge. 

Lack of follow can often be corrected by 
increasing the downhill angle, Reducing the angle 
helps keep the puddle from following the arc too 
closely. Lack of follow can also result from exces- 

sively high speed or low current. Figure 6-79(c) 
illustrates the effects on the weld bead. 

Following too closely occurs when the weld 
puddle flows into the arc and touches the end of the 
electrode. The resulting short-circuit current blasts 
the metal away in a shower of spatter, leaving 
unfilled spots in the weld. The finished weld is wide 
and irregular, as shown in Fig. 6-79(d). Too much 
molten metal or insufficient arc force to hold the 
leading edge in place, as well as excessive downhill 
angle, can also cause this condition. 

The drag angle (Fig. 6-75) also affects welding 
performance and bead shape in full-sutomatic weld- 
ing. The proper drag angle prevents spatter at high 
travel speeds: the higher the travel speed, within 
limits, the lower the angle. Reducing the drag angle 
causes a small increase in the arc force and reduced 
penetration. Changing the drag angle, however, to 
correct welding defects should be regarded as a fine 
adjustment, to be used only after travel speed, work 
angle, and current are adjusted. Figure 6-80 illus- 
trates the effect of drag angle on bead appearance. 

Travel speed is important in full-automatic weld- 
ing with fast-follow self-shielded flux-cored elec- 
trodes to get the proper formation of weld puddle. 
Lack of follow is corrected by decreasing travel 
speed. This permits the build-up of the larger pool 
of molten metal necessary to form a weld puddle 
with a sharp leading edge. Overfollow is corrected 
by increasing travel speed, which reduces the puddle 
size so that the leading edge does not become so 
heavy that it overpowers the arc force. 

Travel speed also affects penetration. Generally, 

Fig. 6-80. El 
produced by 
drag angle. 

lbl 
‘fecr of drag angle an bead appearance 
proper drag angle; bead at Ibl resulted 

Bead at Cal was 
from roe large a 



the slower the travel speed, the deeper the penetra- 
tion. When travel speed is reduced, the welding cur- 
rent may also have to be reduced to prevent bum- 
through, particularly with fast-follow electrodes. 

Welding current affects both penetration and 
melt-off rate. Current should be sufficient to pro- 
duce the desired penetration without burning 
through. Where penetration is not critical, the cur- 
rent can be adjusted to form a good weld puddle. 
Increasing current increases the melt-off rate and, 
therefore, the amount of metal supplied to the 
puddle. Higher current also increases the arc force. 
The current used must, however, be within the 
prescribed ran,ge for the electrode type and size. 
Excessively high currents produce undercut and an 
erratic arc. Low currents produce an unstable arc. 

If porosity occurs in welds made with full-auto- 
i matic equipment, lowering the voltage to several 
g;,,,; volts below the specified minimum will show 
$::” whether excessive voltage is the cause. If the 
&:: porosity does not disappear, back blow or contami- 
Ii;, ‘nation of the joint or electrode wire by water, rust, 
&;,;~ oil, or dirt should be checked as possible causes. 
t@: y,, @& :,,,, 
g;,y 
&,,Vertical-Up Automatic Welding Technique 

Techniques have been developed to weld steel 
!&plates l/2 to 3-in. thick in the vertical position with 
%?? self-shielded flux-cored electrode. 

The plates are assembled with a simple square 
;,: ~’ edge butt joint and welded in the vertical position. 
,i;;:Y ‘, The edges of the plates are spaced about 1/2-m. or 
,“,: more to allow entry of the welding electrode. 

‘, Water-cooled copper dams are applied to each side 

of the joint so the dams and the edges of the plates 
form a cavity into which the weld metal is 
deposited. As the cavity fills the electrode nozzle, 
copper dams, and all the electrode feeding mecha- 
nism and controls move upward. For plates up to 
l-l/4-in. thick, the electrode position remains fixed 
but for thicker plate the electrode oscillates back 
and forth acrosS the seam to fuse the entire 
cross-section of the joint. 

The square edge preparation can be modified to 
allow a small included angle. This permits easier 
access for the electrode and nozzle. Another modifi- 
cation is to use a steel or copper backing on one side 
and only one sliding dam. 

A special self-shielded flux-cored electrode is 
required for the vertical-up technique in order to 
obtain sound welds with mechanical properties that 
will meet the code requirements. Consult the 
electrode supplier for the proper electrode. 

The advantages of this technique are: 

High deposition rates with no interruptions 
to change electrodes. 

Welding speeds of 6-in. per minute on 3/4-in. 
plate and 4-l/2-in. per minute on 1-1/4-m. 
plate. 

Electrode is self-shielding, no external gas 
supply needed. 

Inexpensive plate preparation. 

X-ray quality welds. 

Good mechanical properties. 

Welding hopper cam with the self-shielded flux-cored electrode 
PVXXSS. 



6.4-12 Weldihg Carbon and Low-Alloy Steep 

Joining heavy plate that is a part of a turntable for automatic roll-changing equipment used in a hot strip mill. 
Self-shielded flux-cored electrode is used. 

A reduction in fabricating cost resulted from using the s&shielded flux-cored electrode process to we!d 
snow-dew blades. 



INTRODUCTION TO WELDING PROCEDURES 

The ideal welding procedure is the one that will 
produce acceptable quality welds at the lowest 
over-all cost. So many factors influence the opti- 
mum welding conditions that it is impossible to 
write procedures for each set of conditions. In selec- 
ting a procedure, the best approach is to study the 
conditions of the application and then choose the 
procedure that most nearly accommodates them. 
The procedures given here are typical, and it may be 

i{,;necessary to make adjustments for a particular 
a:’ application to produce a satisfactory weld. 
Sk;<,, For some joints, different procedures are offered 
@o suit the weld quality - code quality, commercial 
@quality, and strength only - that may be required. &,,;: ~&Y:, 
&Code-Quality procedures 
@ ,; 
&, Code quality procedures are intended to provide 
&he highest level of quality and appearance. To 
&accomplish this, conservative currents and travel 
~&speeds are recommended. 

,’ ‘~:Y, These procedures are aimed at producing welds 
‘that will meet the requirements of the commonly 
;,;;used codes: AWS Structural, AISC Buildings and 
‘!:Bridges, ASME Pressure Vessels, AASHO Bridges, 
1’~ and others. Code quality welds are intended to be 
‘, ‘defect-free to the extent that they will measure up 

to the nondestructive testing requirements normally 
imposed by these codes. This implies crack-free, 
pressure-tight welds, with little or no porosity or 
undercut. 

The specific requirements of these codes are so 
numerous and varied that code quality procedures 
may not satisfy every detail of a specific code. 
Procedure qualification tests are recommended to 
confirm the acceptability of chosen procedures. 

All butt welds made to code quality are full 
penetration; fillet welds are full size, as required by 
most codes. (The theoretical throat rather than the 
true throat is used as the basis of calculating 
strength.) 

Commercial-Quality Procedures 
Commercial quality implies a level of quality 

and appearance that will meet the nominal require- 

ments imposed on most of the welding done 
commercially. These welds will be pressure-tight and 
crack-free. They will have good appearance, and 
they will meet the normal strength requirements of 
the joint. 

Procedures for commercial-quality welds are not 
as conservative as code quality procedures; speeds 
and currents are generally higher. Welds made 
according to these procedures may have minor 
defects that would be objectionable to the more 
demanding codes. 

It is recommended that appropriate tests be 
performed to confirm the acceptability of the selec- 
ted procedure for the application at hand prior to 
putting it into production. 

Strength Only Procedures 
The purpose of strength-only procedures is to 

produce the highest speed welding at the lowest 
possible cost. To accomplish this, the weld appear- 
ance and quality need only be good enough to do 
the specific job for which it is intended. In this 
category, defects and imperfections may be accept- 
able provided that the welds will perform satis- 
factorily under service conditions. 

This quality level may apply to seal beads, 
partial-penetration welds, some lap welds, high- 
speed edge welds, and to many low-stress, welded 
connections which have no real need for better 
quality at higher cost. On fillet welds the joint must 
be welded from both sides. 

Since this is a compromise quality level, realistic 
tests should be made to confirm the satisfactory 
performance of welds made according to these 
procedures. Welds of strength-only quality will be 
free of cracks but may not be pressure-tight. 

Weldability of Material 
Weldability (see Section 6.1) of a steel has a 

considerable effect on the welding procedure. 
Good weldability indicates a steel with a compo- 

sition that is within the preferred range (see Table 



6-1) - one whose chemistry does not iimit the used where other electrodes are not satisfactory. 
welding speed. 

Pair weldabiity indicates a steel with one or E’IOT-G. The procedures have been developed 

more elements outside the preferred range or one using two different E70T-G electrodes. Both of 

that contains one or more alloys. These steels these electrodes meet the same mechanical property 

require a lower welding speed or a mild preheat, or requirements but have somewhat different operating 

both, to minimize defects such as porosity, cracking, characteristics: 

and undercut. 1. An all-position fast-freeze electrode especial- ,:: 
The addition of alloys to steel that enhance the ly suitable for making groove and fillet welds ,’ 

mechanical properties or hardenability usually have in the vertical position. 
an adverse effect on weldability. In general, the 
weldability of low-alloy steels is never better than 

2. A fast-follow type electrode with good pene- : 

“fair.” 
tration capability. The penetration beyond 
the corner of a fillet weld could permit the 
reduction in the fillet to one size smaller 
without reducing the strength of the joint. 

Since the self-shielded flux-cored welding 

Procedure Notes process is a relatively recent development, new elec- 

In the following tables, procedures for some trodes will appear on the market that may offer 
significant improvement over electrodes being manu- ‘, : 

ii::, 
joints are given fi;:. two different electrode sizes. The 
smaller electrode provides greater flexibility and factured at the time of this printing. Consult with 

g;,; operator comfort at some sacrifice in welding speed. the supplier. Also, when ordering an electrode to an 
AWS specification, discuss with the supplier the 

>;?;; It is important to control the arc voltage within 
‘q the range specified in the procedures. These voltages required operating characteristics for the particular 
g;i:,,,, 
g&; do not allow for poor electrical or ground connec- application. 

f&G:: tions or for undersize welding cables. Such faulty In the following fillet weld procedures, the fillet Bt<!& 
& conditions should be corrected rather than compen- size is always associated with a particular plate 
&:$& atlng by increasing the arc voltage, thickness. This relationship is given solely for the 
>)>q,, : 
!jj:;;$ : purpose of designing a welding procedure and does 

The foliowing procedures have been developed not imply that a certain size fillet is the only size 
$:;:;,,’ ,with electrodes having these specific characteristics: applicable to that plate thickness. In some of tbe 

procedures, the fillet size shown is larger than 
E60T-7. An all position, fast-freeze type elec- necessary to meet code requirements for the plate 

“‘! : :,, trade. This E60T-7 electrode has good low tempera- 
‘!:~“‘,’ ture impact properties although impact properties 

thickness. In such instances, select the procedure for 
the proper weld size and quality. If the thickness of 

are not required by the AWS specification. the plate being welded is appreciably greater than 
that specified in the procedure, a reduction in 

E70T-3. A high degree of fast-follow charac- welding speed and current will probably be required. 
Travel speed is given as a range; however, the teristic is necessary in order to obtain the travel 

speeds specified in the procedures. In general, the electrode required and the total time are based on 

E70T-3 electrodes are designed for single pass welds the middle of the range. 

on 10 gage and thinner steel. On 3/16-in. and Unless otherwise indicated, both members of the 

thicker steel the ductility of the E70T-3 weld metal joint are the same thickness. 

is reduced and should be thoroughly tested to verify Pounds-of-electrode data include all ordinary ~, 

the suitability’ of the weld metal for service deposition losses. These values are in terms of :, 

requirements. pounds of electrode needed to be purchased. 
Total time is the arc time only and does not ,, 

allow for operating factor. 
E7OT-4. This electrode is capable of operating Each procedure specifies the recommended 

with long electrical stickout and, as a result, has a stickout. This stickout is always the electrical stick- 
high deposition rate. Penetration is low and will out as discussed earlier in this section. 
tolerate a large degree of poor fitup. The deposit is The drag angle is the angle between the center 
very crack resistant on high sulfur steel and can be line of the electrode and a line perpendicular to the 



Self-Shielded Flux-Cored Electrode Procedures 6.4- 15 

DATA SHEET 

rticle to be Welded 

ate Specs or Analysis 

elding Process Submitted by: 

Job No. 

Date: 

ipecial Comments 



6.4- 16 Welding Carbon and Low-Alloy Steel 

seam and inclined toward the direction of travel. 
After a satisfactory welding procedure has been 

ing point and may require changes to meet the 

established, all the data should be recorded and filed 
requirements of specific applications. Because the 

for future reference. This information is invaluable 
many variables in design, fabrication, and erection 

if the same job or a similar job occurs at a later date. 
or assembly affect the results obtained in applying 

A suggested data sheet is shown on previous page. 
this type of information, the serviceability of the 

The presented procedures are offered as a start- 
product or structure is the responsibility of the 
builder. 



Self-Shielded Flux-Cored Electrode Procedures 6.4- 17 

FLUX-CORED ARC WELDING (FULL AUTOMATIC) SELF-SHIELDED 

Welding Position: Flat 
Weld Quality Level: Strengthonly 
Steel Weldability: Good 

J, ~ 
16ga-33/16” 900 

-,‘,‘,‘/‘/ -A,’ 
-Must be pressure. 

Copper backing 
tight to backup 

required for 16, 14and 12 ga 

FLUX-CORED ARC WELDING (FULL AUTOMATIC) SELF-SHIELDED 

@Iding Position: Fiat I / 

~~~@+uality Level: Commercial 
@I Weldability: Good 
iyelded from: One side 

t Y 
I 



6.4- 18 Welding Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (FULL AUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good 

Electrode Class 
Size 

Current (amp1 OC(+l 

Volts 
Arc Speed (in.lmin) 

Electrode Req’d (Ib/ftj 
Total Time (hrlft of weld) 

Electrical Stickout (in.) 

Ansle. A (degl 

Sheets must be 

Travel 

16- 12ga 

Weld Quality Level: Commercia 
Steel Weldability: Good 

FLUX-COREDARCWELDING (FULLAUTOMATIC) SELF-SHIELDED 

14 and 16 ga only 

All joints must fit tight 

Plate Thickness (in.) PasS O.O60(16gal 1 0.075 l14ga) 1 0.105 (12ga) I 0.135 l10gal 3/16 ! 1 ! 1 1 
! 1 1 I 1 

-.-. I &,_. ~” L,“, -., L;,v,-.I 
Size 3132 118 118 5132 5/32 

Current (amp) DC(+) 475 600 625 800 825 
Volts 25-26 25-26 25-26 25-26 25 - 26 
ArcSpeed (in.lmin) 200 150 110 95 80 

Electrode Req’d (Iblft) . 0.019 0.028 0.041 0.066 0.063 
Total Time (hr/ft of weld) 0.001w 0.00134 0.00182 0.00210 0.00250 

Electrical Stickout (in.) I 1 ! 1.118 ! l-l/8 l-114 l-114 

Angle, E ldegl 70 65 I 60 50 45 
Angle. A (degj 55 I 55 55 60 60 



Self-Shielded Flux-Cored Electrode Procedures 6.4- 19 

FLUX-CORED ARC WELDING (FULL AUTOMATIC) SELF-SHIELDED 

Welding Position: Vertical up 
Weld Quality Level: Code 
Steel Weldability: Good or fair 

Water cooled 

Conrult electrode supplier 
for design oi copper shoe 

Electrode Stickout, 3 in. 

* Electrode not classified. CO”l”lt the Iupplier. 

Current (ampl DCI+l 
IJOltS 
Welding Speed (in.lminl 

Electrode Req’d (Ib/ft) 
Total Time Ihrlft of weld) 

3ED ARC WELDING ISEMIAUTOMATIC) SELF-SHIELDED 

Water cooled 

copper- 

l-114 l-l/2 1 2 I 3 

1 ! 1 I 1 1 

l/8 118 l/8 l/8 

850 850 850 850 

49 49 49 49 

4.20 3.55 2.75 1.65 

3.63 4.29 5.54 8.45 

0.0476 0.0563 0.0727 0.121 

5/8 718 l-318 23/8 
l/2 l/2 314 l-l/2 
l/4 l/4 l/4 l/4 
718 l-118 l-5/8 2-518 



6.4-20 Welding Carbou and Low-Alloy Steel 

Welding Position: Vertical up 
Weld Quality Level: Code 
Steel Weldability: Good or fail 

FLUX-CORED ARC WELDING (FULL AUTOMATIC) SELF-SHIELDED 

Water cooled 
copper shoes - 

Fixed 
318 - 314” 

Moving 

Water cooled 
copper shoes - 

m Fixed 

Consult the electrode supplier for welding procedures and design of the water 
cooled copper shoes. 



Self-Shielded FluxCored Electrode Procedures 6.421 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

Plate Thickness (in.) 

Pan 

Electrode Class . 
Size 

Current lamp) OC(+l 

Electrode Req’d (Iblft) 

FLU: 

,Welding Position: Flat 
,Weld Quality Level: Commerc;al 
Steel Weldability: Good or fair 

Plate Thickness (in.) 

Pass 

Electrode Class 

Size 

Current lamp) DC(+) 
Volts 
Arc Speed (in.lmin) 

Electrode Req’d (Ib/ft) 
Total Time (hrift of weidl 
Electrical Stickout, 2.3/4 in. 

i r lOga- l/4” 

--I I-Gap .~,~. /’ 4 

-?r 6oo 

1 r+zi?- cd+ 

I I 

:O!?ED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

.~-~ 
5116 3/B 



6.4-22 Welding Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFSHIELDED 

Weld Quality Level: Commercial 

Steel Weldabilitv: Good or fair 

j?EThickness (in.1 

Electrode Class 
Size 

Current lamp) DC(+) 
Volts 
Arc Speed (in.lmin) 

Electrode Req’d lIb/ft) 
Total Time lhr/ft of weld) 

Electrical Stickout, Z-314 in. 

112 I 5/a I 314 I 1 
l-3 1-4 l-6 l-8 

E70T-4 E70T-4 -E70T4 E70T-4 

3/32 3132 3132 3!‘32 

350 350 350 350 

30 - 31 30 - 31 30-31 30 2 31 

11.5-13.5 ll.O- 13.0 12.5 - 14.5 ll.O- 13.0 

0.830 1.16 1.53 2.29 

0.0480 0.0668 0.0888 0.134 

FLUXC~RED ARC WELDING (SEMIAUT~IVIATIC) SELF-SHIELDED 

Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

3/16” min f 
,,,,,A L \-Steel backing 

Plate Thickness (in.) 112 I 518 314 I 1 
PerS ! l-3 l-4 ! l-5 1 ! 2 - 6’ 

Electrode Class E7OT-4 I E70T-4 E7oT-4 E70T-4 E70T-4 
Size ! l/8 118 ! 116 ! l/8 ! l/8 

Current lamp) DC(+) 

VOlS 
ArcSpeed (in.lminI 

500 500 500 500 550 

I 31 -32 I 31 32 - 31 32 - 31 -32 35 36 - 

1 13.5 - 16.5 13.5 - 15.5 13.0 - 15.0 14.5 - 17.5 14.5 - 17.5 

Electrode Req’d (Ib/ft) 1.14 1.56 2.02 3.03 

Total Time Ihrlft of weld) 0.0400 0.0552 0.0715 0.0750 

Electrical Stickout (in.) 2-314 2-3 /4 23 I4 2.314 3.314 

* mange to 3-z/4 in. Itiekout after firs pars. 



Self-Shielded Flux-Cored Electrode Pmcedures 6.4-23 

FLUX-COREDARC~ELDING (SEMIAUTOMATIC) SELFSHIELDED 

Melding Position: Flat 
Neld Queiity Level: Commercial 
iteel Weldability: Good or fair 
Nelded from: One side Y300 rn l-l 

Plate Thickness I in.) 
PeSS 

Electrode Class l 

Current (amp) DC(-) 
Volts 
Arc Speed (in./min) 

Electrode Req’d (Iblftl 
TotalTime lhrlftof weld) 

Travel 

3/16’d I- L,,,.. 
min 

112 518 
1 I 2 ! 1 I 2 I 3 

E70T-G E7OT-G 
7:64 I 7164 

425 460 
25-26 26-27 

12 - 13 I 8-9 13,- 14 I 12-13 I 11-12 

0.75 1 .oo 
0.0395 0.0482 

k<ectrical Stickout, I-112 in. 

;,:,,A fast-follow n/m EXIT-G with penetration capability. See introductory notes. 
Th,jr joint is similar to 13me of the prequalified ioints in the AWS Structural Codes. 

L ,,, 
FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

4 
Plate Thickness (in.1 314 1 2’ 
PeSS l-3 l-4 l-2 I 3-lot 

Electrode Class E70T-G+ E70T-G+ E70T-G* E70T-4 
Size 7164 7164 7164 I l/8 r 

Current lamp) 500 DC(-) 500 DC(-) I 500 DC(-) 550 DC(+) 
Volts 27 - 28 27-28 27-28 35 - 36 
Arc Speed (in.lmin) IO-II 9-10 12.5 - 13.5 11.5 - 12.5 

Electrode Req’d (Iblft) 1.43 2.10 0.72 5.70 
Total Time Ihrlft of weld) 0.0570 0.0844 0.164 

Electrical Stickout (in.) l-II2 l-112 l-112 I 3.3l4 

* Typical two electrode procedure. Can be finished with 7/64 E70T-G but with an increase in total arc time. 

+ Layers should be split when the ~reeyious bead face is 314.in. wide. This occurs after i)ass 4. 

*A fast-follow type ETOT-G with penetration capability. See introductory notes. 

This joint is similar to mrne of the prequalified joints in the AWS Structural Coder. 



6.4-24 Welding Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC; SELF-SHIELDED 

Weld Position: F !at 
Weld Quality Level: Commercial 
Steel Weldabiiity: Good or fair 
Welded from: One side ‘r “““r 1 /.I” 

/i i 600 
Q % 

Travel 

PlateThickness tin.1 
Paa 

Electrode Class 
Size 

Current (amp) DC(+) 
VOlfS 
ArcSpeed (idminl 

l-1/2 

1 z-14 1 Z-8’ 

E70T.4 E70T-4 E70T-4 E7Ol-4 

3132 3132 118 118 

----s! 
30- 31 36 

7 0 8.5 I ll.O- 13.5 I ll.O- 13.0 I 13.0 - 16.0 

-=O I 350 I 500 I 550 

30-31 31 - 32 35 - 

Electrode Req’d (Ib/ftl 
Total Time (hrlft of weld) 

Electrical Stickout, Z-3/4 in. 

n II= I II co 
T.N I 

-.I- 

0.239 0.114 

- Change to 3-3,4 in. .dCkO”f afrer first pas. 

FLux-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Weld audity Level: Commerci; 
Steel Weldability: Good or fail 

3, 
i x 
$9” ‘Al 3,4r 

4 3oo I-- 30” r- 

i ’ 
A 

Travel 

u 
1 

] I- 
314 - 2” y-y-J L- 

IR* 

) “,_ 
~: 

L 
c( :,:,, 

,,,, 
3/4 l-114 2 

I 1 I 7--R 1, 1-T I R-6 I I-? I ?-A I *-(I 

Electrical Stickout (in.1 l-114 l-l/Z Z-3/4 l-112 Z-314 33/4 

Drag Ang1e.A ldegl 75 75 60 75 60 

* A fill-freeze *ype Exir-G. see intrcd”CfDry notes. 
This joint is similar to s,,ne of the prequalified joints in the AWS Structural Codes. j 

f 

“‘I 



FLUX-O 
Welding Position: Flat 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 
Welded from: Two sides 

PlateThickness (in.) 

Pa% 

Electrode Class 
Size 

Current lamp) DCI’, 
Volts 
ArcSpeed lin./min) 

,’ Electrode Req’d lib/it) 
Total Time I hr/ft of weld) * 

,XJepth,‘A minimum (in.) 
~‘, Width, Wminimum (in.) 

,:Electrical Stickout. Z-3/4 in. 

*,orNging time not included. 

!Iding Position: Flat 
!Id Quality Level: Code 
!&Weldability: Good or fair 
!Jded from: Two sides 

l~procedure qualification test. 

Self-Shielded Flux-Cored Electrode Procedures 6.4-25 

ED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

First arc gouge 

Second arc gouge A 

FLUX-CORED ARC WELDING LSEMIAUTOMATIC) SELF-SHIELDED 

/~~ 

Fob 

neThickness (in.1 112 I 314 
5s’ 1 1 2-4 1 1 [ 2-4 

?ctrode Classt E70T-G E70T-G 
Size ! 3132 ! 3132 

~rrent (amp1 DC(-) 225 325 225 425 
IItS 23-24 ) 23-24 23 -24 1 26-27 
‘c Speed (in.lmin) 7.6-8.4 1 16-18 5.7 - 6.3 1 12.5 - 13.5 

Ectrode R&d (Ib/ftl 0.58 I .02 
ltal Time lhrlft of weld) 0.0602 0.0793 
%trical Stickout l-114 l-114 
!pfh. d (in.) l/4 3/a 

Layers ere split when bead face width exceeds 314 in. 
A fast-follow type E7OT-C with penetration capabilities. See introductory notes. 

1.51 3.35 6.38 
0.0635 0.141 0.268 

l-I/Z l-112 I-112 

l/2 l/2 112 



6.426 Welding Carbon and Low-Alloy Steel 
I 

FLUX-Ct9RED AF(C WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 

Welded from: One side 

Electrode Req’d llblft) 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 
Weld Quality Level: Commercia 
Steel Weldability: Good 
Welded from: One side 

PlateThickness (in.1 
PaSS 

Electrode Class 
Size 

Current lamp1 DC(+) 
Volts 
ArcSpeed lin.lmin) 

Electrode Req’d ilblft) 
Total Time (hr/ft of weld) 

Electrical Stickout, 2-3/4+x 

/i /’ 600 
Q+ h 

Tr.Net Q 1 
2 

Poor bead 
placement 

Good bead 
placement 



Self-Shielded Flux-Cored Elecwode Procedures 6.4-27 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 
Welded from: One side 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Travel 

3132 electrode 

* With tight fi~p use 30.32 v or 7,32 in. E7018 stick electrode for the first pars. 

** An alternete fo changing electrode size is to run the final pass with 3,16 E7018 stick electrode. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFSHIELDING 

Welding Position: Horizontal 
Weld Quality Level: Commercial 

Steel Weldabilitv: Good or fair 

Plate Thickness (in.1 
P.%S 

Electrode Class 
Size 

Current (amp) DC(+) 

Volts 
ArcSpeed (in./min) 

Electrode Req’d ( Ib/ft) 
Total Time (hrlft of weld) 

Depth, D (in.) 

Electrical Stickout. 2-314 in. 

POOr Good 
bead placement bead 
placement placement 



6:4-28 Welding Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDING 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 
Welded from: Two sides 

Plate Thickness (in.) 
P%S 

Electrode Class 

Current Idmp) DC{+1 

Electrode Req’d (Ib/ftl 

Electrical Stickout. Z-3/4-in 
- 

First pass should be back-gouged or ground. “sing 5/32 E7018 for the first pass reducer the amount of gouging rewired. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 

Weld Quality Level: Code 
Steel Weldability: Good or fair 
Welded from: Two sides 

Where Code Quality is indi- 
cated normal practice requires 
a procedure qualification. test. 

Plate Thickness (in.1 
Pass 

Electrode Class 
Size 

Current (amp1 LXX-1 
x 

Arc Speed (in.lmin) 

$i: 

5.0 5.5 

Electrode Req’d (Iblft)* 
Total Time (hrlft of weld)’ 
Electrical Stickout. 718 in. 

0.53 0.88 1.83 

I I 0.150 I 0.203 I 0.375 

* Doer not include electrode or time to gouge and weld the back weld. 
Back weld may be made by stick electrode or ~e,,,iauto,,,atic we,ding. 



FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

w Ieiding Position: Horizontal 

w Ield Quality Level: Code 

B teel Weldability: Good or fair 

\n lelded from: Two sides 

L 

ceted normal practice requires 
a procedureqd&lification test. 

C 
\ 
I 

E 
1 

; f 

Does not include electrode or time to gouge and weld the back weld. 
Back weld may be made by stick electrode ~rremia"t~mati~ welding. 

I,, 

,i ,~ 

Self-Shielded Flux-Cored Electrode Procedures 6.4-29 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFSHIELDED 

Nel 
Nel 
jte, 
(v-3 

ding Position: Vertical 
d Quality Level: Commercial 

81 Weldability: Good or fair 
lded from: One side 

Plate Thickness (in.) 
Pass 

Electrode Classt 
Size 

Current (amp) DC(-) 
Volts 
ArcSpeed (in.lminl 

Electrode Req’d (Ib/ftl 
Total Time Ihr/ft of weld) 

Electrical Stickout, 114 to 314 il 

min min 

318 112 3/4 1 
1 I 2 1 I 2 I 3 1 I 2-4 1 1 2-6 

E7OTG E70TG E7OTG E70T-G 
1116 1116 l/16 l/16 

170 170 180 180 
19-20 I 19-20 I 19-20 I 13-20 

1.8-5.3 ( 1.8-2.0 14.8-5.3 12.3-2.5 11.8-2.0 14.0-4.4 1 1.9-2.1* 14.0-4.4 11.9-2.1 

0.736 1.11 1.94 2.41 
0.145 I 0.227 I 0.348 I 0.548 

’ Average speed for all passes after first. 

+ A fart-freeze type E7OT-G. See introductory notes, 



Welding Position: Vertical up 
Yeld Quaiitv Level: Commercial 
keel Weldability: Good or fair 
Velded from: One side 

‘late Thickness (in.) 

ilectrade Class 

Size 

:urrent (amp) DC 
Jolts 
1rc Speed (in./min) 

ilectrode R&d (lblftl’ 
ratal Time (hrift of weld)’ 

Electrical Stickout. 112.1 in. 

Welding Position: Vertical 
Weld Quality Level: Code 
Steel Weldability: Good or fair 
Welded from: One side 

ted normal practice requires a 
procedure qualification test. 

Plate Thickness (in.) 
Pass 

Stick electrode pass Stick electrode pass Stick electrode passes Stick electrode passes 

* Add Stick electrode to IemiaUfOmafiC passes. 

f A fart-freeze fwe E70T-G. See infrodu~tor~ notes. 

FLUX-CORED ARD WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Electrode Class 
Size 

Current (amp) DC(-) 
Volts 

ArcSpeed (in.lmin)* 

Electrode Fieq’d (Iblft) 
Total Time (hr/ft of weld) 

Electrical Stickout. 718 in. 

! h 

318 112 314 1 
l-2 l-3 l-5 l-8 

E60T-7 E60T-7 E60T-7 E60T.7 
5164 5164 5164 5164 

175 175 175 175 

18 - 19 18 - 19 18 - 19 18-19 

2.8 - 3.1 2.8 - 3.1 2.8 - 3.1 2.8 - 3.1 

0.64 1.07 2.21 3.74 

0.155 0.259 0.531 0.900 

’ For first pew only. Subsequent full weave paws are sbwer. 



FL1 FL1 

Welding Position: Vertical up Welding Position: Vertical up 
Weld Quality Level: Commercia Weld Quality Level: Commercia 

Steel Weldability: Good or far Steel Weldability: Good or fair 
Welded from: Two sides 

Current (amp) DC(-) 

CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

: Welded from: Two sides 

:-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Plate Thickness (in.1 
Pass* 

Electrode Classt 
Size 

Current (amp) 

Volts 
Arc Speed (in.lminl 

t 1 I-#,L 
1 1 Z&5 1 3 ( 48~6 1 1 Z&4 1 3 1 5-10 

E70TG 
- I,^ 

E70T-G 

l/16 I, ID 

155 170 155 170 
18.5 - 19.4 19-20 18.5 - 19.5 19-20 

3.3 - 3.6 3.0- 3.3 1 5.0 -5.5 1 2.4 - 2.7 3.0 - 3.3 2.8-3.1 1 4.6-5.1 1 2.0-2.2 

Electrode Req’d (Iblft) 
Total Time (hr/ft of weld) 
Depth, d (in.1 

Electrical Stickout, 3/4 in. 

1 .84 I 3.94 

0.380 0.809 

318 I 5/a 

- Layers are split when previous bead face width exceeds 6t8 in. 
t A fast-freeze type E70T-G. See i”trOd”ctory notes. 



FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Overhead 
Weld Quality Level: Commercial 
Steel WeldabiliN: Good or fair 
Welded from: two sides 

PlateThickness (in.1 

PaSS 

Electrode Class 

Current bmpl DC(-) 
Volts 
Arc Speed lin.lminl 

Electrode Req’d (lb/f:) 
Total Time lhrlft of weld) 
Electrical Stickout (in.1 

Angle, A (degl 
Depth. d (in.) 

’ A fast-freeze type E70T-G, 
+ A fart-follow type E70T-G with good penetration capability. 

See introductory notes. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

. n A^_. s _^^_  ̂ * ..^^ C7A7 e C^  ̂ : _._^...^.^ _.. _^_^  ̂m ,a1.-Ir.d.zLs ,I#,” L,“,.“_.zSC “‘L’YYY*.Y,y I,“,T~. 

+ Arc speeds are average for all passes after the first. Normally speeds decrease on subsequent passes, 
Use split Iwars wnen bead face width exceeds 314 in. 



Self-Shielded Flux-Cored Electrode Procedures 6.4-33 

Welding Position: Overhead 

Steel Weldability: Good or fair 

-1 
a procedure qualification test. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Electrode Class 
Size 

Electrical Stickout. 718 in. ! 

3/8 l/2 314 
l-2 l-3 l-5 

E60T-7 E60T-7 E60T-7 
5/64 5164 5164 

160 160 160 
18 - 19 18~19 18 - 19 

2.5 - 2.8 2.5 - 2.8 2.5 - 2.8 

0.64 1.07 2.21 
0.173 0.289 0.578 

:~~,, 

,,,, 1 

,,:, 

,‘,,,,’ * For the first pass only. Subsequent pa*se* are *lower. 
The roof pass may be made with stick electrode. See Section 6.2 procedures. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Flat 
Weld Quality Level: Strength only 
Steel Weldabilitv: Good 

A 
*/ ,Oi ) 

Travel 

PlateThicknea (in.1 
PC3SS 

Electrode Class 

Current lamp) DC,+) 
Volts 

ArcSpeed ,in./min) 

Electrode R&d (lb/f:) 

Total Time ,hr/ft of weld) 

Electrical Stickout, l-l/4 in. 

0.105,12ga) 0.135 ,iOga) 3/16 
1 1 1 

E70T-3 E7OT-3 E70T-3 
3132 3/32 3/32 

450 500 500 
27 - 29 28 - 30 28 - 30 
go-100 65 - 75 50-w 

0.0342 0.0535 0.0961 
0.00211 0.00286 0.00364 

,: 

:, 



6.4-34 Welding Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

WeldingPosition: Flatand horizonta 
Weld Quaiity Level: Commercial 
Steel Weldabilitv: Good or fair 

Weld Sire. L (in.1 

Plate Thickness (in.1 
Pass 

I I 
1 

I 3il6 I 3/16+ I l/4 

0.105 (12gal 1 0.135 (lOgal 3116 l/4 5/16 

I 1 1 1 ! 1 ! 1 ! 1 

Electrode Class E70T-G* E70T-G’ E70T-Gt E70TGt E70T-Gt 

Size 5164 5164 3/32 3132 3132 

Current lamp1 3C( j 235 260 315 325 350 

Volts 19 - 20 20 - 21 23-24 24-25 25-26 

ArcSpeed (in./minl 25-28 23-25 20-22 17-19 15-17 

Electrode Req’d (Ib/ft) 0.053 0.070 0.11 0.13 0.17 

Total Time (hrlfr of weld1 0.00755 0.00833 0.00953 0.0111 0.0125 

“’ Electrical Stickout Iin. 

* A fart-freeze type E,OT-G. 

I 3/4 314 l-114 l-114 l-1/4 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFISHIELDED 

Y&ding Position: Flat 
Yeld Quality Levai: Commercial 
steel Weldability: Good or fair 114 - 112” 

f-- 

l/4 - 518” 

A 

? 

4 

v 

4 
i 6oo 

Q.+ 
9, 

TMVel 

field Size, I. (in.) I 114 (-) I l/4 I 5116 3/8 112 

PlateThickness (in.) 114 5/16 316 I l/2 I 5/8 

Pass I 1 I 1 I 1 1 I’ 

1:~ 

Electrode Class 

Size 

Current lamp1 DC(+) 

Volts 
Arc Speed (in.lmin) 

Electrode Req’d (Iblft) 
Total Time lhr/ft of weld) 

E70T-4 E7OT.4 E70T-4 E70T-4 E70T-4 

3/32 3/32 3/32 3132 3132 

360 375 375 375 375 

29 - 30 30 31 - 30 31 - 30 31 - 30 31 - 

21 - 23 IS-20 13-15 IO-II 5.2 - 5.8 

0.17 0.21 0.28 0.39 0.67 

0.00909 0.0105 0.0143 0.0190 0.0364 

Electrical Stickout, 2-3/4 in. 

* For better penetration u*e two PBSLBS. Overall speed i6 the 5mle. 



FLUX-CORED ARC WELDING ISEMIAUTOMATIC) SELF-SHIELDED 

Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

Electrode Class E7OT-4 E7OT4 E7OT-4 

118 I 118 I l/8 

3/4 
1 

1,3&4 2 

E7OT-4 E70T-4 
118 l/8 

580 580 
37 - 38 37 - 38 
26-28 17 - 19 

1.47 
0.0333 

FLUX-CORED ARC WELDING FLUX-CORED ARC WELDING (SEMIAUTOMATIC1 ‘SELF-SHIELDED 

Weld Size, L Iin. 3/16 1 3/16l+) ( 114 1 5116 I 3,s I l/7 
PlateThickness (in.1 114 5116 3/8 l/2 5/a 314 
PaSS 1 ! 1 ! 1 I 1 ! 1 I 1-2 

Electrode Claa’t E7Ol=G E70T-G E7OTG E70T-G E70TG E70T-G 
Size 7164 7164 7164 7164 7164 7164 

Current (amp) DC(-) 450 500 500 525 525 525 
Volts 27-28 28-29 28-29 29 - 30 29-m 29 - 30 
Arc Speed lin./min) 32 - 35 26-29 22-24 18-20 13-14 15-17 

Electrode Req’d (Ib,ft) 0.12 0.17 0.21 0.27 0.38 0.64 
Total Time (hrlft of weld) 0.00597 0.00727 0.00870 0.0105 0.0148 0.0250 

ElecbicalSrickout, l-112 in. 

* Classified “Co”,“,ercial” because the fillet5 are sma,er than required by “,ost coder. The welds have strength in excess Of reWire"WntS 
if an E,OT-G electrode is used which has penetration capabilities. 

+ A fast-fOllOwt"Pe Ei'OT-G wiih ~nefrafion capabi,it”.See introductory notes. 



6.436 ‘Welding C&bon and Low-Alloy Steel 

FLux-CORED ARC WELDING (SEkdtAuT0~~Tlc) SELF-SHIELDED 

Welding Position: Horizontal 
Weld Quality Level: Strength only 
Steel Weldability: Good or fair 

Electrode Clan E70T-3 E70T-3 E7OT.3 
3132 ! 3132 I 3/32 

450 500 500 

27-29 I Z-30 I 28-30 

85-95 55-65 30 - 34 

0.0370 0.0627 0.118 
0.00222 0.00333 0.00625 

45 50 55 

,,, FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 

:~:~, Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

WeldSize, L (in.1 
Plate Thickness (in.) 
PaSS 

I 
Electrode Clan 

Size 



FLUX-CORED ARCWELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Weldins Position: Horizontal 
Weld Quality Level: Commercia 
Steel Weldability: Good or fair 

Weld Size, L (in.) 
Plate Thickness (in.1 
Pass 

Electrode Class 
Size 

Current (ampI DCI+l 
,VORS 
ArcSpeed (in.lmin) 

Electrode Req’d (Ib/ftl 
:Total Time (hr/ff of weld1 

:Electrical Stickout, 2-314 in. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 
Weld Quality Level: Commercial* 
Steel Weldability: Good or fair 

& 
_f 114 - 5/a- -l- 

3 

1 2 

I-- 
3/4” & L 

Weld Size L (in.) 3/16 3/16 (+I 114 5116 318 l/2 
Plate Thickness (in.1 114 5/16 318 l/2 5/s 314 
P%S 1 1 1 1 1 3 

- Classified “Commercial” because the fillets are smaller fhan required by most coder. The welds have strength in excess of 
req”irer”ents if a” EXIT-G electrode is used which has ,,e”efration za~abilitisr. 

+ A fast-fo,low type E-IOT-G with penetration capability. See i”trod”ctor” notes. 



~FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFSHIELDED 

waldino Positinn: Vertiral down 
Weld Quality Level: Commercial 

Steel Weldability: ~Good or fair 

I I 
, 

I 3116 3/16+ 
I 0.105 (12 aal I 0.135 fl0.d I B/l6 I l/d 

Weld Size, L (in.) 
PlateThicknealin.) 

Pas 

Electrode Class‘ 

Size 

1 
-. ~~~~~ .~~“.. _, ._ ., ~. 

I 1 1 1 

E70T-G E70T-G E7OT.G E70T-G 

I 5164 5164 3/32 3/32 
Current lamp) DC(-) 235 260 

300 
I 

WAS 19-20 20-21 -* ^^ 

Arc Speed (in.lmin) 30-33 26-29 -- -_ -- -. 

Electrode Req’d (Ib/ftl 0.045 0.061 0.082 I 0.10 

Total Time (hrlft of weld) 0.00635 0.00727 0.00755 0.f 

Electrical Stickout, 314 in. 

* A fart-freeze wpe E70T-G. 

See introductory notes. 

FLUX- cc IRED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Vertical up 
Weld Quality Level: Commercial 
Steel Weldability: Good 

Weld Size, L (in.1 
Plate Thickness (in.) 
Pass 

Electrode Class* 

Size 

Current lamp) IX-I 
Volts 
Arc Speed (in.lmin) 

Electrode Req’d (Ib/ft) 
Total Time (hr/ft of weld) 

Electrical Stickout, 1 in., f 114 in. 

l/4(+1 15/16(-I 1 5116 1 3/S 1 7/16 1 112 1 5/S 
114 1 5116 ( 

I 3/4 
318 1 l/2 1 9116 5/8 314 1 

1 ) 1 

/ I 

1 1 1 1 1 1 1 1 1 1 I 2 I 1 1 2 

s A fast-freeze type E70T-G. See introoucrory rimes.. 



FLUX-C 

elding Position: Vertical Up 
eld Quality Level: Code 
eel Weldability: Good or fair 

cated nprmal practnce reqwres 

leld Size, L (in.1 

lateThickness (in.1 

lectrode Class 
Size 

:urrent (amp1 DCI-) 
rolts 
UC Speed lin./min) 

ilectrode Req’d Ilb/ftl 
-otal Time (hrlft of weld) 
ilectrical Sticknut 7111 in. 

ED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

b 
n 
\ 

80 - 85“ 

elding Position: Overhead 
eld Quality Level: Code 
eel Weldability: Good or fair 

:ated normal practtce requ!res 
I procedure qualification test. 

leld Size, L (in.) 
late Thickness (in.) 
ass 

lectrade Class 
Size 

wrent (amp) 
‘Ok5 
trc Speed (in.lminl 

:lectrode Req’d (Ib/ftl 
‘otal Time (hrlft of weld) 

lectricai Stickout, 718 in. 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

I- 

l/4(-) 114 5116 3/8 
114 5/16 318 II2 

1 1 1 l-2 

E60T-7 E60T-7 E60T-7 E60T-7 
5164 5164 5/64 5164 

150 160 175 175 
18 - 19 18 - 19 18 - 19 18 - 19 

4.0 - 4.4 3.4 - 3.8 2.4 - 2.7 3.5 - 3.9 

0.16 0.21 0.32 0.45 
0.0476 0.0555 0.0784 0.108 



6.4-40 
. 

Weldmg Carbon and Low-Alloy Steel 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC1 SELF-SHIELDED 

iteel Weldability: Good 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELFSHIELDED 

1 Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

Id Size, L (in.) 
1 rlateThickness (in.) 

ArcSpeed (in.lminl 

* A fast-freeze type E70T-G. Sea introductory notes. 
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Self-Shielded Flux-Cored Electrode Procedures 6.4-4 I 

FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Welding Position: Horizontal 
Weld Quality Level: Commercial 
Steel Weldability: Good or fair 

A-- 
3116 - l/2” 

t Travel 

Weid Size, L (in.) 3/16 I 114 t-1 114 (+) 5116 I 3/8 
Plate Thickness (in.) 3/16 l/4 I 5116 3/a 112 

PFISS 1 1 1 1 1 1 L-1 

Electrode Class* E70T-G E7OTG E70T-G E70T-G E7OTG 
Sire 1 7164 1 7164 1 7164 ! J/64 ! 7164 

Current (amp) DC(-) 350 400 425 450 475 
Volts 25 - 26 26-27 27-28 28-29 29-30 
Arc Speed (in./min) 21 -23 20-22 19-21 15-17 II- 12 

,: Electrode Ub/ftJ Req’d 0.13 0.16 0.19 0.26 0.39 
Total Time fhr/ft of weld) 0.00909 0.06952 0.0100 0.0125 0.0174 

I,~, Electrical Stickout. l-112 in. 

* A fart-follow type E’IOT-G. 
,,~ ,, 
>,:,; See introductorv notes.. 
;,,:i, <~,,, ii:: : 
:; :, FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

.I: 
: Welding Position: Horizontal 
,_: Weld Quality Level: Commercial 

Steel Weldability: Good 
:, 

- 

-,-A Travel 

Weld Size, L (in.) 1 3/16 / l/4 I VI6 318 (-4 I 112 f-1 
PlateThickness (in.1 1 3/16 1 l/4 I !jll6 I 318 l/2 
PC3SS 1 1 1 1 1 1 1 1 

Electrical Stickout. 2.314 in. 



FLUX-CORED ARC WELDING (SEMIAUTOMATIC) SELF-SHIELDED 

Weld Quality Level:Strengthonly 
Steel Weldability: Good 

Self-shielded flux-cored electrode welding a structural assembly for a concrete batch-mixing plant. 



,~, 

6.5-I 

Welding Carbon and low-Alloy Steels with 
the I;as-Shielded Flurr4ored ~Electrode P,rocess 

As noted in Section 5.4, gas-shielded flux-cored 
‘,’ ‘arc welding has similarities both to self-shielded 

flux-cored welding and to gas metal-arc welding. It 
,,‘, differs from the former in that a separately applied 
;,, gas, usually carbon dioxide, acts as the shield, and it 
,;:;, differs from MIG welding in that the electrode is 

tubular instead of a solid wire. The tubular electrode 
luxing and deoxidizing substances for mild 
d, in addition, may contain alloying 

r low-alloy steels. 

such as l-1/2 Mn-l/2 MO, 1 Cr-l/2 MO, 2-l/4 Cr-1 
MO, 1% Ni, and the Q-and-T steels. 

Electrode sizes generally range from 0.045-in. to 
l/Sin., with 5/32-in. and larger diameters available 
on special order. Electrodes 3/32-in. and larger are 
usually limited to downhand welding; electrodes 
5/64-in. and smaller may be used to weld out-of- 
position by operating at the low end of the 
welding-current range. 

es are specified in AWS A5.20-69. Table 
Section 6.4) gives chemical requirements of 
posited metal, Table 6-25 lists test require- 

Table 6-26 gives mechanical property 
of the deposited weld metal. 

AWS specification covers only mild-steel 
es, and there is no specification for low- 

ctrodes. However, electrodes are avail- 
ugh not classified, for the low-alloy steels 

Typical mechanical properties of mild-steel and 
low-alloy steel weld deposits are shown in Table 
6-29. Typical current ranges are listed in Table 6-30. 

Figure 6-81 shows deposition rates for typical 
current ranges for various diameters of Ei’OTl elec- 
trode with COz shielding. Deposition efficiencies of 
gas-shielded flux-cored electrodes generally range 
from 85 to 90%. 

The shielding gas is usually CO1 (dew point 
should be at least -45OF), and, for most applica- 

TABLE 6-29. Typical Mechanical Properties of Weld Metal 
Deposited with CO2 -Shielded Flux-Cored Electrodes 



TABLE 6-30. Typical Currant Ranges 
for C02Shielded Flux-Cored Electrodes 

Electrode 
Diameter 

(in.) 

l/l 6.5164 

3132 

7164. l/8 

Cl#r&?Ilt 
Range 
(amp) 

150 to 450 

300 to 550 

400 to 650 

tions, the gas flow is 25 to 45 cfh. Higher flow rates 
may be necessary when welding in drafts. Mixtures 
of argon with oxygen and argon with CO, reduce 
spatter and penetration and are sometimes preferred 
for welding thin material. 

Wire-feeding equipment is essentially the same 
for the cored electrode as for solid electrode. How- 
ever, since the diameter of cored wire is larger than a 
solid electrode for a comparable application, the 

feeding equipment must be able to feed larger wire. 
Power sources are the constant-voltage type -the 
same as used with self-shielded flux-cored welding. 

WELDING VARIABLES 

The appearance and quality of welds are 
affected by such variables as arc voltage, travel rate, 
electrode angle, electrical stickout, nozzle-to-work 
distance, gas-flow rate and drafts or winds. 

Arc Voltage: If the arc voltage is too high, the 
bead tends to widen in an irregular manner, pith 
excessive spatter. Too low arc voltage results in a 
narrow, high bead with excessive spatter and 
reduced penetration. 

Travel Rate: As with other mechanized 
processes, travel rate affects the build-up of molten 
metal and penetration into the base material. Slow 
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Fig. 6-81. Deposition rate versus current - for various diameters of E70T-1 electrode with CO2 shielding 



Fig. 682. Correct gun positions for gas-shielded flux-cored arc welding. 

travel increases penetration, but excessively slow 
ead to excessive build-up of molten 
eatin, of the weld area, and a rough- 

ead. loo high travel rates may result in 
ate penetration and a ropy, irregular bead. 
ates between 12 and 30 inches per minute 

e satisfactory results. 
de Angle: Figure 6-82 shows the correct 

n positions when welding with gas-shielded flux- 
red electrodes. With a butt weld, the electrode 
uld be perpendicular to the sides of the joint and 
ted from 2 to 150 in the direction of travel. The 

g angle results in a ‘Qgging” gas shield, with 
of the gas flowing back over the newly 

ted weld metal. With a fillet weld, the elec- 
is dropped off center of the joint approxi- 

half the diameter of the electrode, as shown 
$;? ,,@ Fig. 6-82, and a leading angle of 2 to 150 used. 

,,, :’ Electrical Stickout: Varying the electrical stick- 
~’ ‘,out - as with self-shielded flux-cored welding and 

submerged-arc welding - offers a method of con- 
trolling deposition rate and penetration. At a given 
rate of wire feed, a short stickout results in deeper 
penetration than a long stickout. With gas-shielded 
flux-cored electrodes, an electrical stickout of 3/4 to 
l-l/4-in. is usually recommended, depending on the 
type of nozzle. If the stickout is excessive, spatter 
occurs, and arc shielding is lost. With increased stick- 
out, the wire feed rate should be increased - which 
gives an increased deposition rate. 

Distance to Nozzle: The distance of the nozzle 
to the work, as well as the electrical stickout, influ- 
ences the performance (Fig. 6-83). The recom- 
mended nozzle-to-work distance is 3/4 to 1 in., 
which, with concentric-type nozzles, will give an 
electrical stickout of about 1 to l-1/4 in. If the 
nozzle-to-work distance is too short, spatter may 
rapidly build up on the nozzle and contact tube. 

Contact tip 

f 
Work 

f 

Fig. 6-83. The nozzleto-work distance influences performance 
characteristics when welding with flux-cored electrodes. 

With side-shielded nozzles, electrical stickout is 
normally set at 3/4 to l-1/4 in. 

Gas Flow: The gas flow will depend on the 
diameter of the nozzle, distance of nozzle from the 
work, and air movements in the welding region. 
Inadequate flow will result in poor shielding of the 
arc and molten metal, leading to weld porosity. 
Excessive gas flow can cause turbulence at the arc, 
resulting in porosity and irregular beads. Most weld- 
ing with gas-shielded flux-cored electrodes is done 
with the gas flow in the range of 35 to 45 cubic feet 
per hour. When welding in moving air or when the 
stickout is longer than normal, flow rates up to 55 
cubic feet per hour may be required. To maintain 
desired flow rates, it is necessary to keep the nozzle 
opening free from adhering spatter. 

The following are typical procedures for welding 
carbon and low-alloy steel. 



Typical Procedures for Semiautomatic Gas-Shielded Flux-Cored Arc Welding 
With AWS E70T-1 Electrode and CO2 Gas 

5/8 3/16 3 7164 525 32 14 0.0428 r3007 

1 3116 6 7164 525 32 14 0.0855 

- 

5/S 118 3 7164 525 32 16 0.0374 I- 300 5 

1 l/8 6 7164 525 32 14 0.0855 

1 0 6 7164 525 32 31 0.0385 

2 0 20 7164 525 32 26 0.154 

1 0 : 4 7164 500 32 17 0.0471 

2 0 12 J/64 500 32 13 0.185 
-II-R 
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1 l/8 18 5/64 350 28 18 
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Typical Procedures for Semiautomatic Gas-Shielded Flux-Cored Arc Welding 
With AWS E70T-1 Electrode and CO2 Gas 

3/16 0 1 5164 

) 112 1 0 1 3 1 7164 

I I I I 

* Vertical 
Adapted from AVIS Handbook. section 38 

112 0 3 7164 

* Vertical 

Adapted from AVIS Handbook. section 38 

ClUrellt 
DC+ 

lamp) 

140 

180 

180 

180 

180 

180 2 5 0.627 

180 

350 

450 

VERTICAL ELECTRO-GAS WELDING 

Figure 6-84 illustrates a specialized application 
of the gas-shielded flux-cored process - automatic 
vertical electro-gas welding. With it, plates l/2 to 3 
in. in thicknesses may be welded together in the 
vertical position. The edges of the vertical plate are 
butted with a gap of about 3/4 in. and water-cooled 
copper shoes are used on each side of the vertical 
joint to bridge the gap and prevent weld metal from 

AWage TOtal 
Arc Time 

Speed Ihdftl Joint 
VOltS (h/mini of wekl ,Design 

22 8 0.0500 l 
R 

22 8 0.0750 ,rn 

LWJ 

l 

22 
I E 

I 0.100 

22 5 0.356 ’ ’ 
L.6002 

l 

22 8 0.149 

21 5 0.0834 

flowing from the joint as it is deposited. The wire- 
feed mechanism, controls, and copper shoes move 
vertically during operation on a vertical track. The 
entire operation is automated, and once the setup 
has been made a continuous weld up to 40-ft. long 
can be run without further adjustment. 

A special flux-cored electrode, with CO2 gas, is 
used. Its flux produces a thin 1;yer of slag between 
the weld metal and copper shoes, without accumu- 
lating excessive slag above the weld puddle. The 
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n~onmetallic materials in the core are proportion- 
ately less than in conventional gas-shielded and 
self-shielded flux-cored electrodes. 

Fig. 6-84. The electro-gas vertical butt-welding pmcess - a special 
application of gas~shielded flux-cored arc welding. 

The electro-gas process operates on direct cur- 
rent, with the electrode negative. With plate greater 
than 3/4-inl thick, ostiillation of ,the electrode across 
the,width of the joint is required. : 

This is accbmplished by, mounting the head on 
an oscillating carriage. The welding power source is 
constant-voltage, rated at 750 amp., 100% duty 
cycle. 

Square, V-groove, and U-groove butt welds may 
be made by the electro-gas process. The equipment 
is relatively expensive, and only those having need 
for repetitively butt-joining plate use this automated 
variation of gas-shielded flux-cored welding. 



AWS specification AWS A5.18-69, Mild Steel 
,,‘Electrodes for Gas Metal-Arc Welding, classes elec- 
trodes on the bases of chemical composition of the 

:,wire’ (Table 4-18) and mechanical properties of the 
: deposited weld metal (Tables 4-16 and 4-17). This 
,’ ,s.pecification also gives recommendations for use of 
‘,,, the electrode. 

,’ The AWS specification covers only mild-steel 
requirements of the 

t fall strictly within the 
The alloy additions to 

roup B are for deoxidization and 
mprovement and not for upgrading the 

eral, electrodeswith lower amounts of 
are intended for welding killed steels 

-oxygen gas, but they can be used with 
and CO2 gas if quality requirements of 
tal in regard to porosity are not critical. 
des with higher amounts of deoxidizers 

ty welds on semikilled and rimmed 
as on killed steels. Electrodes (not 
spe&&,ion) are also available for 

h-strength low-alloy steels and 
hed-and-tempered steels. 

Welding Carbbn and Low-Alloy Steels 
with the Gas Metal-Arc Process 

,::WELDING v~iwuus ,~, 
,, ‘, Metal-Transfer Modes: As noted in Section 5.4, 

gas metal-arc welding may be accomplished by two 

distinct modes of metal transfer - spray or short- 
circuiting. 

Spray transfer is characterized by very fine drop- 
lets of metal being transferred in the arc and a high 
current density on the electrode. The shielding gas is 
argon or a mixture of argon and oxygen, and no 
short circuits occur in the arc.. 

Short-circuiting transfer occurs with low current 
density and low voltage. The arc short-circuits up to 
200 times per second, and the metal is transferred 
during the short circuit. This technique is used on 
thin sheets (l/S to l/32-in. thick) and is especially 
applicable to vertical and overhead welding where 
the fitup is poor. 

A variation of these two modes is the globular 
type of transfer that occurs when the current den- 
sity is lower than that required for spray transfer or 
when CO2 or mixtures of argon and CO* are used 
for shielding. In globular transfer, metal droplets are 
much larger in size, irregular in shape, and short 
circuits occur at irregular intervals. Globular transfer 
has limited use in vertical welding of large fillets. 

Porosity: In order to avoid porosity, the proper 
electrode must be used. (For further information 
about electrodes, see the appendix of AWS A5.18 or 
consult the supplier.) Other ways to minimize por- 
osity in welding carbon steel are: 

1. Avoid excessive current densities. Change to 
a larger wire or lower the current. 

16 

8 

Welding Current, DCRP Welding Current, DCRP 
Welding Current, DCRP 

Fig. 6.85. Deposi~tion rates of 3/32, 1116. and 3164.in. E70S2 electrodes with won-5% oxygen shielding gas. 
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2. Check the welding speed with recommended 
welding procedures. Too high a speed 
sometimes causes porosity. 

3. Maintain a flow of shielding gas of 40 to 60 
cfh when argon with 5% oxygen is used with 
spray transfer, and 10 to 15 cfh with short- 
circuiting transfer. 

4. Keep the electrode centered in the gas flow 
from the gun. 

5. When welding from both sides of the plate, 
be sure the first pass on the second side 
penetrates well into the weld on the first 
side. Back-chip if necessary. 

Deposition Rates: Weld-metal deposition rates 
for three different wire sizes are indicated in Fig. 
6-85. These rates are for a triple-deoxidized wire 
(E70S2) used with a mixture of argon with 5% 
oxygen and spray-type transfer. Figure 6-86 shows 
similar information for E70S-2 wire used with a 
mixture of argon and 25% CO* and a short-cir- 
cuiting-type transfer. These figures, along with the 
procedures, can be used for estimating the amount 
of wire required and welding costs. 

Equipment: The wire-feeding equipment for 
solid electrode is essentially the same as that used 
for flux-cored electrode. The electrode is fed at a 
constant speed, and the current (DCRP) is supplied 
by a constant-voltage power source. The current is 
adjusted by changing the electrode feed, and the 
voltage is adjusted at the power source. 

Conventional constant-voltage power sources are 
discussed in Section 4.2. More sophisticated power 
sources have been developed especially for gas 
metal-arc welding. These have adjustable slope 
control and adjustable inductance control. When a 
short circuit occurs in short-circuiting-type transfer, 
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Welding Current, DCRP 
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Courtesy Linde Diuision; Onion Carbide Carp 

Fig. 6-87. Slope and voltage ranges typical of power supplies that givt 
control over slope, voltage, and inductance. 

the slope determines the maximum short-circuil 
current, and the inductance determines the rate al 
which the current rises to the maximum. The proper 
combination of slope and inductance provides the 
optimum welding conditions for gas metal-arc weld, 
ing. Figure 6-87 illustrates the slope and voltage 
ranges that are typical with such po.wer supplies. 

JOINT DESIGN 

Plate l/S-in. thick and thinner (down tc 
.035-in.) may be butt-welded with square edges, i: 
an opening of zero to l/16 in. is used. The short 
circuiting technique should be used for wider open 
ings. Short circuiting bridges relatively wide gap: 
and eliminates excessive penetration. 

Plate thicknesses of 3/16-m may be welded witi 
square edges with a l/16 to 3/32-m. opening. Twc 
passes are usually necessary - one from each side. P 
bead overlap greater than the original root spacing ii 
desired to prevent centerline porosity and cold laps 

2.5 I I 475 

0.020” electrode 

0.5 Y5 

20 40 60 80 
Welding Current, DCRP 

Fig. 6-86. Deposition rale of 0.030 and 0.020.in. E70S2 electrodes with argon-25% COT shielding gas. short-circuiting-type transfer 



Maximum overlap is attainable if the backhand 
technique is used on the second side. 

For the best quality welds, some bevel should be 
provided. A 600 single or double-V joint is recom- 
mended. A root opening of zero to l/16-in. should 
be maintained. Double-V welds can tolerate wider 
openings than single-V welds. In single-V grooves, a 
sealing pass from the reverse side will generally be 
required unless the fitup is uniform. 

Plates l/4-in. thick and thicker generally require 
single or double-V grooves with 60° included angles. 
It is generally advantageous to employ a double V. 
Less metal is needed to fill the joint and less 
distortion results when welding from alternate sides. 

For both types of joints, zero root face is recom- 

i:,’ : 

‘,~‘, 

mended. This assures overlap of the root passes. A 
root face should not be considered unless an open- 
ing larger than normal can be maintained to insure 
penetration. Uniform penetration is obtainable in 
joints having no root face if the opening is held less 
than 3/32-in. 

Poor fitup and root overlap should be avoided. 
Where variations in spacing greater than l/16 in. are 
encountered, copper backup strips will prevent 
excessive penetration. 

U grooves should be employed on plate thicker 
than 1 in. They require considerably less weld metal. 
Root spacings should be maintained between l/32 
and 3132 in. Root face should be kept below 3132 
in. to assure adequate penetration. 

PROCEDURES FOR GAS METAL-ARC WELDING CARBON-STEEL BUTTS 
BY SPRAY TRANSFER 

Gas Flow 40-50 cfh 
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PROCEDURES FOR GAS METAL-ARC WELDING CARBON-STEEL BUTTS 
BY SHORT-CIRCUITING TRANSFER 

I Gas - Argon with 
25% CO? 

Gas Flow IO-15 cfh 

Electrode Size 0.030 in 
$ , +:0.035-0.12V 

Plate Thickness (in.) 0.035 0.047 0.063 0.078 0.100 0.125 

Current DCAP 55 65 85 105 110 130 

WireSpeed lipmt 117 140 170 226 235 300 

voltage 16 17 17 18 18 19 

Arc Speed (ipm) 13 16 15 16 15 IG I f .- I .- I .- 

Total Time (hr/ft of weld) 0.0154 0.0133 0.0133 0.0133 0.0133 0.0125 

PROCEDURES FOR GAS METAL-ARC WELDING OF CARBON-STEEL FILLETS 

Gas - Argon with 5% 02 

Gas Flow 40 - 50 cfh 

ElectrodeSize 3/32 in. 

[ Weld Size, (in.1 

BY SPRAY TRANSFE 

J4-7 
-c 1/4~3/Y 

r 
5116 - 1” 

t 

l/4 I 5/16 1 314 3/8 I 

5/16 112 1 314 

1 1 4 1 

400 450 450 475 

a7 100 100 110 

27 28 28 30 

16 12 7 9 

0.0125 0.0167 0.114 0.0222 



Welding ,Carbon and Low-Alloy Steels 
w,itb the ,~Gas, ,Tyngsten-A,rc hocess 

t ,Cas tungsten-arc welding is not widely used in 
mass production for welding carbon and low-alloy 
steel. Some applications, however, require the 
unique characteristics of the process and, in those 
applications, the process is the most economical 
method of welding. Porosity can be a problem but, 
if this can be resolved, the process is good for thin 
sheets and the first pass on multiple-pass butts 
welded from one side. 
Jj 

$!~ TABLE 6-31. AWS 5.12-69 Chemical Requirements !*;I,, g(: ,,,, ,, ‘, for Tungsten Electrodes 

::. ‘Mi”irn”rn. by difference. 
‘:? ~Chemical analysis may be made by any method agreed upon by 
:,” swplier and wrchaser. If there is a dis,,ute regarding thoria con- 

tend. the procedure described in Specification ,388. ASTM 
,, Standards, Parf 8, shall be “red. 
+ Total a‘ other elements, maximum. 

TABLE 6-32. Typical Current Ranges 
for Tungsten Electrodes 

(DCSP, Argon Shielding Gas) 

I CUlre”t I Electrode 

Killed steel is fully deoxidized during the refin- 
ing process and little difficulty from porosity is 
experienced in welding this material with the gas 
tungsten-arc process. Rimmed steel is not fully 
deoxidized and can be a cause of porosity unless 
filler metal of the proper composition is added. A 
filler rod containing deoxidizers similar to Class 
E’70S-2 (AWS specification A5.18-69) is satisfactory, 
(see Table 4-18). If filler metal cannot be added, a 
fluxing material can be used to minimize porosity. 

Low-alloy steels such as the chromium- 
molybdenum alloys (ASTM A387 and A335) are 
fully deoxidized and can be welded using a rod with 
a composition similar to the base metal. Alloy losses 
due to welding are negligible. 

One important characteristic of gas tungsten-arc 
welding is its ability to weld thin sheets or the first 
pass in the bottom of a groove with complete pene- 
tration and a uniform, continuous bead on the 
underside. For example, the first bead in the bottom 
of a circumferential pipe joint can be fully pene- 
trated, and a continuous small bead is laid on the 
inside of the pipe. This method has considerable 
advantage over using a backup ring. 

Electrodes used for gas tungsten-arc welding are 
of three types; pure tungsten, thoriated tungsten, 
and zirconium-tungsten. Specifications for tungsten 
electrodes are listed in AWS A5.12-69, and chemical 
requirements are given in Table 6-31. Recommended 
current range for each electrode size ls given in 

TABLE 6-33. Typical Conditions for Butt-Welding Mild 
and Low-Alloy Steels with Gas Tungsten-Arc Process 

current, Suggested Average Argon 
Thickness DCSP Rod Size Welding Speed FlDw 

(in.) (amp) (in.1 (ipml (cfhl 

0.035 100 f/16 12 - 15 8-10 

0.049 100 - 125 1116 12 - 18 8-10 

0.060 loo- 140 l/16 12-18 8- 10 

0.089 140 - 170 3/32 12-18 a-10 
, 0.125 160-200 i/a IO-12 8-100 



Table 6-32. For mild and low-alloy steels, argon is water cooling is necessary for operation at higher ‘,{ 
the preferred shielding gas. Typical welding condi- currents. 
tions for butt joints are given in Table 6-33. For mild and lc. ~alloy steels, DCSP is used, sup- ,‘!i 

Welding torches are available in several sizes. 
Those used up to about 200 amp are air-cooled; 

plied by a variable-voltage-type power source. This ii~ 
equipment is described in Section 4.2. I 

:; 

The lip on a dragline bucket wears thin and musr be repaired. Here the worn areas were cut out and replaced with iie~ plate. The 
patches are being welded iri with a semiautomatic process. 
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As a family, the stainless steels offer a combi- 
nation of mechanical properties, corrosion resist- 
ance, and heat resistance unmatched by other 
commercial metals. Applications range from pots 
and pans and other kitchenware to complex and 
sophisticated aircraft landing-gear members. More 
than 40 wrought compositions of the stainless steels 
are designated by the American Iron and Steel Insti- 
tute, and many other stainless alloys - notably, 
various precipitation-hardening grades - are 

;, marketed under proprietary designations. 
$2 This section discusses the properties and charac- 
&teristics of stainlesssteels, particularly as they affect 
p$:;;;,, 
f& weldability of these metals. It is a prelude to suc- 
T$$& .+ ceeding 
b:;?:,, 

sections, in which the selection of welding 
g&p recesses and electrodes is discussed and other infor- 
%mation on the welding of stainless steels is f+#& 

COMPOSITIONS AND 

~~~~~~:::’ Chromium is the element that makes stainless 
&:steels stainless, or corrosion-resistant. Stainless steels 
!$;~~ are iron-chromium alloys (most have a low-carbon 
;~&content) that contain at least 11% chromium. The 
‘~~,~:::~:ll% level is the content at which effective resistance 
‘:‘,:i ,to atmospheric corrosion begins. Many stainless 
,: alloys contain larger amounts of chromium to fur- 
‘, ther improve corrosion resistance and to itmrease 

resistance to oxidation at high temperatures. 
Addition of elements other than chromium to 

improve various properties has provided a large 
range of available mechanical and physical proper- 
ties. Nickel, for example, in excess of about 6%, 
increases corrosion resistance slightly and greatly 
improves mechanical and fabricating properties. 
Manganese, in conjunction with small amounts of 
nitrogen, is sometimes used as a replacement for 
part of the higher-price nickel. Small amounts of 
molybdenum increase resistance to pitting-type 
corrosion and general resistance to certain corrosive 
media. Molybdenum also improves high-temperature 
strength. Silicon, in larger amounts than used in 
other alloys, increases oxidation resistance at high 
temperatures. Sulfur and selenium impart free- 

Weldability of Stainless Steels 

machining characteristics. Columbium, titanium, 
and tantalum additions stabilize carbides and reduce 
susceptibility to intergranular corrosion. 

AlSl Stainless-Steel Grades 
Initially, stainless steels were named according 

to their chromium and nickel contents. Thus, one of 
the first types developed, which contained i8% 
chromium and 8% nickel, was called 18-8 stainless. 
As more stainless-steel alloys were developed, this 
nomenclature became unwieldy. The American Iron 
and Steel Institute, then, established a numbering 
system to classify the nonproprietary and generally 
accepted alloys in the stainless-steel family. At the 
time of publicat.ion, AISI recognized as standard 
alloys 44 grades of stainless-steel compositions. 

In the AISI system, the chromium stainless 
steels are assigned numbers in the 400 series, and the 
chromium-nickel compositions have 300~series desig- 
nations. The old 18-8 stainless became type 302, 
and a 17%chromium grade became type 430. 

Variations of the standard classifications are 
accommodated in the AISI system by letters follow- 
ing the numbers. For example, low-carbon versions 
of type 304 and 316 are designated as 304L and 
316L. Free-machining variations of standard alloys 
are indicated by the letter F or the symbol for an 
added element, after the number. Examples are 
types 430F and 303Se. 

Some producers identify their stainless grades by 
the old alloy designation; some use the AISI num- 
bers. The AISI-recognized grades are available from 
most producers, but grades that are designated 
simply as 303 or 430 (the same numbers as AISI 
types) do not necessarily have the same compo- 
sitions of the corresponding-number AISI types. The 
reason for this is that some producers have 
developed modifications of certain standard AISI 
compositions to improve a property or the fabri- 
cability of an alloy for a specific application. If such 
a producer has a good market for this modified 
grade, it becomes standard with him. But he still 
may apply the AISI grade number to it, because it is 
very close to the standard composition. Thus, when 
the designer specifies a stainless-steel grade, he 
should either specify by the AISI type or he should 
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302 

sase alloy ‘0’ this 
grO”p: used for 
trim. food-handling 

3 

equipment, airwatt 
cowlhg. antennas, 
Epri”gS, archifeet- 
“‘al !JrOd”CtS, 
cookware. 

3028 

More resistant tr, 
sealing than 302 
because Of si CO”. 
tent; “54 ‘0, fur- 
nace parts. Sfi,, 
liners, heating 
elernenfs. 

347 

Similar to 321, 
except Cb or Ta is 

1 

r 

added to stabilize 
for welded app,ica. 
CmE. 

305 

High-nickel conrent 
to lower work- 

~ 

hardening rate; used 
for spinforming and 
severe dravdi”g 
OW’dO”S. 

SOS 

Higher alloy INi and 
C’, content in- 
creases eo,rOSio” 

_ 

and heat resistance; 
principally used for 
welding fitler metals 
to COnlpensafe ‘0’ 
alloy lo*3 in 
welding. 

304L 

EXt’a-lOW-Ca,bO” 
modification Of 304 

1 

for further rertric- 
tion of carbide 
precipitation during 
VJ~ldi”~. 

304 

Low-carbon rmdi‘i- 
carion of 302 for 
restriction of 
carbide precipita- 
tion during welding; 
“Ied for chemical 
and food-processing 
equipment. 
recording wire. 

T 

Ti content prevents 
Ch’OlTli”“V2~‘bid~ 
preCipifafion during 
welding; for severe 
Corrosive conditionr 
and *ervice from 
800 to 1lmPF; 
uSed for aircraft 
exhaust manifoldr, 
bailer shellr. process 
equipment. 

I 
I 

jl 
H igller nickel- 
chrOmi”m ratio for 
lower work-harden- 
ing rate than 305: 
uSed ‘0’ severe 
cold-heading or 
COid-fO’mi”g 
aDpliCafiO”S. 

I 348 I 385 309s 

same Ni-‘2’ raio as 
384. b”t lower alloy 
content; has nearly 
the same forming 
characterirticr ar 
384. but less resisf- 
ante to CO”OElO”. 

Similar fo 308 
except alloy content 
INi and Crl is 
higher: has eXcellent 
corrosio” and 
Sealing rerista”ce; 
“red in aircraft 
heaters, heat-treat- 
ing equipment. 

Low-carbon InOdifi- 
cation Of 309 for 
improved welda- 
bilky. 

Similar to 347. 
except for a maxi- 
mum limit on Ta; 
uSed ‘0, ““clear- 
energy applications. 

303 

F’ee-lllaChi”i”g 
modiiicatio” bn- 

r-i 

tin* s, Of 302: ‘0’ 
llewy C”tS: used for 
sc,ew machine prod- 
(ICW rhaftl. Y.IYBS. 

314 

Similar to 310. 

1 

except higher SiliCD” 
confent increases 
scaling ,esiEfance at 
high temperatures. 

310 

Similar fO 309, 
excep alloy content 
,Ni and Cr, is 
higher; “sed ‘0, heat 
exchangers. furnace 
parts, comb”sfio” 
chambers. welding 
filler metals. 

310s 

Low-carbon modifi- 
cation Of 310 ‘0, 
imDra”ed welda. 
bilify. 

Free-machining 
Work-hardening rate 

modification Icon- 
increared by lower 

tains Se, Of 302; for 
Cr and Ni confenf 

light CUB and where 
use.3 for high, 

hot-working or 
Ptrengfh high.du.2 

cold-heading may be 
filifY application! 

involved. 
S”Ch 3s rail’ 0ad CB’E. 
trailer b0c lies. air- 
craft SfrUCtUra I 
memherr 

j 

201 

Lovd.nickel equiw 
Iem of 301: Ni par- 
tially replaced by 
bin; has high work. 
hardening rate. 

317 I 
.-ligher corrosion 1 1 
redmnce than 302 
or 304 because Of 

Ii 

LOWcab ” -mii 0.. .._-. f 

MO Co”fenf: has ;t;;,“, f 316. f< 

high creep resist- !d co, 

ance: “red for them- ~f’“C~iO” 
ical. pulp-handling, 
photographic, and 
food equipment. 

II 

Fig. 7-1. The AISI austenitic stainless steels. 

investigate the suitability of the slightly modified because the structure (austenitic, ferritic, or mar- 
grades available from various producers. Most pro- 
ducers supply the alloys to either specification. 

tensitic) indicates the general range of mechanical 
and physical properties, formability, weldability, 

1 

The AISI classifies stainless steels by their and hardenability. 
metallurgical structures. This system is useful Austenitic Stainless Steels: The highest tonnage 

I 
:I 
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Weldability of Stainless Steels 7.1-3 

AISI 
TVP 

201 
202 
301 
302 
3028 

16.0- 18.0 
17.0 - 19.0 
16.0 - 18.0 
17.0 - 19.0 
17.0 - 19.0 

303 
303% 
304 
304L 
305 

0.15 
0.08 
0.03 
0.12 

17.0 - 19.0 
17.0 - 19.0 
18.0 - 20.0 
18.0 - 20.0 
17.0 - 19.0 

308 0.08 19.0-21.0 
309 0.20 22.0 - 24.0 
309s 0.08 22.0 - 24.0 
310 0.25 24.0 - 26.0 
310s 0.08 24.0 - 26.0 

314 0.25 23.0 - 26.0 
316 0.05 16.0 - 18.0 
316L 0.03 16.0 - 18.0 
317 0.08 18.0 - 20.0 
321 0.08 17.0 - 19.0 

347 
348 

0.08 
0.08 

17.0- 19.0 
17.0 - 19.0 

TABLE 7-1. Typical Compositions of Austenitic Stainless Steels 

Comwsition* (%I I 

Nickel 

3.5 - 5.5 
4.0 - 6.0 
6.0 - 8.0 

Othert 

0.25 N, 5.5 - 7.5 Mn. 0.060 P 
0.25 N, 7.5 - 10.0 Mn, 0.060 P 

8.0 - 10.0 
8.0 - 10.0 2.0 - 3.0 Si 

8.0 - 10.0 0.20 P, 0.15 S (mid, 0.60 MO (opt) 
8.0 - 10.0 0.20 P, 0.06 S. 0.15 Se lminl 
8.0 - 12.0 
8.0 - 12.0 

10.0 - 13.0 - 

10.0 - 12.0 - 

12.0 - 15.0 

19.0 - 22.0 1.5Si 

19.0 - 22.0 1.5--3.OSi 
10.0 - 14.0 2.0 - 3.0 MO 
10.0 - 14.0 2.0 - 3.0 MO 
ll.O- 15.0 3.0 - 4.0 MO 

9.0 - 12.0 Ti (5 x %C mid 

9.0 - 13.0 Cb + Ta I10 Y %C mid 
9.0 - 13.0 Cb + Ta (10 x %C min but 0.10 Ta mad, 

0.20 co 

g;j;;: ; 
#& and 0.030% s. Balance is Fe. 
&!>,, ,~ 
& 
gbjjj:of weldable stainless steels produced are of the 
&&enitic grades. These are the chromium-nickel 
‘unreels of the AISI 200 and 300 series in which 
&$omium usually exceeds 17% and nickel, with a 
$@vv exceptions, exceeds 7% (Table 7-l). The princi- 
!?pal characteristic of this group is the retention of an ‘,“~ i: 
::‘::;austenitic structure during cooling from elevated 
“,’ temperatures. The basic grade - type 302 - con- 

‘tams 18% chromium and 8% nickel. More or less of 
these elements, as well as other alloying additions, 
have been used to create various alloys in this family 
for specific end-use or fabrication requirements (Fig. 
7-l). In the 200~series alloys, manganese and 
nitrogen are substituted for part of the nickel. 

The austenitic types generally have high duc- 
tility, low yield strength, and high ultimate strength 
- characteristics that make them suitable for form- 
ing and deep-drawing operations. These steels can be 
work-hardened to high levels, although not as high 
as can be obtained by heat treating the hardenable 
types of the 400 series. In the annealed condition, 
austenitic grades are nonmagnetic and, depending on 
composition, they may become slightly magnetic 
when cold-worked. They have excellent properties 
at cryogenic temperatures and have higher strengths 
at 1000°F than the 400series grades. Typical 
room-temperature mechanical properties of aus- 

tenitic steels in the annealed condition are listed in 
Table 7-2. 

Austenitic stainless steels have the highest cor- 
rosion resistance of all the stainless steels, partic- 
ularly when they have been annealed to dissolve the 
chromium carbides, then quenched to retain the 
carbon in solution. 

Ferritic Stainless Steels: These are the nonhar- 
denable grades of the AISI 400 series that contain 
from about 14 to 27% chromium and no nickel 
(Table 7-3). These steels are characterized by a 
chromium-to-carbon balance that suppresses 
development of austenite at high temperatures. 
Since little or no austenite is present, these grades 
do not transform to martensite upon cooling, but 
remain ferritic throughout their normal operating 
temperature range. For all practical purposes, they 
are nonhardenable. Typical properties of the ferritic 
steels are listed in Table 7-4. 

Principal applications of the ferritic types are 
automotive and appliance trim, chemical processing 
equipment, and products requiring resistance to 
corrosion and scaling at elevated temperatures, 
rather than high strength. They are magnetic in all 
conditions. Figure 7-2 shows how the ferritic stain- 
less steels relate to the basic alloy, type 430, of this 
group. 
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AISI 
Type 

201 
202 
301 
302 
3028 

Tensile Yield 
Strength Strength, 0.2% 
(1000 psi) 11000 psi) 

115 55 
105 55 
110 40 

90 40 
95 40 

304 84 42 
304L 81 39 
305 a5 38 
308 85 35 
309 90 45 

310 95 45 
314 100 50 
316 84 42 
316L 81 42 
317 90 40 

321 
347 

90 
95 

35 
40 

TABLE 7-2. Typical Properties* of Austenitic Stainless Steels 

Room Temperature lannealedl I 
Max 

Temn I 

Elongation, 
2 in. 
(%I 

55 
55 
60 
50 
55 

55 
55 
50 
50 
45 

45 
40 
50 
50 

Hardness 
Rockwell I3 

90 
90 
85 
85 
85 

80 
79 
80 
80 
85 

85 
85 
79 
79 

.~ 

Continuous 

1550 
1550 
1650 
1650 
1750 

1650 
1650 
1650 
1700 
1950 

2050 

1650 
1650 

45 85 1700 

45 80 1650 
45 85 1650 

- 
SW 

:?FI 
‘vice 
in Air 

Intermittent 

1450 
1460 
1500 
1500 
1600 

1550 
1550 

1550 
1850 - 
1900 

1550 
1550 
1600 

1550 
1550 

TABLE: 7-3. Typical Compositions of Ferritic Stainless Steels 

AISI 
TYPe 

405 

Carbon Chromium 

0.08 11.5 - 14.5 

Composition* I%1 

Manganese Othert 

1.0 0.1 - 0.3 Al 

430 0.12 14.0 - 18.0 1.0 - 

43oF 0.12 14.0 - 18.0 1.25 0.060 P, 0.15 S (min). 0.60 MO (opt) 

430FSe 0.12 14.0 - 18.0 1.25 0.060 P. 0.060 S, 0.15 Se IminI 

442 0.20 18.0 - 23.0 1.0 - 

446 0.20 23.0 - 27.0 1.5 0.25 N 

* singte “ahe denote maXim”m percenfage ““kSO OfherWiSe noted. 

+ Unless otherwise noted. other elements of all alloys listed include maximum ~onfenfs of 1.0% Si. 
0.040% P. and 0~030% s. Balance is Fe. 

TABLE 7-4. Typical Properties* of Ferritic Stainless Steels 

Max Service 
Room Temperature (annealed) Temp ioF) in Air 

Tensile Yield Elongation 
AISI Strength Strength, 0.2% 2 in. Hardness 
Type (1000 psi) 11000 psi) (%) Rockwell 8 Continuous Intermittent 

405 70 40 30 ’ 81 1400 1450 

430 75 45 30 83 1550 1650 

43OF. 
430FSe 80 55 25 87 1500 1600 

442 80 45 20 90 1800 1900 

446 80 50 25 86 1950 2050 

* Mechanical wcwerty v.I”.s are for bar nmteriak. Properties of rheet, strip, or plate may vary from these values slightly. 
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It 
430se 

Free-machining 
modification Of 430 

1 

,co”fai”s se,: fat 
light C”t* and where 
hot-working or 
cold-heading may be 
involved. 

I 
405 

Addition Of Al 
improves welda- 
bility of this other- 
wise marfe”Sitie 
alloy. making it 
“unhardenable: use.3 
where air-hardening 
types ,410 or 403 
are objectionable. 

429 

Slightly less C”rom- 
ium conrent 
inlproves welda- 
bilif”. For use in 
chemical proceo*i”g 
- such as equip 
“lent ‘or handling 
nitric acid. 

-c-----i !--r---l 
Mol”bde”“m addi- tion imparfi excel- Addition of coIum- lent resistance $0 bium impro"es winter road-CO"& ‘arming character- tioning and d"*- istics; "red ‘or more laying compo""ds. H di‘fiC"lf forming Of Used in a"tOmofi"e aufomofi~e trim. 

trim. 

-I 
Fig. 7-2. The AISI ferriric stainless sreels, 

content imPrOw* Free-machining 
nwdificafion of 410 

has high mechanical ,cO”tai”s se,; far 
properties; used far light CUE and where 

hot-working 0, 
cold-heading is 

blader and hand 

Fig. 7-3. The AISI martensitic stainless steels. 

Martensitic Stainless Steels: These steels, also in 
the AISI 400 series, are the iron-chromium alloys 
capable of being heat-treated to a wide range of 
hardness and strength leve!s. Chromium and carbon 
contents are balanced so that the high-temperature 
austenitic phase transforms to the hard martensitic 
phase during cooling. Hardnesses to about Rockwell 
C 62 and tensile strengths to about 285,000 psi can 
be developed. These grades are magnetic in all 
conditions. 

I 

442 

High chromi”m con- 
tent ‘or increased 
corrosio” and 
scaling resistance: 
“red ‘or furnace 
parts, “OLAes. corn- 
Lustian ~harnbers. 

I 
Highest ca*on con- 
rent CO.95 t” 1.20%) 
Of the Stainless 
steels; “red ‘or ba,,s. 
bearings. races 

446 

Higher chromium 
content than ‘I42 
increaSeS CorrOSio” 

7 
an.3 m,ing resist- 
ance at high temper- 
atures; used especi- 
alI” ‘0, intermiffenf 
service, often in 
S”l‘“r-beari”g 
amosmere. 

I 4408 I 
Slightly lower car- 
bon content fixa" 
44OC improves 
fo”gh”es: wed ‘or 

u 

fine cutlery. YdW 
PartE. 

440.4 

Slightly lower car- 
ha” content than 
4408 ‘or greater 
to”ghnes; can have 
higher hardnes than 
420; good cOrrOSio” 
resistance; “Se.3 ‘or 
cutlery, YalVe parts. 

Martensitic grades are used to resist abrasion in 
steam and gas-turbine components and for such 
applications as cutlery and b’earings. They are not as 
corrosion-resistant as the austenitic and ferritic 
types. They have fair cold-forming characteristics 
and can be welded, but usually require annealing to 
prevent cracking, followed by hardening to develop 
maximum strength and corrosion resistance. 

The annealed metal suffers a depletion of 
chromium throughout the structure, which allows 
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t 
1 

TABLE 7-5. Typical Compositions of Martensitic Stainless Steels 

Carbon 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 (mid 

0.20 

0.60 - 0.75 

0.75 - 0.95 

0.95 - 1.20 

Composition* I%) 

Chromium 

11.5- 13.0 0.5 Si 

Other 

11.5 - 13.5 

11.5 - 13.5 

12.0- 14.0 

12.0 - 14.0 

12.0 - 14.0 

15.0 - 17.0 

16.0 - 18.0 

16.0 - 18.0 

16.0 - 18.0 

- 

1.25 - 2.5 Ni 

1.25 Mn.0.15S Imin),O.O60P, 0.60 MO (opt) 

1.25 Mn, 0.060 P, 0.15 Se (mid 

- 

1.25 - 2.5 Ni 

0.75 MO 

0.75 MO 

j 

* Single Y.I”BS denote rmXirn”rn percentage ““I.355 otherwise noted. 

+ Unless otherwise noted, other elements of ali alloys listed include maximum contents of 1.0% Mn. 
1.0% si, 0.040% P. and 0.030% s. Balance is Fe 

the steel to corrode as though it contained a much 
lower chromium content. Heating to the hardening 
temperature dissolves the .chromium carbides, and 
rapid quenching prevents their recombining with the 
carbon. 

Eleven grades of martensitic stainless steels are 
classified by the AISI, as shown in Fig. 7-3. Base 
alloy for the group is type 410. Compositions of 
these alloys are listed in Table 7-5, and room- 
temperature mechanical properties are given in 
Table 7-6. 

WELDING THE AiS1 STAINLESS STEELS 
Weldability of stainless steels takes into account 

not only the usual mechanical propertics, but also 
the chemical characteristics that affect corrosion 
resistance. Thus, the choice of welding processes is 
limited because of possible reactions of chromium 
with carbon and oxygen at welding temperatures. 
Despite the availability of automatic and semi- 
automatic equipment, more welding of stainless 
steels is done by manual shielded-arc methods than 
any other process. Electrodes for welding stainless 
steels are available in a wide variety of alloys. 

Austenitic Grades 
Most weldable of the AISI stainless steels are the 

z~stenitic grades, but even these alloys have limita- 
tions that require careful attention during proces- 
sing. Austenitic steels have a high coefficient of 
thermal expansion - over 50% higher than that of 
carbon steel or of the 400-series alloys - which 
demands maximum care to minimize distortion and 

warping of welded parts. Some of these alloys are 
susceptible to the formation of sigma phase when 
exposed to certain high temperature ranges, which 
can cause cracking and corrosion under certain con- 
ditions. Welding can cause carbide precipitation in 
some stainless grades, which decreases the corrosion 
resistance in some chemical media. 

Ferrite and Sigma Phase 
A characteristic of austenitic grades of stainless 

steels is their susceptibility to hot-short cracking 
after being welded - sometimes called microfissur- 
ing. This problem is corrected by using electrodes 
that deposit weld metal containing a small amount 
of ferrite. Thus, recommended electrodes for many 
s,tandard austenitic grades may deposit weld metal 
that contains 3 to 10% ferrite even though the same 
grade base metal contains no ferrite...Since ferrite is 
magnetic, it is easily det,ected in an otherwise 
nonmagnetic weldment. 

Ferrite content in a weld deposit can be esti- 
mated by calculating equivalent chromium and 
nickel contents of the composition and using the 
Schaeffler diagram, shown in Fig. 7-4. 

Sigma phase is a crystallographic constituent 
that forms slowly at high temperatures in high- 
chromium (20% or more) ferrites in the ferritic 
portions of unbalanced austenitic alloys and some- 
times in austenite itself. Sigma phase increases hard- 
ness, but it decreases ductility, notch-toughness, and 
corrosion resistance of stainless steels. 

Because of its slow development (in the range of 
approximately 1000 to 16000F) sigma phase is 
primarily a service problem where long exposures at 
high temperatures are involved. It does not normally 



TABLE 7-6. Typical Properties* of Martehitic Stainless Steels 

* Mechanical pmperfy “.!“.I are frN bar material.. Properties Of sheet. **rip. or plate may vary from th*Ee “.I”BS rlighfly 
T ROCkWd, B ““le.* mtlerwi*e noted. 

Chromium Equivalent = % Cr + % MO + 1.5 x % Si + 0.5 x % Cb 

Fig. 7-4. Schaeffler d&gram for estimating ferrite content of stainless-steel weld deposits. 



i:,:I:,.,~,?;:,,::~~:::,,,,,,,,: :,,I,, ,, ,, ,,,, ,,, ,~, ,,, ,~ ‘,,~ 

7.1-8 Welding Stainless Steel 

develop during welding or even during heat treating. 
The phase can be redissolved by heating to above 
1650OF for a relatively short time. 

Carbide Precipitation 
Although mechanically satisfactory welds can be 

made on the chromium-nickel (austenitic) stainless 
steels, heating these materials sometimes promotes 
intergranular corrosion. When the austenitic steels 
are heated in the range of 800 to 1400OF (the sensi- 
tizing temperature range), or cooled slowly through 
that range, carbon is precipitated from solid solution 
(mainly at grain boundaries) and unites with 
chromium to form chromium-rich carbides. These 
chromium carbides may contain as much as 90% 
chromium, taken from the metal immediately 
adjacent LO the grain boundary: The chromium con- 
tent of the adjacent metal is thus reduced, and 
corrosion resistance is seriously impaired. This 
phenomenon is termed “carbide precipitation,” and 
the type of corrosion it promotes is known as 
“intergranular corrosion.” Stainless steels having 
chromium contents to about 18% are most 
susceptible to carbide precipitation. 

The thermal conditions that produce carbide 
precipitation can occur during welding - particu- 
larly in multiple-pass welding, welding of heavy 
beads, or when two beads cross. 

Thermal Treatments: Various methods are used 
to reduce or prevent carbide precipitation in austeni- 
tic stainless steels. One is to heat the weldment to 
the range of 1850 to 2100OF and rapidly cool it 
(by quenching) through the 1400 to 800°F range. 
This thermal treatment redissolves the precipitated 
carbides (puts the carbon back into solution in the 
austenite and restores the chromium at the grain 
boundaries), and the rapid quench prevents precipi- 
tation from recurring. This method has disadvan- 
tages, however. The high-temperature treatment 
may cause distortion in welded assemblies, and large 
welded structures cannot be accommodated in 
heating furnaces. 

Low-Carbon Stainless Steels: Another remedy to 
the carbide-precipitation problem is to use stainless 
steels and electrodes having such a low carbon con- 
tent that no carbides can be precipitated. The 18-8 
austenitic steels retain about 0.02% carbon in solid 
solution under all conditions. With carbon content 
increased to about 0.08%, the amount of carbon 
that can be precipitated increases slowly; above that 
amount, precipitation can occur rapidly (when the 
material is exposed to the sensitizing temperature). 

Extra-low-carbon plate and electrodes cost 

slightly more than the regular grades, but results are 
well worth the cost difference, particularly when 
weldments are to be used in the as-welded condi- 
tion. Carbide precipitation decreases significantly in 
changing, say, from AISI type 304 (0.08% C) to 
304L (0.03% C). Low-carbon welding electrodes are 
also available. 

Use of low-carbon plate and electrodes may 
produce a small amount of carbide precipitation, 
but usually not enough to be harmful. However, 
when the temperature (either during welding or in 
service) and corrosion conditions are severe, stabi- 
lized electrodes and base metal should be used. 

Stabilized Steels 
Steels in which chromium carbide forms readily 

upon heating to the sensitizing temperature range 
(800 to 1400OF) are called unstabilized steels. 
Examples of these are AISI 301, 302, 302l3, 303, 
304, and 308. Since carbide precipitation increases 
with carbon content., grades 304 and 308 are the 
best of the 18-8 steels for welding. Maximum carbon 
content in these two grades is 0.08%; the others 
listed have a maximum limit of 0.15%. 

If types 304 and 308 stainless steels are single- 
pass welded, the time in the 800 to 14000F range is 
so short that very little carbide precipitation can 
take place. Thus, intergranular corrosion is not 
likely to occur in these materials (provided, of 
course, that service temperature of the weldment is 
not in the sensitizing range). 

If the steel is thick enough to require multiple- 
pass welds, or if the finished product will operate 
between 800 and 1400°F (12000F is the most 
critical point in the range), carbide precipitation is 
likely to occur, even in grades 304 and 308. Inter- 
granular corrosion will then follow if the product is 
subjected to a corrosive medium. 

The most common way of preventing inter- 
granular corrosion, especially where critical tempera- 
tures will be reached in service or where environ- 
mental conditions are severe, is to prevent the 
formation of chromium carbides by using stainless 
steels that contain columbium or titanium. These 
elements have a greater affinity for carbon than 
chromium does; thus they form columbium carbide 
or titanium carbide, leaving the chromium in solu- 
tion where it can do its intended job of providing 
corrosion resistance. 

Stainless steels that contain columbium or 
titanium (AISI types 347 and 321) are called “stabi- 
lized” steels since they are not made susceptible to 
intergranular corrosion by heating. They can be used 
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m the 800 to 1400OF range with no effect on cor- 
rosion resistance, and no heat treating is required. 

Welding of stabilized stainless steels should be 
done with stabilized electrodes for best results. 
Since columbium transfers through an arc much 
more effectively than titanium, stabilization of 
electrodes is achieved with columbium additions. 

Ferritic Grades 
These grades have what is metallurgically known 

’ ‘as a ferritic microstructure. They are magnetic and 
,nonhardenable by heat treatment. Typical appli- 

‘, cations include automobile trim and mufflers, 
interior building trim, and industrial equipment 

:, requiring a low-cost, material with good corrosion 
i:: ,resistance built with limited welding. !,?, 

The heat of welding causes embrittlement associ- 
severe grain growth. When ferritic-type 

ainless steel weldments are to be annealed, one 
ould weld with the straight chromium-type 
&odes listed in Table 7-14. 

ensitic Grades 
hese grades have what is metallurgically known 

artensitic microstructure. They are magnetic 
be heat treated to a wide range of mech- 

roperties. Some grades have good strength 
g resistance to about 1100OF. Typical 

ns include razor blades, surgical instru- 
d industrial equipment requiring specific 

or high strength and good corrosion 

fg,‘?%:: ‘,Rapid cooling from welding temperatures pro- 
;i;‘::~duces a hard, brittle zone next to the weld. As hard- 
:i~,ness of the zone increases, the tendency for weld 
1: cracking also increases. To control cracking, particu- 

larly on steel over l/8-in. thick and a carbon content 
above .lO%, preheating is needed. 

When martensitic steel weldments are to be heat 
treated to a specific strength level, they must be 
welded with straight chromium-type electrodes, as 
listed in Table 7-14. 

Electrode Selection without Heat Treating 
Ferritic or martensitic steel weldments to be 

used in the “as-welded” condition should be welded 
with E308, E309, or E310 electrodes. The ductile 
chromium-nickel welds resist cracking from defor- 
mation and impact better than if the weld and heat- 
affected zone were both brittle. However, differ- 
ences in thermal expansion rates, weld and base 
metal color, and other physical properties may 
require selection of a straight chromium-type 
electrode. 

Preheating and Postheating 
Austenitic stainless-steels are best welded with- 

out preheat except to reduce shrinkage stresses on 
thick sections or restrained joints. No preheat, low 
interpass temperature, or a stringer-bead technique 
reduce the time the heat-affected zone is in the 
sensitizing range (800-1400°F), thereby reducing 
the amount of carbide precipitation. Usually no 
postheating is required for the austenitic stainless 
steels except when an anneal is needed to dissolve 
the chromium carbides. 

The martensitic grades can be welded, although 
the weldability is not as good as that of the aus- 
tenitic grades. In the as-welded condition, there is a 
hard martensitic heat-affected zone, and usually a 
preheat is required. A rule of thumb is up to 0.10% 
carbon requires no preheat or postheat. In the 0.10 
to 0.20% carbon range, 500°F preheat is required, 
and the weld should be cooled slowly. Over 0.20% 
and up to 0.50% carbon requires a preheat of 500°F 
and an anneal after welding. If a hardening and tem- 
pering operation follows the welding, this should be 
started immediately after the welding is finished. 
Some reduction in hardness can be had by heating 
to 1200-1400OF and air cooling. For full anneal, 
heat to 1500-1600oF, furnace cool to llOO°F, and 
then air cool. 

The welding quality of the ferritic-type stainless 
steels is the poorest of the AISI types. The welding 
heats a zone in the base metal above a critical 
temperature (1750OF) and causes rapid grain growth 
of the ferrite. This coarse grain zone lacks ductility 
and toughness, and a small amount of martensite 
may be present, which adds hardness. Postheating 
reduces the hardness, but the objectional properties 
due to the coarse grain structure still remain. Any 
preheating is done only to reduce shrinkage stresses 
and avoid cracking on cooling. Do not preheat thin 
sections. Preheat thick sections, l/4-in. or more, 200 
to 400°F, depending on the thickness and the 
amount of restraint. Postheat at 1450OF and fur- 
nace cool to 1100oF; then cool rapidly. 

Free-machining modifications of the above three 
stainless categories tend to lead toward porosity and 
segregation during welding. This can often be 
avoided by proper electrode selection and taking 
precautions to make sure the electrode covering is 
completely dry. 

PRECIPITATION-HARDENING STAINLESS 
STEELS 

The fourth category pf stainless steels - the 



precipitation-hardening grades - offers a combi- 
nation of properties not attainable in other alloys. 
There are stronger steels; there are steels that have 
greater corrosion resistance; and there are steels that 
are easier to ,fabrlcate. But few materials combine all 
of ‘these characteristics as do the precipitation- 
hardening (also called “age-hardening”) stainless 
steels. 

These proprietary steels are used in applications 
requiring high strength (from 125,000 to nearly 
300,000 psi, depending on heat treatment), good 
fracture toughness? resistance to corrosion (corro- 
sion resistance in most environments is about equal 
to that of AISI types 302 and 304), and resistance 
to oxidation at elevated temperatures. They are 
among the most fabricable of the high-strength 
materials. They can be worked by most conven- 
tio,nal methods while in a very low-strength 
condition, then strengthened by a low-temperature 
(900 to 1150OF) heat treatment. 

Precipitation hardening is essentially a method 
of increasing hardness and strength of a metal. 
Although some variations apply to specific grades, 
precipitation hardening is generally accomplished by 
a three-step heat treatment consisting of solution 

AIIOV 

17-7 PH 
PH 15-7 Mo 
AM-350 
AM-355 
PH 148 Mo* 

Stainless W 

17-4 PH 

15-5 PH 

414 Ti 
Almar 363 

PH 13-8 MO’ 

AM-362’ 
Custom 455’ 

A-286 
17-10 P 
HNM 

treatment, rapid cooling, and controlled reheating 
bping). 

The first step (solution heat treating) dissolves 
certain elements or compounds that are normally 
insoluble at room temperature. This mechanism 
might be compared with the ability of hot water to, 
dissolve more salt than can cold water. 

The second step (quenching) cools the metal’;, 
rapidly to retain the solution effect at room temper- ? 
ature. This condition is sometimes called a super- 
saturated solid solution. 

The third step involves reheating of the super- ; 
saturated metal to a relatively low aging temperature 
(about 900°F for some grades) for about an hour. 
This effects a uniform, submicroscopic precipitation 
of the special elements (or compounds) throughout 
the structure. This hardens and strengthens the 
metal. 

The three classes of precipitation-hardenable 
grades of stainless steels are martensitic, austenitic, 
and semiaustenitic. Composition of representative 
materials are listed in Table 7-7, and descriptions 
and typical applications appear in Table 7-8. 

The semiaustenitic grades are basically sheet 
materials, because their austenitic structure (before 

TABLE 7-i. Camposition of Precipitation-Hardening Stainless Steels 

Composition (%I 

C Mll Si t-2 Ni Al MO Other 

Semiaustenitic I 

16.0-18.0 6.5-7.75 0.75-I .50 - - I 

14.0-16.0 6.5-7.75 0.75-I .50 2.0-3.0 

16.0-17.0 4.0-5.0 - 2.5-3.25 0.10 N 

15.0-16.0 4.0-5.0 - 2.5-3.25 0.10 N 
14.0 8.0 1.2 2.3 - I 

Martensitic 

Austenitic 

i 

- 

- 

2.2 
- 
- 

3.0-5.0 Cu. 0.15-0.45 Cb + Ta 

2.5-5.5 Cu. 0.15-0.45 Cb + Ta 

0.75 Ti max 
10 x CTi min 

- 

0.8 Ti 

0.40 Cb + Ta, 1.2 Ti, 2.0 Cu 

0.08 max 1 .cL2.0 0.40-1.00 13.5-16.0 24.0-28.0 0.35 max - 1.0-1.5 Ti. 0.10-0.50 V 
0.10-0.14 0.50-1.00 0.60 max 16.5-17.5 9.75-10.75 - - 0.25-0.30 P 
0.30 3.50 0.50 18.50 9.50 - 0.25 P 

* There are typical compositions. 
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TABLE 7-8. Characteristics and Applications of Precipitation-Hardenable Stainless Steels 

Characteristic* 

Martensitic 

Corrosion resistance is superior to that of regular martensitic stainless; 
is magnetic in both solution-treated and precipitation-hardened conditions; 
doer not require preheating or postannealing~for welding. 

Austenitic 

Superior corrosion resistance to most chromium-nickel stainless grades; 
excellent high-temperature (over 1200°Fl notch toughness; nonmagnetic 
in annealed and precipitation-hardened conditions; weldable in annealed 
condition, but requires exfreme care. 

Semiaustenitic 

Corrosion resistance is superior to regular martensific stainless grades; is 
austenitic in annealed condition, martensitic in hardened condition; 
requires no preheating or postannealing for welding. 

Applications 

Valves, fasteners, gears, rplines, propeller 
shafts, roller-chain pins. 

Jet-engine frames and hardware, fasteners, 
turbine wheelp and blades. 

Airframes, pressure tanks, conveyor chains, 
surgical instruments. 

gj,:,, heat treatment) provides good formability. The 
&martensitic and austenitic types are generally classed 
&as bar and plate materials - used mainly for i;;g;,;,,~ 
a*b,machined parts and weldments. These distinctions #,(;,T; 
&n-e not entirely clearcut, however; all three classes 
@ave been produced in all basic forms. 
;<qj,$y,, 
@emiaustenitic Grades 
& Compositions of the semiaustenitic grades are 
&balanced so that the structure is austenitic in the 
!~~<:solution-treated condition. This ductile structure 
::,,~permits forming by the conventional processes used 
;I, for the 18-8 stainless steels. These steels work- 
,‘:,‘,harden rapidly, however, and intermediate anneals 

may be required for complex forming or deep draw- 
:ing. Following fabrication, the austenite structure is 
transformed to martensite by a thermal treatment. 
Maximum strength is then developed by an aging 
treatment, resulting in precipitation hardening and 
tempering of the martensite. 

Weldability of the semiaustenitic precipitation- 
hardening steels is good; preheating and postheating 
are not required. These steels are readily joined by 
most arc and resistance welding methods. However, 
inert-gas shielding should be used for fusion-welding 
methods to overcome hot shortness in single-pass 
welds and to minimize loss of aluminum in the weld 
metal. 

The heat of welding austenitizes and solution- 
treats (anneals) the area adjacent to the weld. Thus, 
regardless of base-metal condition, the structure of 
both the heat-affected zone and the weld metal is 
austenitic in the as-welded condition. For this 
reason, the semiaustenitic steels can he welded in 
any condition without reheating and without 

requiring control of interpass temperature or cooling 
rate. Strength of fusion welds, made with welding 
rods of similar composition and using recommended 
procedures can be expected to be 90 to 100% of 
base-metal strength. 

Martensitic Grades 
In these alloys, a martensitic structure (untem- 

pered) forms upon cooling from solution-treating 
temperature (1500 to 1900oF, depending on alloy). 
This form is suitable for machining and other fabri- 
cation operations. Subsequent aging (precipitation 
hardening) between 900 and 11500F increases hard- 
ness and strength. Finish-machining operations are 
seldom required after heat treatment. 

Weldability of the martensitic alloys is generally 
excellent. They are not crack-sensitive (carbon con- 
tent is low) or susceptible to the hot cracking associ- 
ated with other copper-bearing stainless steels. Hot 
cracking due to carbon may occur, however, if the 
martensitic steels are welded to carbon or low-alloy 
steels. In such cases, welding methods that minimize 
weld-metal dilution should be used. 

Preheating is not necessary to prevent cracks and 
excessive hardness in the martensitic steels. Heavy 
sections or members of highly restrained joints are 
often heat treated to a tough, overly aged condition, 
however, before welding. 

The superior notch toughness of grades such as 
15-5 PH and PH 13-8 MO make these alloys suitable 
for restrained-joint weldments in any condition. 
However, regardless of the toughness level of the 
steel, notch effects should be eliminated. As with all 
high-strength steels, residual stresses, unfused 
notches, and sharp threads should be avoided. 
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Austenitic Grades 
These grades of precipitation-hardening steels 

retain their austenitic structure at room temperature 
following solution heat treatment and are hardened 
by a precipitation treatment. 

The austenitic grades are the most difficult of 
the three types of precipitation-hardening alloys to 
weld. The most successful welds have been made by 
the gas tungsten-arc method, keeping heat input 
low. The metal should be in the solution-treated 
condition, and multipass welding (light stringer 
beads) is recommended. 

Welding 4-6% Chromium Steels: Steels con- 
taining 4 to 6% chromium are not truly stainless 
though sometimes classified as such. They do have a 
resistance to corrosion of four to ten times that of 
mild steel and a resistance to oxidation from three 
to eight times that of mild steel. They have consider- 
able resistance to oxidation and sulfur corrosion at 
temperatures up to 1100 - 12000F. They are there- 
fore used extensively for hot oil transfer lines and 
other oil refinery equipment operating at elevated 
temperatures, furnace tubes, heat exchangers, valves 
and high temperature steam lines. 

The most noticeable property of the 4-6% Cr. 
~, steels is their intense air hardening which is propor- 

tional to the chromium and carbon contents. This 
affects the weldability as both the weld and heat 
affected zone are apt to be very hard unless pre- 
heating and subsequent annealing or stress relieving 
are used. 

The most commonly used additional alloy is 
moiybdenum (AISI 502), usually in an amount of 
approximately 0.5%. This addition of molybdenum 
does not appreciably affect the physical qualities of 
the steels at room temperatures, and after the differ- 

ent heat treatments, but it does increase to a con- 
siderable degree the strength of these steels at 
elevated temperatures and, according to some tests, 
increases the resistance to certain types of corrosion. 
Molybdenum also increases the creep strength. 

Where comparable properties in weld and plate 
are needed to meet service requirements, the general 
rule is to use an AWS E502-15 or E502-16 electrode 
that will deposit 4-6% chromium of the approximate 
analysis as the plate and to preheat and then anneal 
or stress relieve. The use of AWS E309 or E310 is 
recommended where preheating or postheating 
cannot be used. In this case the heat affected zone 
will be hard and brittle but the joint will withstand 
some impact or bending stress as the weld metal 
deposited by these electrodes will be relatively soft 
and ductile. The hard and brittle weld and fusion 
zone obtained when using the 4-6% chromium elec- 
trode without preheat or annealing will not stand 
bending stresses as well as the combination of the 
hard fusion zone but softer and more ductile weld 
metal as obtained with E309 or E310 electrodes. 

When using either the 4-6% chromium or stain- 
less electrode, DC electrode positive is used. Hold as 
short an arc as possible using the standard stainless 
procedure. E502 electrodes contain molybdenum so 
that they can be used on all types of 4-6% 
chromium steels. 
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The temperature gradient naturally produced at a weld makes an area adjacent to the bead subject to the 
8OO@F to 1500°F sensitizing temperature. Heating in the sensitizing range causes chromium carbides to 
precipitate in the grain boundaries. Precipitation of the carbides reduces the chromium content in the area 
adjacent to the grain boundaries making the steel subject to inter-granular corrosion. 

Control of Carbide 
Precipitation 

The amount of carbide precipita- 
tion is modified by promoting 
rapid cooling. Fortunately. the 
copper chill bars. skip welding 
and other techniques needed to 
control distortion in sheet metal 
help reduce carbide precipitation. 
Annealing the weldment elimi- 
nates carbide precipitation, but 
this is an expensive and Often 
impractical procedure. Therefore. 
when weldments operate in were 
corrosive applications or within 
the sensitizing temperature range, 
either ELC or stabilized grades are 
needed. 



AWS specification A5.4-69, Corrosion-Resisting 
:hromium and Chromium-Nickel Covered Welding 
Iectrodes, classes electrodes on the basis of chem- 
;try, mechanical properties of the weld metal, and 
he type of welding current. Chemical requirements 
If the deposited weld metal are listed in Table 7-9, 
nd mechanical property requirements are listed in 
lable 7-10. 

The system of classification is similar to that 
.sed for other electrode specifications: The letter E 

Welding Stainless Steels with 
the Shielded Metal-Arc Process 

indicates an electrode; the last two digits indicate 
the type of current (-15 is for DC only and -16 is 
for AC or DC); and digits and letters between 
identify the alloy. 

Most stainless-steel electrodes are imprinted near 
the holder end with the classification number. How- 
ever, on the 3/32-in. and smaller sizes, a legible 
imprint is difficult to make. These small electrodes 
are marked with a color code as shown in Table 
7-11. 

,,;,, 

i;;;: AWS c 
Classification 
;J;E308 

‘$$ E 308 L 
y-s, E309 
;:;~E3OSCb 
f,:,‘: E 3OSMo 

,~, E310 
f :: E3lOCb 

E310Mo 
:+E3,2 

‘~-El6-8-2 
E316 
E316L 
E317 
E318 

E320b 

E330 
E347= 

E34Se 
E410 
E430 
E502 
E505 
E7Cr I 

:arbon.= Chromium, Nickel, Molybdenum, 
percent percent perCe”t pWlX”t 

0.08 18.0 to 21.0 9.0t011.0 
0.04 18.0 to 21.0 s.oto 11.0 
0.15 22.0 to 25.0 12.0 to 14.0 
0.12 22.0 to 25.0 12.0 to 14.0 
0.12 22.0 to 25.0 12.0 to 14.0 2 .o to 3.0 
0.20 25.0 to 28.0 20.0 fo 22.5 
0.12 25.0 to 28.0 20.0 to 22.0 
0.12 25.0 to 28.0 20.0 to 22.0 2.0 to 3.0 
0.15 28.0 to 32.0 8.0 to 10.5 
0.10 14.5 to 16.5 7.5 to 9.5 1 .o to 2.0 
0.08 17.0 to 20.0 11.0 to 14.0 2.0 to 2.5 
0.04 17.0 to 20.0 11.oto 14.0 2.0 to 2.5 
0.08 18.0 to 21.0 12.0 to 14.0 3.0 to 4.0 
0.08 17.0 to 20.0 11.0 to 14.0 2.0 to 2.5 

0.07 19.0t021.0 32.0 to 36.0 2.0 to 3.0 

0.25 14.0 fcl 17.0 33.0 fO 37.0 
0.08 18.0 to 21.0 9.0 to 11.0 

0.13 
0.12 
0.10 
O.l@ 
0.10 
0.10 

18.0 to 2’1.0 8.0 m 10.0 
11.0 to 13.5 0.60 
15.0 to 18.0 0.60 

4.0 to 6.0 0.40 
8.0 to 10.5 0.40 
6.0 to 8.0 0.40 

0.35 to 0.65 

1 
0.45 to 0.65 
0.85 to 1.20 
0.45 to 0.65 

TABLE 7-9. Chemical Requirements for Stainless-Steel Weld Metal (AWS A5.4.69) 

1 

1 

Columbium Plus 
‘antalum, percent 

0.70 to 1 .oo 

0.70 to 1 .oo 

6 x C, min. to 
1 .oo max. 

8 x C, min. to 
1 .oo max. 

8 x C, min.d to 
1 .oo max. 

0.75 to 1.2 

Manga- 
nese, 

pWCe”t 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

2.5 

2.5 
2.5 

2.5 
1.0 
1 .o 
1.0 
1.0 
1 .o 

Silicon 
sercent 

0.90 
0.90 
0.90 
0.90 
0.90 
0.75 
0.75 
0.75 
0.90 
0.50 
0.90 
0.90 
0.90 
0.90 

0.60 

0.90 
0.90 

0.90 
0.90 
0.90 
0.90 
0.90 
0.90 

P 
--f 

Phos- 
thorus, 
lWCB”t 

0.04 
0.04 
0.04 
0.04 
0.04 
0.03 
0.03 
6.03 
0.04 
0.03 
0.04 
0.04 
0.04 
0.04 

0.04 

0.04 
0.04 

0.04 
0.04 
0.04 
0.04 
0.04 
0.04 

ikllfur, 
WIX”, 

0.03 
0.03 
II.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 

0.03 

0.03 
0.03 

0.03 
0.03 
0.03 
0.03 
0.03 
0.03 

Note 1. - Analysir shall be made for the elements for Which specific “due5 are show”. If the prerence Of Other ehle”fS is indicated in the 
course of mufine analysis. further analysis shall be made fo determine that the total of these other eiemenf~ Iexcept iron) is not present in 
exces Of 0.70%. 

Note 2. - Single “al”e* show” are rn.3Xinl”rn percentages ““less otherwise Specified. 

a TO the “eareLf 0.01%. 
b Cqmer shall be 3.0 to 4.0%. 
c Chromium. min., shall be 1.9 x Nickel when IO rpecified. 
d Tantalum *hall be 0.10 max. when 50 Specified. 
e Titanium shall be 0.15 max. Thir weld metal *hall also contain 1.25 to 1.75% tungsten. 
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TABLE 7-10. Mechanical Prmertv Reauinments 
for Stainless-Steel Weld Me&l kWS A5.4.69) 

AWS 
Classification 

E308 
E308L 
E309 
E303Cb 
E3OSMo 
E310 
E310Cb 
E310Mo 
E312 
El&8-2 
E316 

Tensile 
Strength, min. 

(1000 psi) 

80 
75 
80 
80 
80 
80 
80 

Elongation in 
2 in. min. (%) 

35 
35 
30 
30 
30 
30 
25 

80 30 
95 22 
80 35 
75 30 

E316L 70 30~ 
E317 80 30 
E318 80 25 
E320 80 30 
E330 75 25 
E347 80 30 
E349 100 25 
E410a 70 20 
E430b 70 20 
E502a 60 20 
E505a 60 20 
E7Cra 60 20 

a specimen Bhdl be heated to between ,550 ;I”d 16OO~F 
and held for 2 hr. furnace-cooled at a rate :10t exceeding 
1OPF per hr to 11OO~F. and air-cooled. 

b specimen shall be heated f.3 between ,400 an.3 145OOF 
and held for’4 hr. f”l”ace-COO,ed at a rate not exceeding 
lOOoF per hi to 1 lOOoF, and air-cooled. 

ing. However, after the container is opened, the 
coating begins to absorb moisture and, depending on 
the ambient air condition, may need to be 
reconditioned after only four hours of exposure. 

Usually, redrying at 500°F for 1 hr restores the 
electrode to its original condition, and storing in a 
holding oven at 300OF’is satisfactory. Due to differ-, 
ences in materials and processing, the supplier ~’ 
should be consulted if large amounts of electrodes 
are involved. 

SELECTING ELECTRODES 

Mechanical properties of stainless-steel weld 
metal usually are not as important as the chemical 
composition (Table 7-12) and the heat treatment. 
There is little difference in mechanical properties or 
chemical composition between the DC (EXXX-15) 
and the AC-DC (EXXX-16) weld deposits made with 
electrodes of the same class. Typical mechanical 
properties of stainless-steel weld metal are given in 
Table 7-13. 

DC electrodes operate on DC only, have good 
penetration, produce fillets with a slightly convex 
profile, and are recommended for: 

l Vertical and overhead welding and all- 
position applications such as pipe. The slag 
has a fast-freexe characteristic. 

All stainless-steel shielded metal-arc electrode l Root passes on heavy plate. The larger 

coverings are of the low-hydrogen type and must be throat section of the convex bead helps 

protected from moisture pickup. Normally, elec- prevent ‘Lxacking. 

trodes packaged in hermetically sealed containers AC-DC elec;irodes are always used on DC when 
can be stored for several months without deteriorat- this type of power is available. The fillet profile is 

TABLE 7-11. Color Identification for Cr and Cr-Ni Steel Electrodes 

Spot 
COlW 

End Color 

DC Only - Group Color: Black 

Gray 

Green . . . 

Red . . . 

YdlDW Mil 16.8.2-15 
oanse ---- 

E347-16 
E316.15 
E317.15 
E318-15 

._.. 

E349.15 

AC and DC -Group Color: Yellow 

E3O?Xb-15 
E?KlSMo-15 

. . . . 
E502-15 
E505-15 
E410-15 
E430-15 

. . . . 
. . . 

NoColor ---- 
BllX .._ 

White . . . . 

Brown . . 

GW3l 
Red . . . . 

Yellow Mil 16.8.2-16 

E308L-16 E330-16 

E316L-16 

E312-16 

E310-16 
E3lOCb-16 
E3lOMo-16 

. . 

E318-16 - - 
_._. 

. . ., . 
E502-16 
E505-16 
E410-16 
E430-16 

. .._ 
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Shielded Metal-Arc Process 7.2-3 

TABLE 7-12. Typical Compositions 
of Stainless-Steel Weld Metal 

TABLE 7-14. Typical Filler Metals for Welding Stainless Steels 

F 

347 0.06 19.9 9.6 0.80 

:‘flat to concave, the weld surface is smoother, and 
$he~ penetration is less than with EXXX-15 (DC 
T:;only) electrodes. The larger amount of slag requires 
‘~,more care to avoid slag inclusions. These electrodes 
,are recommended for horizontal fillets and for all 
,’ flat-position welding. 

Selecting the proper electrode must be done 
with care because of the large number of stainless- 
steel alloys. All AISI stainless alloys are not available 
as electrodes. The titanium in type 321 does not 
transfer efficiently to the weld metal, and free- 
machining types such as 303Se crack readily. 

Table ‘7-14 lists the electrodes commonly used 
with the various types of stainless alloys. When two 
different types are to be joined, Table ‘7-15 can be 
used as a guide. These tables should be used only as 
general guides, however - particularly where service 
conditions are severely corrosive or where high 
temperatures may cause scaling. 

The free-machining grades of stainless steel are 
not recommended for welding because the sulfur, 
selenium, or phosphorus cause severe porosity and 
hot-short, cracking. If these steels must be welded, 

301 

I I 

AS welded or 

E4 

annealed E308 El4308 
I 

$2 I I ___ I 6 
w2B AIwelded E309.E310 ER3W 
303 AIwelded m E31ZE309 ES314 
303Se annealed 

I A$welded 1 E308,E309.E3,0 1 ER3@8,ER309,ER310] 

430 Annealed E430 Et?430 
I A* welded E308.E309.E310 ER308.ER309.ER310 

m*i Arwelded E430 43oTi$. ER‘l30 
431 I Annealedor I 431 s 431s 

hardened 
AI VAdPd E308.E309,E310 ER308.ER303.ER310 

442 hnealed M§ +Q§ 
Al welded Esm.E3w.E310 ER308.ER309.ER310 

44s Annealed 4466 4466 

3 No rtandard Ave. derignafio” BXi.,., alfhough this filler wi,e or e,eEtrode il available 
cml”lsrcial,y. 

Fro” TOO, and Mon”,ae,“ri”p &wineer 

use E312 or E309 electrodes and techniques that 
reduce the admixture of the base metal into the 
weld metal. Grades 416 and 440A, B, and C are also 
not recommended for welding due to severe 
brittleness. 

CONSIDERATIONS IN WELDING 
Cleaning: For high-quality welds, joints must be 

clean and dry. The choice of power brushing, -’ 



TABLE 7-15. Typical Filler Metals for 
Dissimilar Metal Joints in Austenitic Stainless Steel* 

304L Xl8 309 309s 310 310s 

304H.305.304 308 308 308 308 308 308 
309 309 309 309 

I I I 
316 321 347.347H 

~316H 316L 317 321H 348.346H 

308 308 308 308 308 
316 316 316 

317 310 310 I -.. I I 
304L 308 308 366 306 308 308 308L 308 308L 308L 

309 309 309 309 316 316L 316 347 347 
310 31” 317 -.. 

308 308 308 308 308 308 308 308 308 308 
308308 308308 316 316 316 347 

310 310 317 

309 309 309 309 309 309 309 309 309 
316 316 347 347 

Electroder and wewing rods lirted for the same combination Of %ain,es* see15 are no7 in any pretervb order 

*AbPtracfed from NASA welding of Stainless Steels 

:, ,’ degreasing, pickling, grinding, or merely wiping 
” depends upon the kind and amount of dirt, Some 

specific recommendations are: 
1. Remove moisture by heating or by blowing 

with dry air (beware of moisture in the air 
line). Moisture can collect on a weldment 
overnight in high-humidity conditions. 

2. Eliminate organic contaminants such as 
paints, antispatter compounds, grease-pencil 
marks, cutting compounds, adhesive from 
protective paper, and soap used for 
leak-testing. 

3. Flame-beveling and machining may leave 
contaminants or oxide films that must be 
removed. 

4. Avoid zinc contamination from brushes or 
tools that have been used on galvanized 
steel. Use only stainless-steel wire brushes 
that have been used only on stainless steel. 

Joint Design: Accurate fitup and good joint 
preparation are necessary for good weld quality and 
minimum distortion. Joint designs are similar to 
those described for mild steel. For butt welds on 
plate to l/2-in thick, the bevel should be a 60° 
included angle for good penetration and easy slag 
removal. On plate over l/2-in. thick, a double bevel 
is recommended if the welding can be done from 
both sides. For butt welds over l-in. thick that must 
be done from one side, a U-groove is used. 

Welding Techniques: Welding with stainless-steel 
electrodes requires techniques similar to those used 
for mild-steel low-hydrogen electrodes. Use a short 
arc, but keep the coating from touching the puddle. 
Flat beads with good wash-in promote easy slag 
removal in deep grooves. Fill each crater before 
breaking the arc, to avoid crater cracks. Clean the 
slag thoroughly from the finish of the bead before 
starting another electrode, and clean the complete 
weld before starting the next pass. On deep-groove 



3utt joints, the root pass should penetrate only 
enough to fuse to both plates and seal the opening. 
Hilore penetration may cause cracks. 

For vertical and overhead positions never use an 
electrode larger than 5/32-m. The DC electrodes 
[EXXX-15) are preferred, but the AC-DC electrodes 
(EXXX-16) can be used for welding vertical-up 
(using DC). On thick plate, use the triangular weave 
technique, welding vertical-up. On thin plate, use 
small beads, vertical-down. 

TABLE 7-16. Recommended Current Ranges for 
Austenitic Stainless-Steel Electrodes (DCRP) 

EleCtWde 
Size 

3/32 

l/8 

Recommended C 

E3XX-15 Electrodes 

30-70 

45-95 

75 - 130 

95 - 165 

150-225 

Optimum current for 
flat position is about 
10% below maximum: 
optimum for vertical- 
up welding, about 20% 
beiow maximum; opti- 
mum for vertical-down 
welding, about maximum. 

vent lamp1 1 
E3XX-16 Electrodes 

30 - 65 

55-95 

80- 135 

120 - 185 

200 - 275 

optimum current for 
flat position is about 
10% below maximum; 
AC range is about 10% 
higher. 

T:,;i Welding techniques can help r+,rol distortion. 
,Weld with low current consistent with sufficient 
,,penetration to reduce the heat input to the work 
,‘(Table 7-16). Use stringer beads at a higher speed 
,rather than wide beads at a slower speed. If weave 
beads must be made, limit the weave to 2-l/2 times 
the electrode diameter. 

Other means to control distortion are: lb) 
l Use rigid fixtures to hold parts in alignment. 

l Use chill bars near the weld and backing bars 
under the weld. Rapid cooling of austenitic 
stainless steels is beneficial rather than 
harmful. 

l Plan the sequence of welding, using the same 
techniques as with mild steel, such as skip 
welding and back-step welding. 

For preheating and postheating information see 
Section 7-l. 

Joining Stainless and Other Steels: In some 
applications, stainless-steel weld-metal is applied to 
mild steel: for example, lining mild-steel vessels or 
containers with stainless steel. For such applications, Fig. 7-6. Methods of applying a stainless steel surface to mild Steel. 

Shielded Metal-Arc Process 7.2-5 

Fig. 7-5. “Buttering” technique for joining mild steel to stainless steel. 

stainless electrodes with higher alloy content are 
used so the admixture of the mild steel into the 
stainless weld deposit does not form an 
unsatisfactory alloy. 

When stainless-steel is joined to mild~steel, the 
mild steel is “buttered” with stainless steel. This 
technique consists of depositing a layer of stainless 
on the surface of the mild steel, then completing the 
joint with stainless electrode, as illustrated in Fig. 
7-5. The electrode commonly used for buttering is 
E309. This technique is also used for joining hard- 
to-weld or high-carbon steels that cannot be 
preheated. 

E308 electrode is used for joining austenitic 

Joggle lap 



manganese steel to carbon steel or to manganese 
steel. However, for components that must be 
replaced periodically, such as dipper teeth, a 
manganese electrode is recommended because the 
stainless weld is harder to torch cut. 

There are several methods for applying a stain- 
less surface to mild steel. For a small area, over- 
lapping weld beads are used, as illustrated in Fig. 

7-6(a). For larger areas, stainless sheets are plug 
welded to the mild steel (Fig. 7-6(b), or stainles 
strips are attached as shown in Fig. 7-6(c) and (d: 

Power Sources: The open-circuit voltage o 
light-duty transformer welders may not be high 
enough for some brands of EXXX-16 electrodes 
otherwise the same power sources used with stes 
electrodes are satisfactory for stainless electrodes. 

SHIELDED METAL-ARC (MANUAL) 
AlSl 300 Series Stainless Steels 

Weld Quality Level: Code 
Steel Weldability: Good 

--I k-Gap\ copper 

T 
-I C-Gap 

Rate I hckness (in.) 10.050 (18gal) 0.078 114ga) 10.140 IiOd 3/16 1 l/d I WP I 1 II _ -,- IIL 
I ! 

I 
1 I I 1 

I 
I I 2 I 1 1 2-3 I 1 I - - 2-b 

E3XX-I6 E3XX-16 E3XX-16 E3XX-16 E3XX-16 
3132 

E3XX-16 
118 5132 5132 3/16 5132 3116 5132 3116 

60 85 125 125 160 125 160 125 160 
11.5 - 12.5 8.5 - 9.5 6.7 7.3 - 5.7 6.3 7.6 - 8.4 - 5.7 - 6.3 - 5.7 6.3 5.7 6.3 5.7 - - 6.3 

0.038 I “~“8” I nr*n I “?drn _.___ _.._” .T.“T” I n ccc, “.VU” I . ,.* I.“0 
0.0167 1 0.0222 0.0286 

I 

1 0.0583 0.100 
l/32 

0.167 
1132 l/i6 1 3132 3132 3/32 

,,,I? I ‘116 l/I6 i/l6 

Note: AC ~a” be “sed with a 10% i”crease in C”rre”t. EZXX-15 elecfr~de can be used with a 10% decrease in c”,rent. 
See Procedure Notes in Section 6-2. 



SHIELDED METAL-ARC (MANUAL) 

AISI 300 Series Stainless Steels 

Electrode Class 

Welding Position: Flat or 
Horizontal 

Weld Quality Level: Code 
Steel Weldability: Good 

SHIELDED METAL-ARC (MANUAL) 

AISI 300 Series Stainless Steels 

14 and 10 ga only 

L r 5/16” 

2 

1 
-.I. 

3/E” 

-f 

* For Yertical and overhead use same prOced”re* a5 for Vertical and overhead butt welds. 

note: AC can bs USZ~ with a 10% increase in current. ESXX-15 can be used with a 10% decrease in current. 
see Procedure Notes in section 6.2. 



5 ~~y.2-8 ” ” ‘~ Welcjirig StahleSs Steel 

Welding Position: Horizonta 
Weld Quality Level: Code 
Steel Weldability: Good 

SHIELDED METAL-ARC (MANUAL) 

AISI 300 Series Stainless Steels 

LCopper backing, 
14and 1Ogaonly 

SHIELDED METAL-ARC (MANUAL) 

AISI Series 300 Stainless Steels 

T-. 

Plate Thickness (in.) 
PaEI 0.140 I 0.078 I14 gab ( 10 3116 I gab 114 I 318 

I ^ 
I 1 t I 1 

Electrode Class 

I L 

E3XX.16 E3XX-16 E3XX-16 
Size 

E3XX~16 E3XX-16 

3/32 118 5/32 3/16 3116 

Current (amp1 DC(+) 60 85 Arc Speed (in./min) 125 160 160 175 
14 - 16 12.5 - 13.5 10.5 ?1.5 6.2 6.8 6.2 6.8 

Electrode Req’d (Ib/ftj 

- i 5.7 -6.3 

0.028 0.056 Total Time (hrlft of weld) 0.094 0.22 0.45 

0.0133 0.0154 
T (in.) 

0.0182 0.0308 0.0641 
0.04 l/32 3164 l/16 0 

AC can be USed with a 10% increase in cllrrent. mxx-7 5 electrode can be “red Wifh a 10% decreare in currenf, 
See Procedure Note* in Section 6.2. 



7.3- 1 

Welding Stainless Steels with 
the Submerged-Arc Process* 

Submerged-arc is applicable to the welding of 
stainless steels where the higher heat input and 
slower solidification are tolerable. With submerged- 
arc welding the silicon content may be much higher 
than with other processes, a factor that may 
promote hot shortness or fissuring. 

The submerged-arc process i.s not recommended 
where a weld deposit is needed that is fully austeni- 
tic or is controlled to a low ferrite content (below 
4%). However, high-quality welds may be produced 
for applications in which more than 4% ferrite in 
weld deposits is allowable. 

-JOINT DESIGN 

Figure 7-7 shows the type of butt joint designs 
:Ithat can be used for submerged-arc welding. 

Good quality single-pass welds up to 5/16-in. 
ithick can be made using the square groove butt joint 
without root opening and with suitable backing. 
‘Two-pass welds up to 5/S-in. thick are also made 
without root opening. It is essential on two-pass 
welds, however, that the edges be closely butted 
smce weld backing is not used. The advantage of this 

ct3 Pci 
Sq”We-grOO”e Single wgroove 

bdtt joint b”tt joint With root face 

pzJLJ 
Single U-groove ioint 

Fig. 7-7. Butt joint designs for submerged-arc welding. 

joint design is that it requires a minimum of edge 
preparation, yet produces welds of good quality 
having adequate penetration. 

Single-V groove welds with a root face are used 
with nonfusible backing for single-pass butt welds of 
5/16-in. thickness or greater. For most industrial 
apphcations, the maximum thickness is of the order 

Fig. 7-8. A typical double-v weld in Type 304 plate. Pass 1 was made 
at 700 zmp, 33 volts, 16 ipm; pass 2 at 950 amp. 35 volts, 12 ipm. 
The power was DCRP: electrode 3116.in. Type 308: neutral flux. 

of l-1/4 to l-1/2 in. Root face dimensions are l/8 
to 3/16 in. This joint design is also used for two-pass 
welds without backing where plate thickness 
exceeds 5/S in. The first pass is the backing weld 
made in the V of the joint. The work is then turned 
over and the finishing weld is made on the flat side. 
The root face is approximately 3/8 in. for two-pass 
welds. 

The double-v groove butt is the basic joint 
design for submerged-arc welding. A large root face 
is generally used with this design. Figure 7-8 shows a 

Fig. 7-9. Recommended groove dimensions for copper backing bars in 
the submerged-arc welding of stainless steels. 

*MU& of this material is from Joining of Stainless Steels published by 
ASM. 



7.3-2 Welding Stainless Steel, 

lb1 

Id 

Fig. 7-10. (a) Contour of a weld bead in the flat position with the 
work horizontal: (bl welding slightly uphill; lc) welding slightly 
downhill. 

typical double-V groove weld in 1/2-m 304 plate 
and describes the welding sequence. 

A single-U groove butt joint design is also com- 
monly used. A small manually produced backing 
weld is often made from the reverse side of the 
joint. 

WELDING PROCEDURE 

For stainless-steel welding, DC power is mostly 
used on thin sections. Either AC or DC may be used 
on heavier pieces but DC is preferred. Currents used 
are about 80% of those used for carbon steel. 
Single-pass techniques usually result in dilution 
levels of 40 to 60%. This may be decreased by using 
multi-pass welds. 

Weld Backup 
Submerged-arc welding creates a large volume of 

molten metal that remains fluid for appreciable 
time. It is essential that this molten metal be sup 
ported and contained until it has solidified. The two 
most common means of weld backing are nonfusible 
backing and fusible backing. 

Copper backing is the most frequently used non- 
fusible backing in the welding of stainless steel. 

TABLE 7-17. Standard Sizes for Stainless Electrodes 

Electrodes wound on light- 
weight l-112 and 2.l/2-lb 
4% O.D. spools 

0.020,0.025,O.OXl 
0.035,0.045 

Recommended groove dimensions are shown in Fig. 
7-9. 

Witll a fusible metallic backing, the weld pene- 
trates into and fuses with the stainless backing, 
which either temporarily or permanently becomes 
an integral part of the assembly. 

Inclination of Work 
Most submerged-arc welding is done in the flat 

position. This results in the best bead contour and 
ease of operation. Occasionally, welding is done on 
circumferential seams. Figure 7-10 illustrates the 
effect of various inclinations. 

Welding Flux 
Submerged-arc fluxes are available as proprietary 

materials for welding stainless steel. Composition 
materials fall into two categories - fused type and 
bonded type. The fused type is glass-like and is 
produced by melting the ingredients at high tem- 
peratures followed by crushing to granulate the flux. 
The bonded type is produced by mixing the 
ingredients with a suitable binder and baking the 
mixture. 

Alloying elements are frequently added to the 
weld deposit through the flux. These include chrom- 
ium, nickel, molybdenum, and columbium. If alloy 
ing additions to the flux are not made, the flux is 
called “neutral.” The term neutral is only relative, in 
that the alloy content of the weld is still altered. 

Welding Electrodes 
Eighteen standard grades of austenitic stainless 

steel bare welding electrodes are listed in AWS 
Specification A5.9, covering bare electrodes for 
submerged-arc and the gas metal-arc welding 
processes. It also includes chemical composition 
requirements for the filler metal, but does not 
specify mechanical-test or composition requirements 
for deposited metal. 

The composition ranges listed in this specifica- 
tion are broad. Since composition profoundly 
affects weld quality and serviceability, similar varia- 
tions cannot always he tolerated in the deposit. To 
maintain control, the welding technique, alloy 
content of the flux, or other appropriate changes 
should be made for variations in filler-metal compo- 
sition. See Tabie 7-14 for typical electrode types for 
stainless steels. 

Filler-metal specifications are frequently 
reviewed and periodically revised or expanded. 
Information about special grades and new or propri- 
etary alloys are also available for submerged-arc 



Submerged-Arc Process 7.3-3 

Fault 

Burnthlough 

“Pear”-shaped 
fusion zone 

Penetration 
too deep or 
too shallow 

Porosity and 
gas pockets 

Reinforcement 
narrow and 
steep-sided 

, 

TABLE 7-18. Weld Faults and Possible Causes 

Possible cause 

Current too high 
Bevel angle too large 
Root face too small 
Excessive plate 

spacing 

Current too high 
Voltage too low 

Current too high or low 
Voltage too high or low 
Incorrect plate spacing 

Shallow composition 
burden 

Improper cleaning 
Contaminated manual 

weld backing 
Insufficient penetration 

in double welds 
improper fitup in welds 

with manual backing 
Moisture on the plate or 

in the flux 

Composition layer too 
deep 

Too low voltage 
Welding up-hill 

F&elding from producers and suppliers. G&,,; @@$ Table 7-17 lists various stand& electrode sizes f&;>; :, 
$&id the spools and coils available. 

~~~~~~elding Technique 
;,T;;:,,:,,:,‘, : The method used to .start the weld will depend 
=on such factors as the time required for starting rela- 
‘, ,tive to the total setup and welding time, the number 
‘~, of pieces to be welded, and the importance of start- 

ing the weld on a particular place on the workpiece. 
The several methods of starting the weld that are 
comm,only in use include: 

Fuse-Ball Start. A tightly rolled ball of stainless 
steel wool of about 3/S-in. diameter is placed 
between the end of the electrode and the work. The 
tire is “inched” forward to compress the ball. Flux 
is added and the arc flashes through the stainless 
steel wool. This method is the one most frequently 
used. 

Pointed-Wire Start. Cut the end of the wire to a 
point and “inch” the wire until the end just contacts 
the work. Apply flux and start welding. 

FaLlI* 

Reinforcement 
overlapped 

Reinforcement 
rOPeY 

Reinforcement 
too high or 
Km low 

Undercutting 

Voids and 
cracks 

Possible cause 

Current too high 
Speed too slow 
Voltage too low 

Composition layer too 

dw 

Current too high or low 
Voltage too high or low 
Speed too high 
Improper spacing in 

backed welds 
Improper backing 
Workpiece not level 

Speed too high 
Improper wire alignment 

in fillet welding 
Improper backing 

Improper cooling 
Improper fitup 
Concave reinforcement 

in fillet weld 

Scratch Start. In a scratch start, the wire is fed 
toward the work and the carriage travel also is 
started. When the wire touches the work, it will not 
fuse to the workpiece because of the relative motion 
of the carriage. This type of starting is also called a 
“flying start.” 

Retract Starting. The wire is “inched” toward 
the work and covered with flux. When the weld is 
started, the wire retracts momentarily and then 
reverses to feed forward. This method is not recom- 
mended for light-gage stainless steel. 

Once the arc is initiated, it is important to moni- 
tor the various parameters. Welding current is the 
most influential variable. Next in importance is 
welding voltage. Welding-speed changes conform to 
a pattern; if the speed is increased, there is less weld 
reinforcement; if decreased, there is more weld rein- 
forcement. In addition, weld speed can affect depth 
of penetration. 

An index of typical weld faults is given in Table 
7-18. 



7.3-4 Welding Stainless Steel 

Welded napper car. 

Welding a stainless steel hopper car with semiautomatic submerged-arc process 



Stainless steels may be welded by the gas metal- 
arc process, using either spray-arc, short-circuiting, 

: or pulsed-arc transfer. 
Copper backup strips are necessary for welding 

stainless-steel sections up to 1/16-m. thick. Backup 
is also needed when welding l/4-in. and thicker 

:,:,, plate from one side only. 
“, No air must be permitted to reach the underside 
g&of the weld while the weld puddle is solidifying. 
&xygen and nitrogen will weaken molten and cool- 
~~&ing stainless steel. If the jig or fixture members 
&permit an appreciable quantity of air to contact the 
&underside of the weld, argon backup gas should be I*&:~ 

~~~pRAY-ARC TRANSFER 
& J&9,,,., 8teti- ” Electrode diameters as great as 3/32-in., but 
unusually around l/16-in., are used with relatively high 
&currents to create the spray-arc transfer. A current 
f:;:;: of approximately 300-350 amperes is required for a 

Gas-Argon + 1% Oxygen. 
Gas flow 35 cfh. 

Electrode Size 

Current DCRP 
Wire Feed Speed (ipml 

Arc Speed lipm) 
Electrode Required (Iblft) 
Total Timt ,nr/ft r,f weld) 

7.4-l 

Welding Stainless Steels with 
the Gas ,Metal=Arc Process 

l/16-in. electrode, depending on the shielding gas 
and type of stainless wire being used. The degree of 
spatter is dependent upon the composition and flow 
rate of the shielding gas, wire-feed speed, and the 
characteristics of the weiding power supply. DCRP 
is used for most stainless-steel welding. A 1 or 2% 
argon-oxygen mixture is recommended for most 
stainless-steel welding. 

On square butt welds, a backup strip should be 
used to prevent weld-metal dropthrough. When fitup 
is poor or copper backing cannot be used, drop- 
through may be minimized by short-circuiting 
transfer welding the first pass. 

When welding with the semiautomatic gun, fore- 
hand techniques are beneficial. Although the opera- 
tor’s hand is exposed to more radiated heat, better 
visibility is obtained. 

For welding plate l/4-in. and thicker, the gun 
should be moved back and forth in the direction of 
the joint and at the same time moved slightly from 
side to side. On thinner metal, however, only back 

TABLE 7-19. Gas Metal-Arc Welding 6emiautomatic) 
General Welding Conditions for Spray-Arc Transfer 

AISI 200 and 300 Series Stainless Steels 

“a”-l 
% 

vm t + 

i/a l/4 
l/16 l/l6 

1 2 
225 275 
140 175 

19-21 
0.075 

19 - 21 
0.189 
0.020 0.010 

Y6007 

w 114” 
1116" 

318.112” 



7.4-2 ‘Welding Stainless Steel 

and forth motion along the joint is used. Table 7-19 
summarizes the welding procedures normally used 
for the spray-arc welding of stainless steel. 

The more economical short-circuiting transfer 
process for thinner material should be ,employed in 
the overhead and horizontal position for, at least, 
the root and first passes. Although some operators 
use a short digging spray arc to control the puddle, 
the weld is apt to be unduly porous. 

SHORT-CIRCUITING TRANSFER 

Power-supply units with slope, voltage, and 
inductance controls are recommended for the weld- 
ing of stainless steel with short-circuiting transfer. 
Inductance, in particular, plays an important part in 
obtaining proper puddle fluidity. 

The shielding gas recommended for short- 
circuiting welding of stainless steel contains 90% 
helium, 7.5% argon, and 2.5% carbon dioxide. The 
gas gives the most desirable bead contour while 
keeping the CO2 level low enough so that it does 
not influence the corrosion resistance of the metal. 

Gas-Argon + 25% CO2 or 
Argon + 2% Oxygen. 

Gasflow15toZOcfh. 
Electrode 0.030 in. dia. 

‘For Argon + 25% CO2 or 
Argon + 2% Oxygen. 

For Helium. + 7.112% Argon, 
+ Z-11256 CO*, voltage is 
6 tp 7 volts higher. 

PlateThickness (in.1 
Electrode Size 
current DCRP 

Voltage’ 
Wire Feed Speed lipm) 

Welding Speed (ipml 
Electrode Required (Ib/ft) 
Tbtal Time I hrlft of weld) 

High inductance in the output is beneficial wher 
using this gas mixture. 

Single-pass welds may also be made using argon 
CO2 gas. The CO* in the shielding gas will affect thl 
corrosion resistance of multipass welds made wit1 
short-circuiting transfer. 

L Background current 

Time 

Fig. 7-11. Output current waveform of the pulsed-current pow 
supply. Numbers on curve relate to the metal-transfer cycle shown a 
fop of the figure. 

TABLE 7-20. Gas Metal-Arc Welding (Semiautomatic) 
General Welding Conditions for Short-Circuiting Transfer 

AISI 200 and 300 Series Stainless Steels 

0.063 
0.030 

a5 

15 
la4 

17 - 19 
0.025 
0.0111 

0.078 
0.030 

90 

15 
192 

13- 15 
0.034 
0.0143 

0.093 
0.030 

106 

17 
232 

14- 16 
0.039 
0.0133 

0.125 
0.030 

125 

17 
280 

14- 16 
0.046 
0.0133 

0.063” - 

* 

0.063 
0.030 

85 

16 
?a4 

19 - 21 
0.023 
0.0100 

0.078 
0.030 

90 

15 
192 

11.5- 12.5 
0.039 
0.0167 
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Gas Metal-Arc Process 7.4-3 

0 ’ 30 40 50 60 70 

WELDING CURRENT-AMPERES DCRP 

lo.?0 

WELDING CURRENT-AMPERES DCRP 
375 

200 300 .oo 500 600 

WELDING CURHENT - AMPERES DCRP 

80 100 no 
WELDING CURRENT-AMPERES DCRP 

250 1 

ID I I I I 

0 100 zoo 300 400 
WELDING CURRENT-AMPERES DCRP 

0 ” 200 300 400 500 coo 

WELDING CURRENT -AMPERES D&P 

Fig. 7-12. Representative deposition rates of stainless steel electrodes. 



Wire extension or stickout should be kept as 
short as possible. Backhand welding is usually easier 
on fillet welds and will result in a neater weld. Fore- 
hand welding should be used for butt welds. Outside 
corner welds may be made with a straight motion. 

A slight backward and foreward motion along 
the axis of the joint should be used. Table 7-20 
summarizes the welding procedures normally used 
for the short-circuiting transfer welding of stainless 
steel. 

Short-circuiting transfer welds on stainless steel 
made with a shielding gas of 90% He, 7-l/2% A, 
2-l/2% CO2 show good corrosion resistance and 
coalescence. Butt, lap, and single fillet welds in 
material ranging from .060-in. to .125-in. in 321, 
310, 316, 347, 304, 410, and similar stainless steels 
can be successfully made. 

PULSED-ARC TRANSFER 

The pulsed-arc process is, by definition, a spray 
transfer process wherein spray transfer occurs in 
pulses at regularly spaced intervals rather than at 
random intervals. In the time between pulses, the 
welding current is reduced and no metal transfer 
occurs. 

The pulsing operation is obtained by combining 
the output of two power sources working at two 
current levels. One acts as a “background” current 
to preheat and precondition the advancing continu- 
ously fed electrode; the other power source supplies 
a “peak” current for forcing the drop from the elec- 
trode to the workpiece. The peaking current is half- 
wave DC. Because it is tied into line frequency, 
drops will be transferred 60 times/set (Fig. 7-l:). 

Wire diameters of 0.045 and l/16 in. are most 
common with this process. Gases for pulsed-arc 
transfer are the same as for spray-arc welding, 
namely argon plus 1% oxygen. 

Pulsed-arc welding is a more recent innovation 
than the other types of metal transfer and its appli- 
cation for the welding of stainless steel was not 
completely explored at the time of publication. 

WELDING ELECTRODES 

The electrodes diameters for gas metal-arc weld- 
ing are generally between 0.030 and 3/32, in. For 
each electrode diameter, there is a certain minimum 
welding current that must be exceeded to achieve 
spray transfer. For example, when welding stainless 
steel in an argon-oxygen atmosphere with 3/64-in.- 

diameter stainless steel electrode, spray transfer will 
be obtained at a welding current of about 220 amp 
DCRP. Figure 7-12 illustrates typical deposition rate 
curves for various stainless steel wire sizes using 
argon-l% oxygen as the shielding gas. It must be 
kept in mind that along with the minimum current a 
minimum arc voltage must also be obtained. This is,’ 
generally between 24 and 30 v. 

Table 7-14 lists austenitic base metals and the 
recommended electrodes to be used for welding.,:, 
Electrodes come on spools varying in weight’ 
between 2 and 60 lb and sizes range from 0.015 to 
0.125 in. Also available are electrodes for welding 
the straight chromium stainless steels and austenitic 
electrodes that contain more than the usual amount 
of silicon. The latter have particularly good wetting 
characteristics when used with the short-circuiting 
transfer process. 

SPECIAL CONSlDERATlONS 

Some stainless steels during welding have a ten- 
dency toward hot shortness or tearing - Type 347, 
for example. When welding these, more welding 
passes than indicated in the procedures may be 
needed. Stringer-bead techniques are also recom- 
mended rather than weaving or oscillating from side 
to side. Hot cracking may be eliminated by stringer- 
bead techniques since there is a reduction in con- 
traction stresses, hence cooling is more rapid 
through the hot-short temperature range. 

Preheating to about 500°F helps to improve 
bead contour and reduce hot cracking when using 
the stringer-bead technique on sections l-in. or 
thicker. Weld-metal hot cracking may also be 
reduced by short-circuiting transfer welding, because 
of the lower dilution of the base metal. Excessive 
dilution produces a completely austenitic weld 
metal having strong cracking characteristics. 

When welding magnetic stainless steels (some 
400 series) to the relatively nonmagnetic types, it is 
desirable to: 

1. Use a single-bevel joint to obtain minimum 
joint reinforcement. 

2. Use low-heat input short-circuiting transfer 
to minimize the arc deflection encountered 
when welding magnetic to nonmagnetic 
steels. 

3. For uniform fusion, be sure the wire is kept 
centered over the nonbeveled edge of the 
joint. 



All stainless-steel alloys that arr considered 
weldable can be welded readily with the gas tung- 

:,,~ sten-arc process (TIG). 
The preferred electrode is thoriated tungsten as 

‘:,I: specified in AWS A5.12-69, Class EWTh-2, although 
_: ,pther tungsten electrodes can be used. The advan- 
:;~:tage of the thoriated electrodes is that they have a 
$‘&ore stable arc and can be used with higher currents 
f;@han pure tungsten electrodes. ,~~, 
@s,, The shielding gas is usually argon, but helium or 
&t$xtures of argon and helium are used on heavy 

ions. The advantages of argon are that flow rates 
be lower, a;>d the arc voltage is somewhat less 

with helium. The lower voltage makes it 
iible to weld thin sheet without burnthrough. 

Welding rods (filler metal) for gas tungsten-arc 
welding are specified in AWS A5.9-69, and their 
chemical compositions are shown in Table 4-21. 
There is no specification for the mechanical prop- 
erties of the weld metal. According to AWS 
A5.9-69, “ . . the classification is on the basis of 
chemical composition of the filler metal as manufac- 
tured. Mechanical tests have not been included 
because the developments in the use of these filler 
metals for the gas tungsten-arc process have not 
progressed far enough to permit standardization of 
mechanical tests and yet make them sufficiently 
searching for all applications. It can be stated, how- 
ever, that joints made with these filler metals under 
properly controlled welding procedures and using 

_, 2~,,<, :,:,, ,, v;‘:,,s 
Welding Stainless Steels TABLE 7-21. Typical Procedures for 

with the Gas Tungsten-Arc Process 

Less than 

7.5-l 

PlateThickness, T (in.1 
Current. DCSP 
Electrode Diameter (in.) 
Gas Flow, Argon (cfh) 
Filler-Rod Diameter (in.1 
ArcSpeed lipm) 
Total Time (hr/ft of weld) 

Welding Stainless Steels with 
the Gas Tungsten-Arc Process 

0.1 T+- ‘1 

-T 

l/8 
120 - 140 

1116 
IO 

3132 
12 

0.0167 

200 - 250 

l/l6 3/32 118 3i16 
go- 110 IlO- 130 130 .- 150 226 - 275 

l/l6 l/l6 l/16 3/32 
10 10 IO 15 

l/16 1116 3/32 118 
10 10 10 8 

0.0200 0.0200 0.0200 0.0250 

For vertical-up an* overhead. decrease the CUrrent 10 to 20%. 



X-2 Welding Stainless Steel 

the processes prescribed herein will have mechanical 
properties at least equal to the base metal of 
corresponding chemical composition.” 

Typical procedures for gas tungsten-arc welding 
of stainless steels are given in Table ‘7-21. 

Filler-metal selection is very important in TIG 
welding and is usually specified by the design engi- 
neer. If no class of filler metal is specified, Table 
‘7-14 can be used as a general guide to filler-metal 
selection. When two different types of stainless 
steels are to be joined, Table 7-15 can be used as a 
guide. However, the tables should be used with 
caution. Where corrosive conditions are severe, the 
filler-metal selection can be very critical as indicated 
in the footnote to Table 7-14. 

The DC power source for gas tungsten-arc weld- 
ing must be a variable-voltage type, and it is recom- 
mended that a high-frequency voltage be superim- 
posed on the welding circuit. The high frequency. 
need be on only to start the arc. As the electrode is 
brought close to the work, the high-frequency jumps 
the gap from the tungsten to the work and ignites 
the welding arc. Since the tungsten electrode does 
not actually touch the work, the possibility of 
contaminating the stainless steel with tungsten is 
greatly reduced. Straight polarity should be used - 
which produces a deep, penetrating weld. 

A “scratch” start may be used in lieu of a high- 
frequency start, although there is some possibility of 
tungsten pickup. The arc should not be struck on a 
carbon block because of the likelihood of carbon 

contamination. Good jigging is essential for good 
performance. The problems likely to be encountered 
when TIG welding the austenitic type stainless steels 
and the possible remedies are listed in Table 7-22. 

AUTOMATIC TIG WELDING 

Stainless steels are readily welded with auto- 
matic TIG. Arc voltage is proportional to arc length 
- thus, a reliable signal can be generated to operate 
automatic arc-voltage control equipment. Filler 
metal may be used, or light-gage material may be 
joined by simple fusion of the joint edges. When 

Contact tube Tig torch 

Travel b 
Fig. 7-13. Schematic of the hat-wire system for the automatic TIC 
welding of stainless steels. 

TABLE 7-22. Problems That May be Encountered in TIG Welding of AusteniticTypes of Stainless Steels 

Problem 

Occasional hot tearing 

Possible Cause 

Improper ioint design; 
sequence of welding; 
jigging 

Possible Remedy 

Change joint design; change sequence; 
check polarity 

Decreased ductility Excessive heat input Use lower current: use multipass technique 
with narrow stringer beads made at high 
speed with high current. 

Decreased corrosion 
resistance near weld 

Carbide precipitation Use stabilized or ELC grade of base metal, 
such as 347 or 304L and columbium- 
stabilized rod; or heat entire assembly to 
19OOpF and cool rapidly after welding 

Arc wanders Low current density 

Carbon contamination 

Air drafts 

Magnetic effects 

Uss smaller electrode; raise current 

Do not strike arc on carbon block 

Shield torch with windbreak; raise gas flow 

Alter ground lead; use nonmagnetic 
holddown clamps 

Condensed from “Joining of Stainless Steels” published bv ASI 



cold” filler metal is used, it is always added to the 
:ont of the puddle. 

lot-wire Welding 
The so-called “hot-wire” method of welding 

lves greatly increased deposition rates and welding 
leeds. The wire - which trails the torch, as illus- 
rated in Fig. 7-13 - is resistance-heated by a separ- 
te AC power supply. It is fed through a contact 
&e and extends beyond the tube. The extension is 
+sistance-heated ‘so that it approaches or reaches 
ne melting point before it contacts the weld 
uddle. Thus, the tungsten electrode fznishes the 
eat to melt the base metal and the AC power 
upply furnishes essentially all of the energy needed 
o resistance-melt the filler wire. The hot-wire 
lethod is, in effect, an adaptation of the long- 
tickout principle used in submerged-arc and self- 
hielded flux-cored arc welding. The wire used for 
@wire TIG welding is usually 0.045-in. diameter. 
;:!,,,: 
$;;;,: 
g;; 

Since the wire is melted - or very nearly melted - 
by its own power source, the deposition rate can be 
controlled almost independently of the arc. 

Using the TIG hot-wire method, deposition rates 
up to 18 lb/hr can be achieved when welding at 400 
to 500 amp DCSP (Table 7-23). Still greater deposi- 
tion rates can be obtained using an automatic 
oscillated welding technique. Voltage control is 
essential to achieve control of the large puddle when 
welding at high deposition rates. For this reason, 
TIG hot-wire welding requires the use of voltage- 
control equipment. 

Multiple-Electrode Welding 
By using closely spaced multiple tungsten elec- 

trodes, the welding speed can also be increased 
substantially when TIG welding stainless-steel tubing 
or sheet. Multiple electrodes practically eliminate 
the problem of undercutting at high speeds. 

TABLE 7-23. Typical Speeds and Deposition Rates 
with TIG Hot-Wire 

Wire size: 0.045.in. 
Shielding gas: 75% He. 25% A 
Electrode: 5132.3116-h diam, 2% Th 

Deposition 
Arc current, SWed. Wire, rate. 

amp Voltage in.lmin in.lmin lblhr 

300 IO-12 4-10 110-370 3.10 
400 11-13 6-14 185.445 5-12 
500 12-15 8-20 295-665 8-18 
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8.1-l 

Welding Cast Iron 

There are four major types of cast iron - gray 
iron, malleable iron, nodular iron, and white (or 
chilled) iron. Most cast-iron parts are made in gray 
iron, a weldable material. Malleable iron and nodular 
iron are also weldable, but they require a heat treat- 
ment, after welding to restore their normal strength 
and ductility. White iron, on the other hand, is so 
difficult, to weld that it is generally considered to be 
unweldable. Approximate compositions of these 
materials are listed in Table 8-1. 

Gray Iron: This material is the most common 
type of cast iron, and it can be welded without 
undue difficulty if certain precautions are observed 
concerning preheat and cooling rates after welding. 
Gray iron contains considerable free graphite, which 
gives broken surfaces a characteristic gray color. 
;Gombined carbon in gray iron is usually less than 
0.8%; the remaining carbon is in the form of 
graphite. 

White Iron: This type of iron is an exceptionally 
hard material, produced by pouring the molten 
metal against metal or graphite cooling surfaces 
(called chills or chillers) inserted in the mold. The 
chills cause the molten metal to solidify and cool 
very rapidly. When this happens, much of the car- 
bon in the m-eta! remains in sol&ion rather than 
precipitating out as free graphite, as in gray iron. 
The casting thus retains a high proportion of iron 
carbide and is therefore harder and more brittle than 
ordinary gray iron, even though it has the same 
chemical analysis. (White iron, however, usually has 
less silicon than gray iron.) The rapidly chilled 
portions are extremely hard and are unmachinable. 
White iron has a fine grain structure and a charac- 
teristic white appearance upon fracture. 

White iron is seldom used as cast, except for 
parts such as dies, rollers, and molds. It is usually 
cast as the first step in the making of malleable iron, 
a much more useful material. 

Malleable Iron: This material is a white cast iron 
that has been heat treated by a long annealing 
process (usually lasting 2 or 3 days) that changes the 
combined carbon (iron carbide-cementite) into iron 
and a uniformly distributed “temper carbon” 
(ferrite and free graphite). This heat treatment 
increases both strength and ductility. Malleable iron 
is very much tougher than white or gray cast iron 
and can be bent an appreciable amount. White and 
gray cast irons break in a brittle fashion with very 
slight bending. When malleable iron is welded, the 
beneficial effects of the heat treatment are 
destroyed in the vicinity of the weld by the sudden 
chilling from the welding temperature. The fusion 
zone reverts back to chilled cast iron and must again 
be heat-treated to return to the malleable condition. 

Ductile Iron: Although quite similar to gray cast 
iron in composition, ductile iron possesses much of 
the strength and ductility of steel. The internal 
notch effect of flake graphite in gray iron is a prime 
factor in reducing its tensile strength, toughness, and 
ductility. In ductile iron, this graphite is converted 
into spheroids that minimize the notch effect and 
thereby produce a product combining the strength 
and ductility of cast steel with the low cost, wear 
resistance, and damping characteristics of cast iron. 

An essential difference in composition between 
gray cast iron and ductile iron is a small amount of 
magnesium or cerium contained in ductile iron. 
These elements cause graphite to form into 
spheroids. Also, in gray iron the silicon content is 

TABLE 8-1. Compositions of Cast Irons (% of Constituents) 

FB Total C Si S P Pm 

orav tron Balance I 2.0-4.0 I 1 .O min I 0.2 1 0.6 1 .o max 

Malleable Iron Balance 2.0 - 3.0 0.9 - 1.8 0.2 max 0.2 max 0.25 - 1.25 

Nodular Iron Balance 3.2 - 4.1 1.8-2.8 0.03 max 0.1 max 0.80 max 

White Iron Balance 2.5 - 4.0 0.4 - 1.6 0.15 0.4 0.3 - 0.8 



TABLE 8-2. Recommended Current Ranges (amp) 
for Welding Cast Ferrous Metals 

AWS Class 
Electrode Sire (in.) 

118 I 5/32 I 3116 
Polarity 

EC1 1150-175 I 1 175 - 200 1 DCRP or AC 
I I I I 

ESf 1 80-100 1 1 DCRP or AC 

ENi-CI 60-110 100-135 1 DCRP 

1 65-120 ~110-150 1 1 AC 
I I I I 

ECuSn-C 1 50 - 125 I 70 - 170 I SO-220 I DCRP I 

held within lower limits, since silicon has a coarsen- 
ing effect on flake graphite. This effect has not been 
noted with graphite nodules. 

ELECTRODES FOR CAST IRON 

Electrodes for welding cast irons are specified in 
AWS A5.15-69, as shown in Section 4.1, Table 4-23. 
Recommended current ranges are shown in Table 
8-2. These electrodes are classified in the following 
manner. 

RCI Group: Intended for oxyacetylene welding. 

EC1 Group: A covered electrode with cast-iron 
core wire. 

ESt Group: A covered electrode with steel core 
wire. The weld deposit is not machinable. 

ENi Group: A covered electrode with nickel- 
base core wire. Welds are machinable. 

Copper Base Group: Intended for braze welding 
and surfacing cast iron. 

Details concerning electrode application are 
presented in the following text. In brief, the EC1 
group provides a weld most similar to that of the 
base metal of the casting. This electrode cannot be 
used, however, unless the casting can be moved to a 
furnace and subjected to an extremely high (red- 
hot) preheat. The ESt group is used where lowest 
cost or maximum strength are desirable, and a 
nonmachinable deposit is acceptable. The ENi group 
provides a soft, ductile, machinable deposit and 
fusion zone with a slight sacrifice in strength and an 
increase in cost. 

WELDING GRAY AND MALLEABLE IRONS 

A gray-iron casting is made by pouring molten 
iron into a mold. The metal is allowed to cool 
slowly. As it cools most of the carbon in the metal 
precipitates out as a flaky form of graphite. This 

graphite gives the iron its gray color and some of its 
properties. 

When the casting is welded, the area adjacent to 
the weld is raised above the critical temperature - 
about 1450OF. The mass of the casting around the 
weld tends to draw the heat from the weld area 
rapidly. If this cooling of the heat-affected zone and < 
the weld is more rapid than it was when the casting :,;; 
was originally made, a highly brittle, crack-sensitive ,:!; 
zone develops. ,, 

,,,, 
The best method to slow the cooling rate is to :,, 

preheat the casting to prevent the iron from rapidly 
absorbing heat from the weld area. Some castings, ,, 
however, cannot be preheated. Welding techniques ‘, 
and electrode selection must therefore take into ‘, 
account whether or not the casting can be pre- 
heated. White iron is generally considered unweld- 
able and is not discussed in the following. 

Electrode Selection and Welding Guidelines 
Practically the same welding procedures are used 

for both gray iron and malleable iron. The prime 
difference is the need to heat-treat malleable iron to 
restore its properties after welding. 

SmalI Parts: A considerable amount of welding 
on cast iron is for the repair of parts, such as brac- 
kets, sprockets, and levers. Such parts can be readily 
preheated and welded on the work bench, and no 
subsequent machining is required. They are usually 
welded with ESt elect.rodes for good strength and 
low cost. This type of electrode is best for pene- 
trating into corners, V grooves, and other hard-to- 
get-at places and for use on “dirty” castings with 
sand inclusions or for castings that are soaked with 
oil or water. ENi electrodes provide a better bond 
on clean castings and provide a softer and more 
ductile weld and fusion zone. 

The ESt deposit and fusion zone are not machin- 
able unless several passes are used. ENi deposits are 
machinable regard!ess of the number of passes. A 
preheat (500OF) for these small parts is recom- 
mended to retard the cooling. The preheat also 
provides the added advantage of removing oil and 
water from the cast surface. 

Large Parts with Preheat: Many parts such as 
flywheels and machine frames, although large, can 
be moved for preheat and for controlled cooling 
into a furnace or temporary firebrick oven. Preheat 
is especially recommended for large parts subjected 
to extreme shock or severe loading. Recommended 
procedure is to heat the casting to the red-hot c,on- 
dition and weld with cast-iron filler metal and a 
carbon arc, or with a cast-iron elect,rode (ECI). 



These procedures produce a weld most nearly 
approaching the characteristics of the cast metal. 
The weld is machinable if the casting is cooled 
slowly. 

Large Parts without Preheat: When no furnace is 
available, or wh,en the part is too large to move to a 
furnace, the weld must be made without benefit of 
preheat. Also, preheat may not be necessary if only 
light loads are applied to the casting. ENi electrodes 
are normally used in these applications, since they 
provide a soft, ductile deposit without preheat. 

Liquid-Tight Welds: Occasionally, parts such as 
water jackets, cylinder heads, valve ports, or gear’ 
cases must be repair-welded, and the need to main- 
tain liquid-tightness is a primary concern. In many 
such cases, preheat cannot be used because it may 
.warp critical mating surfaces. Here, the ENi elec- 
,;trode will produce a weld least likely to crack or 
check if the casting is clean (not oil or water gj:‘i ,’ 
@aked), and if the preparation can be beveled and 
“th’ k%:e ,weld made in a downhand position. The deposit 
#s,:i;; machinable, and the fusion zone also may be 
&chinable if a second pass is made to reheat and b&g’ 
g$$$ this zone. 
#&An ESt electrode is recommended if the weld is 
‘&&,to reach or not in the flat position, and if the 
&&ng is dirty. Both deposit and fusion zone will 
&en be hard and unmachinable. A typical repair 
&eld in a cylinder head is shown in Fig. 8-l. 
&, ~Co~ecting D&e&: 
l(ii, ,,, Welding is often used to 
;renair defects at the foundry or to correct machin- 
%$&errors. The usual practice is to weld with an ENi 
&&rode. Where possible, a local preheat should be 
used,, or more than one pass should be made to 
retard chilling and produce a fusion zone that is as 

soft as possible. A typical weld of this type, made 
with an ENi electrode, is shown in Fig. 8-2. 

Welding Steel to Iron: Damaged iron castings are 
sometimes repaired by the addition of a welded 
patch of mild steel. Also, steel is sometimes welded 
to cast iron in production. The welding of steel to 
cast iron never produces a joint of the same tough- 
ness as that between two pieces of mild steel, but in 
some applications a joint with satisfactory strength 
can be made with the ESt electrode. The bond to 
the steel will be strong, but the bond to the cast iron 
will usually be brittle. The use of the ENi electrode 
will make a somewhat stronger bond to the cast-iron 
part at higher cost. The use of lower-cost ESt elec- 
trode produces a strongly caustic slag that must be 
removed thoroughly before painting. This extra 
cleaning cost should be considered in choosing 
between the two electrodes if painting is used. 

On some production applications where thin 
sheet metal is to be joined to cast iron, small- 
diameter, low-hydrogen E7018 electrodes with low 
currents can be used. The fusion zone in the cast 
iron will be brittle, so this method of joining should 
not be used where impact or bending loads are 
involved. Nor is it recommended for liquid-tight 
welds. It can, however, be tried experimentally as a 
lower-cost alternative to ENi electrodes, Welds made 
with E7018 can be painted after the usual cleaning. 

Preparations for Repair Welding 
Locating Cracks: Much of the welding on cast 

iron is to repair cracks that have developed in ser- 
vice. A simple method for locating surface cracks in 
castings is to swab the damaged area with a kero- 
sene-soaked rag to remove grease and dust. Allow 

Fig. 8-l. Repair of a crack in a cast-iron cylinder head with an ESt 
electrode. 

Fig. g-2. A machinable repair weld made in cast iron with an ENi 
electrode. 



Fig. 8-3. Recommended preparation for repairing cracks extending 
through thick cast-iron parts. 

the kerose .e to penetrate any cracks; then wipe the 
area dry. Immediately chalk over the area with 
common blackboard chalk. After a few minutes, 
even cracks not visible to the naked eye become 
evident by the kerosene in them bleeding back 
through the chalk. Dye-penetrant procedures may 
also be used for detecting cracks in castings (see 
Section 11.2) 

Cleaning the Joint Area:, Make certain the cast- 
ing is clean. Remove surface oil, rust, water, and 
other foreign material. If possible, grind off the 
“skin” of the casting, which may contain sand or 
other impurities from the mold. To prevent por- 
osity, especially when using the ENi electrode, 
remove all water and oil that may have penetrated 
deeply into the pores of the casting. This can best be 
done by heating to almost red heat for a short 
interval, or heating to a lower temperature (4000F) 
and holding for about an hour. The first pass on a 
contaminated casting may have porosity resulting 
from imbedded contaminants, but subsequent passes 
usually will be satisfactory due to the heating by the 
first bead. 

Preparing the Joint: Prepare the joint with a V 
groove so that a weld with a cross section at least 
equal to material cross section can be made without 
deep penetration and admixture of the base metal 
into the weld deposit. Sometimes when repairing a 
crack the heat of the arc will create stresses that 
cause the crack to propagate. To avoid this, drill a 
small hole at each end of the crack. Grind, chip, 
machine, or saw the crack to create the V groove. 
Gas-cutting or arc-gouging can be used on castings 
that are preheated for welding. Be sure the groove 
extends to the bottom of the crack. On sections 
more than 3/16-in. thick, bevel the edges so the root 
of the joint is l/&in. to 3/16-in. wide. If the crack 
extends through the section, leave about a l/S-in. 
gap and 1/16-m root face, as illustrated in Fig. 8-3. 
Remove surface scale by grinding wherever welds are 
to be pla+d. Be sure the work is clean and dry. 

Preheat and Postheat: A softer and more ductile 
weld and fusion zone is obtained if the casting is 

preheated before welding and cooled very slowly. 
Preheating to 400°F is satisfactory, but higher 
temperatures (up to 900OF) are usually more effec- 
tive. For best results, keep the casting at this 
temperature throughout the welding. If the casting 
drops below the preheat temperature during weld- 
ing, reheat before allowing to cool. For slow 
cooling, the welded casting should immediately be 
placed in lime, asbestos, dry sand, or other insulat- 
ing material to keep the heat from being dissipated 
rapidly. 

Welding without Preheat: Most small castings are 
welded satisfactorily without preheating, although 
preheat usually improves the toughness of the weld. 
Slow cooling, however, is always essential. Where 
preheating is not used, a two-pass weld is recom- 
mended if a soft fusion zone is desirable. The first 
bead serves as a preheating for the second bead, 
which tends to slow the cooling and produce an 
annealing that makes a softer, more machinable 
fusion zone. 

On large parts that must be welded without pre- 
heat, the primary goal is to keep the casting as cool 
as i,..)ssible. Use small-diameter electrodes and low 
currents Deposit short welds spaced apart so that 
one may cool while the other is being deposited. It 
may be necessary to stop welding at intervals to 
allow the casting to cool. The principal reason for 
keeping the temperature down is to prevent warpage 
or possible breakage from uneven heating and 
expansion. 

Admixture of Base Metal: Use just enough cur- 
rent to get good fusion without voids or slag 
inclusions. Every attempt should be made to mini- 
mize the amount of cast iron melted into the weld. 
When ESt electrodes are used, the deposited metal 
becomes high-carbon steel due to admixture of the 
high-carbon cast iron. If this deposit cools quickly, 
it becomes extremely hard and brittle, and may 
crack. Moreover, it is not machinable. 

The use of ENi electrodes usually solves this 
problem. As contrasted with steel rod, nonferrous 
alloys do not harden appreciably when deposited on 
cast-iron base metal. The weld deposits are therefore 
machinable. However, the hardening of cast iron in 
the casting adjacent to the line of fusion (due to the 
quenching action of the mass of cold metal in back 
of it) remains much the same as in the case of 
welding with a steel electrode. 

Controlling Bead Shrinkage: The shrinkage or 
contraction of steel as it solidifies from the molten 
state is greater than that of cast iron. Therefore, 
when the molten steel from a steel electrode is 
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Fig. 8-4. A sequence of short welds helps avoid the cumulative stresses 
,‘,‘that would occur with long weld beads. Peening these short welds 
‘, ,, before they cool stretches the metal and reduces strain. 

;‘,‘deposited on cast iron, the steel shrinks more than 
:i:,‘the cast iron on which it is deposited. This differ- 
f;;;~:,ential shrinkage causes a residual strain in both the 
i;&weld metal and the cast iron. A bead of weld metal 
&,deposited on cast iron will be in tension if allowed 

001 without further treatment. At the same time 
cast iron on which the weld metal has been 

ited will be stressed due to the pulling action 
e weld metal on the cast iron. Since the cast 

on is weaker, failure may occur (particularly when 
‘bead of weld metal is long) as a break in the cast 

just outside of the line of fusion. If the weld is 
in cross section, failure may occur as cross 

n is cumuiative, it increases with 
of weld. To reduce the strain, 
eta1 in short lengths and allow 
4). For example, weld 15 to 30 

s and then allow the weld to cool for 3 to 5 
&&utes. By depositing small welds in various parts 
:;,:,offthe work one weld is allowed to cool and con- 
i’tract while the operator is depositing metal in 
,, another location. An alternative is to upset or peen 
,,, the deposited weld metal lightly before it has a 

chance to cool and contract. This causes the weld 
metal to stretch. In many cases, it is best to use a 
combination of short welds and peening. Use small- 
ball (l/2-in. - 3/4-in.) peening hammers. 

Castings with High-Graphite Content: Castings 
having a great amount of large, free graphite flakes 
are difficult to weld, since the weld metal does not 
fuse to the graphite. Instead, it tends to ball-up and 
resists working into the melted surface of the cast- 
ing. This behavior is most common on castings that 
have been heated repeatedly, such as old furnace 
grates or exhaust manifolds. The ESt electrodes for 
cast iron have a coating designed to flux out some of 
this flaky graphite, thereby improving fusion. 

“Buttering:” Where large V’s are EO be welded, it 
is sometimes beneficial to line the sides with an ESt 
electrode, and then fill in the remaining void with 

mild-steel electrode E7018. This process is called 
“buttering.” Shrinkage is lessened since the layers of 
deposited metal on each side of the groove can cool 
without restraint, and a smaller volume of deposit 
subject to restraint is required for filling the final 
groove. 

Studding: As explained previously, the chilling 
action of the cast iron increases the combined 
carbon and, in turn, increases hardness and brittle- 
ness, thereby weakening the strength of the cast iron 
just outside of the line of fusion. Welds in cast iron, 
if of sufficient thickness, may be strengthened 
mechanically by a process called studding. Studs of 
steel approximately l/4 in. to 3/S in. in diameter 
should be used. The crack in the casting should be 
V-cut, drilled, and tapped so that the studs may be 
screwed into the V or the area of reinforcement. 
The studs should project about 3/16 in. to l/3 in. 
above the surface, and should be long enough to be 
screwed into the casting to a depth of at least the 
diameter of the studs. Figure 8-5(a) illustrates the 
practice of studding. 

The cross-sectional area of the studs should be 
about 25% to 35% of the area of the weld surface. 
In such cases the strength of the weld may safely 
and conservatively be taken as the strength of the 
studs. It is considered good practice to fist weld 
one or two beads around each stud, making sure 
that fusion is obtained both with the stud and cast- 
iron base metal. Straight lines of weld metal should 
be avoided if possible. Welds should be deposited 
intermittently, and each bead should be peened 
before cooling. 

la) 

(bl 

Fig. 8-5. A typical studded joint (a). An alternafive to studding is to 
tool round~botrow yixxv~soi !ocks into the joint preparation (bt 



It is advisable, where the casting is of sufficient 
thickness, to use V grooves on both sides. In many 
cases it may be desirable to produce complete pene- 
tration at the fracture. In some cases it is better 
practice not to stud, but to shape grooves or locks 
into the casting with a round-nose tool. This method 
of preparation is shown in Fig. 8-5(b). 

WELDING NODULAR IRON 

Nodular iron, sometimes referred to as ductile 
iron, is available in several different metallurgical 
conditions. One ferritic form provides high ductility; 
another ferritic form provides high strength. A pear- 
litic form provides high strength, and an austenitic 
form provides maximum resistance to corrosion, 
high temperatures, and thermal shock. 

Ductile iron is readily welded when in the fer- 
ritic and pearlitic state. When maximum strength 
and ductility are desired, the part should be in the 
fully annealed condition. The main concern in weld- 
ing, then, is to reduce the rates of heating and cool- 
ing to prevent cracking. The more complex and 
massive t,he assembly, the longer the time and higher 
the temperature required for heat treatment. It is 
desirable to preheat the part to 550-750°F and to 
reduce, cooling by external heating. To insure good 

penetration, it is desirable to remove the cast-iron 
skin. 

Nodular iron can be welded by most commercial 
welding processes. Regardless of the process used, 
preferred practice is to use electrodes manufactured 
specifically for nodular iron. These electrodes have a 
composition of approximately 60% Ni and 40%. 
iron, with a carboniferous lime-spar flux or coating. 
With metal-arc welding, the E310-15, E310-16, and 
E7018 electrodes have been used successfully. 
Amperage should be low to insure minimum dilu- 
tion and minimum local heating. Recommended 
amperages with various sizes of E7018 electrodes 
are: 

Electrode Diameter 

3/32-h. 

l/S-in. 

5/32-h. 

3/16-h 

Recommended Current (amp) 

60. 70 

90-l 00 

120-l 30 

140-l 50 

Parts should be covered with an insulating 
material to produce slow cooling. For best results, 
postheat treatments to 850°F for four hours, or 
1000°F for two hours, for the relief of stress should 
be used. 
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Welding Cast Steel 

Arc welding is used both to make repairs to steel 
:astings and as a means of joining castings together 
n the manufacture of cast-steel structures. Castings 
nay also be welded to steel plate or to wrought steel 
n the fabrication of machine or structural parts. 
Figure 8-6 is an example of the use of submerged-arc 
velding to join the two cast halves of a large struc- 
;ural unit. Here, weld joining of two castings makes 
lractical a final assembly without the heavy flanges 
;hat would otherwise be required for bolt-joining. 

Despite its usefulness in joining cast parts, or in 
oining castings to plate or wrought steel, the main 
& of welding in the casting industry is for the 
fepair of defects. Defects, such as surface blemishes 
md voids, are consequences of the complexity of 
he casting operation, and the more complex the 
zasting, the more likely it is to have defects. Welding 
&also used extensively for the repair of cracks and 
@reakages that occur with cast-steel parts in service. 
>:, ~, The metallurgical problems and chill effects 
Encountered in welding cast steel are not as critical 
as those encountered when welding cast iron. Steel 
castings can, in fact, be welded as readily as wrought 
steels of the same composition and heat treatment. 
Cast steel, however, is usually somewhat more diffi- 
cult to weld than wrought steel because of the 
thermal strains and resulting tendencies for cracking 
that normally occur in thick sections typical of 
castings. 

Manual shielded metal-arc welding is used in 
most repair work on steel castings. Automatic and 
semiautomatic welding processes give cost advant- 
ages with large-volume welds and in repetitive opera- 
tions. The most widely used of the mechanized 
processes are gas metal-arc and submerged-arc. 
Electrode composition can sometimes be matched 
closely to the composition of the casting. Alloying 
elements may be supplied by the flux when using 
the submerged-arc process. 

PREPARATION FOR WELDING 

The methods for removing defects in steel cast- 
ings are similar to those used for cast iron (see 
Section 8.1), and include chipping (with a pneu- 

matic or hand chisel), grinding, arc gouging, and 
flame gouging. Within reasonable composition 
limits, chipping, grinding, and arc gouging may be 
used regardless of the temperature of the casting. 
Flame gouging usually requires that the casting be 
preheated to avoid the formation of checks or 
cracks in the surface of the casting. 

All traces of a defect must be removed from a 
casting prior to repair welding. Defect removal is 
sometimes difficult with deep cracks, since the 
operation of removal may “smear” metal across the 
crack, obscuring it. In such cases, magnetic-particle 
or dye-penetrant examination, or deep acid etching, 
are needed to determine whether the defect has 
been removed completely. Where possible, the sides 
of the prepared surface should taper toward the 
bottom of the groove, and all changes in contour 
should be made gradually. 

Sometimes, two or more discontinuities may be 

g. 8-6. The tvvo cast halves of this structural unit are being joined by 
submerged-arc welding. Although weld-joining of cast-steel parts 
simplifies complex castings by eliminating design provisions for bolts 
joining. most of rhe welding on castings is for repair of defects and 
blemishes. 
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located so close together that one is not detected 
during inspection. After the known defects are 
removed, the repair weld may penetrate through the 
sound metal between the defects to expose the 
undetect,ed defect. When this occurs, welding should 
be stopped until the entire defective area can be 
removed. 

When defects extend entirely through a casting, 
the recommended practice is to turn the casting over 
and lay one or more sealing passes from the root 
side of the repair weld. If this cannot be done, a 
backing should be used wherever possible. Backings 
can be made from refractory materials such as fiie- 
brick, silica brick, mullite brick, or magnesite. The 
backings must be thoroughly dry, since water vapor 
can cause underbead cracking. Metals, such as 
copper, carbon steels, or stainless steel may also be 
used as backing material. 

EFFECTS OF WELDli,IG 
Quench Hardness. The rapid cooling of the 

high-temperature zone of the base metal next to the 
weld quench-hardens that zone. Just as in conven- 

: _ tional heat treating, the maximum hardness in the 
j, heat-affected zone depends primarily on the carbon 

content of the casting. The maximum hardness may 
~ be increased somewhat by other elements, but the 

primary effect of these elements is to prevent the 
transformation of austenite at high temperatures 
and thus promote deeper and more complete 

‘, hardening. 
It was once thought that underbead cracking 

was directly related to hardness, because underbead 
cracking was always found in zones of high hard- 
ness. It has since been shown that factors other than 
hardness can produce underbead cracking. When 
free from cracks, the principal drawback of a 
hardened heat-affected zone is that it makes 
machining difficult. Also, this zone may have low 
notch toughness. 

Fortunately, most castings with welds are, at 
least, stress-relieved after welding. This eliminates 
detrimental hardness in the heat-affected zone. 

Thermal Stresses: The rapid heating and cooling 
of the weld may produce high thermal stresses. At 
times, these stresses are of no concern and are virtu- 
ally eliminated by heat treatments ordinarily given 
castings after welding. But these stresses sometimes 
are high enough to cause hot cracks or permanent 
distortion, or they may propagate cold cracks. 

Hot Cracking: Hot cracking occurs while the 
heat-affected base metal or the solidified weld metal 

is still at such high temperature that it cannot with- 
stand even relatively low internal stresses. If stress is 
developed while the metal is in this weak condition, 
the casting tears instead of deforming as it would at 
a slightly lower temperature. 

Hot cracks are more likely to occur in the weld 
metal than in the base metal. One reason for this is 
that the weld metal is hotter than the base metal 
and cools last. Also, because of directional freezing, 
weld metal has columnar grains. Most theories pro- 
pose that hot cracks are initiated at temperatures 
above the solidus temperature of the lowest melting 
phase present in the alloy - that is, when the lowest 
melting phase is partially molten. However, metal- 
lurgists do not completely agree on the mechanism 
of hot cracking. 

Cold Cracking: The term “cold cracking,” refer- 
ring to cracking occurring at temperatures well 
below the critical temperature, has until recently 
been applied exclusively to underbead cracking of 
the base metal in the heat-affected zone. This type 
of cracking is discussed in Section 6.1. Welds in steel 
castings are generally not subject to cold cracking if 
they are properly preheated. 

Porosity: Another problem sometimes encoun- 
tered in welding castings is weld-metal porosity. 
Porosity can be minimized by slowing down the 
freezing of the molten weld metal. This allows the 
gases coming out of solution to escape to the surface 
of the weld metal. Where severe porosity is found, 
the weld should be chipped out and the groove 
rewelded. 

THE WELDING OPERATION 

Preheat: The best way to minimize possible 
difficulties from cold cracking, hot cracking, per- 
manent deformation, and porosity is to slow the 
heating and cooling rates of the weld metal and weld 
heat-affected zone. This is done by selecting suitable 
preheating temperatures, interpass temperatures, 
and postwelding heat treatments. 

Two types of preheat are used - a general pre- 
heat, in which the entire casting is heated, usually in 
a furnace; or a local preheat where only a section 
around the weld is heated, usually by a gas torch or 
electric-resistance heater. General preheat is 
preferred, since it minimizes local stresses. 

Steels low in carbon and alloy contents do not 
tend to quench-harden excessively, nor are they 
prone to cold-crack. They require either no preheat, 
or require much less preheat than needed for a high- 
carbon, high-alloy casting. This fact also applies to 



the deposited weld metal, particularly in multipass 
welds. In general, carbon and low-alloy castings with 
carbon contents below 0.30% do not require preheat 
except on thick sections. 

For castings with carbon contents between 0.30 
and 0.5076, preheats of 200 to 400°F should be 
used. The higher side of this range should be used 
with the higher carbon and alloy contents and for 
thick sections and complex castings. In some cases, 
where both the carbon and alloy contents are high, 
preheats over 400°F may be necessary. 

Thick castings have greater heat-absorbing caps- 
cities, and, therefore, in effect, greater quenching 
powers. As a rule, the thicker the casting, the higher 
the preheat should be. Simple shapes with fairly 

,,uniform cross sections cool uniformly, and require 
,:minimum preheat. Complex castings consisting of 
@.ernating thin and thick sections cool more rapidly 
&n the thin sections, and this differential cooling 
@nay lead to severe internal stresses. In such cases, a 
#higher preheat should be used than for a more uni- #!($>:+:; 
&form shape. Also, such castings should be protected &$ ,,: 
&from drafts during welding and should be cooled $&j:Y 
@more slowly than less complex castings of the same @&,, ; 
f&i$osition. Simple calculators for determining 
figpets are available (see Section 3.3). 
@;,:,, Another factor influencing the selection of a 
@reheating temperature is the size of the defect in 
$~relation to the thickness of the casting. A small weld 
!{cools more rapidly than a large one. Thus, tack 
‘,;;,welding on a crack-sensitive steel can be a dangerous 
:?procedure. Many casting failures have resulted from ;:, 
cracks started from a tack weld made without 
‘:preheat. 

Interpass Temperature: The interpass tempera- 
ture - the temperature between passes in multipass 
welds - should he considered along with preheat. 
To maintain the desirable conditions developed by 
preheat, the interpass temperature should never be 
below the preheat temperature. The interpass 
temperature can safely exceed the preheat tempera- 
ture by 100 to 200°F, depending on the particular 
casting. The interpass temperature should not be 
allowed to go so high that the side walls of the weld 
groove are severely undercut. 

With large castings, the welding heat may not be 
high enough to maintain the preheat temperature 
between passes. In this case, additional heat is sup- 
plied by reheating the entire casting or locally 
heating the weld area. 

Peening: Distortion is sometimes minimized by 
peening the weld. Heavy peening after each pass 
reduces distortion by spreading the weld metal, thus 
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counterbalancing its natural shrinkage. However, 
peening must be carefully controlled, because over- 
peening may cause weld-metal cracking. The per- 
missible amount of peening depends somewhat on 
the mass of the casting, heavier peening forces being 
required for heavier castings. Peening should always 
be done while the weld metal is hot. 

Postwelding Heat Treatment: Most castings can 
be cooled to room temperature in still air after weld- 
ing, but those of high alloy content - which are 
more sensitive to cracking - should be cooled gradu- 
ally from the welding temperature to give greater 
assurance against cold cracking. Cooling may be 
sufficiently delayed by heating with a flame or by 
burying the casting in some insulating material, 
However, inasmuch as crack-sensitive steels require 
preheating as well as slow cooling, one of the best 
practices is to put the casting back in the preheating 
furnace as soon as it is welded. 

All welded castings, except some of the low- 
carbon unalloyed steels, should be given a postweld 
heat treatment. The minimum treatment should be a 
stress relief, which consists of heating to 1100 to 
12500F. Such a treatment removes practically all 
residual stresses and helps prevent subsequent cold 
cracking. But, most important, the heat treatment 
reduces the hardness of the heat-affected zone to 
the point where machining or chipping pres?nt no 
problem. 

Many castings are given their regular final heat 
treatment, such as normalizing, or quenching and 
tempering, after welding. Either of these treatments 
eliminates stresses in the heat-affected zone and 
makes stress-relieving unnecessary. Though nor- 
malizing or quenching and tempering generally 
improve the base metal, these operations may 
reduce the weld-metal properties if proper elec- 
trodes are not chosen for the welding operation. 

Electrode Selection: Use only a process and an 
electrode that produces a low-hydrogen deposit. In 
choosing an electrode, the welding supervisor must 
know whether there are requirements for specific 
mechanical properties or for a specific chemical 
composition in the weld, and he must know whether 
there is to be a postweld heat treatment. 

If mechanical properties only are important and 
the casting is to receive no postweld heat treatment, 
for stick welding select a low-hydrogen electrode 
from Table 4-5. Refer to Table 4-2 for the low- 
hydrogen types. 

If mechanical properties only are important and 
the casting is to be stress-relieved (postheated to 
12500F or less), for stick welding select a low- 
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hydrogen electrode from Table 4-8. This table is for 
stress-relieved weld properties. Refer to Table 4-2 

annealed, or quenched and tempered. 

for the low-hydrogen types. In selecting an electrode 
If a specific chemical composition must be pro- 

for welding processes other than manual shielded 
vided in the weld, an appropriate electrode may be 

metal-arc, refer to the appropriate table in Section 6 
selected from the AWS specifications. However, not 

or consult a supplier of electrodes. Also consult the 
all chemical compositions existing in castings are 
available as electrodes. 

supplier if the casting is to he normalized, fully 

Welded subassemblies for the San Francisco~Oakland Transbay Tube 
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The introduction of new aluminum alloys and 
new welding processes has enhanced the use of 
aluminum in welded structures. Among these alloys 
is the heat-treatable 7000~series, in which zinc is the 
major alloying element, with magnesium the,other 
principal addition. Outstanding in this group is 
7075, one of the strongest aluminum alloys avail- 
able, used principally in airframe structures and 
highly stressed parts. Though not easily welded by 
MIG or TIG processes, it responds well to electrical 
resistance welding. 
:iz;,,, Alloy 7039 is somewhat less strong, but is read- 
:$y welded by any of the fusion processes. In the 
$J61 temper, this alloy, in thicknesses of 3/16 in. and 
$ver, is suitable for welded pressure vessels for use at 
&200° to -300°F under ASME Boiler and Pressure 
F&!sel Code, Section VIII, Unfired Pressure Vessels. 
f@lloy 7039 is also used for armor plate under MIL 
&ec. A-46063. Weldments using 7039 filler develop 
!@,OOO-psi tensile and 30,000-psi yield strengths 
%fter 15 to 30 days of aging at room temperature. 
:Formability and corrosion resistance are excellent. 
;Th,ough harder to extrude than 6061 alloy, 7039 is 
more easily extruded than 2014. Alloy 7005, an 
extrudable AlMnZn alloy in the Series, also has good 
weldabiiity. 

Although alloys of this family could possibly 
find application in many types of weldments and 
welded structures, there was insufficient service 
experience with them at the time of publication to 
permit authoritative recommendations on alloy 
selection. It is suggested that the designer discuss 
potential applications with one of the major alumi- 
num suppliers before decision is made on their use. 

The alumibum-magnesium-manganese alloys -~ 
the 5000 series -- are also widely used for welded 
structures, particularly where corrosion is a prob- 
lem, as in marine applicat.ions. Weld ductility of 
these alloys is excellent, and they are well suited for 
applications subjected to impact and shock loading. 
The 5000~series alloys gene!ally regress slowly to the 
zero temper when subjected to weld heat. 

Heat-treatable alloys 6061 and 6063 also are 
widely used for welded structures. Their as-welded 

,,,,, ,;,,,’ ,,,, ~,, ~~,,~, 
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Weldability of Aluminum 
and Aluminum Alloys * 

yield strengths are good, and 6063 is so easily 
extruded that it is a prime candidate for shapes for 
general architectural use. 

The two welding processes mostly used for 
aluminum are MIG (gas metal-arc) and TIG (gas 
tungsten-arc). Both are recommended for most 
aluminum alloys: generally, TIG for thicknesses to 
l/8 in., and MIG for heavier material, although this 
is not a hard and fast rule. 

HEAT EFFECTS OF WELDING 

Welding heat adversely affects weld-zone mech- 
anical properties of all aluminum alloys. Strength of 
the weld area is less than that of the unaffected base 
metal. Although welds in sections that are in the 
annealed condition do not change the temper, the 
cast-structure of the weld metal usually has lower 
strength than the base metal. However, upgrading 
the weld metal with a suitable filler alloy, increasing 
the welding speed, and bead reinforcement usually 
strengthen the welded joint. 

Some heat-treatable alloys in the T6 temper 
(solution heat-treated, then artificially aged) are 
used in welded structural applications, where it is 
customary to proportion members on the basis of 
yield strength. The minimum tensile and compres- 
sive yield strength of 6061-T6 alloy sheet and plate 
in the weld-heat zone adjacent to a butt weld is 
20,000 psi with 5356 or 5556 filler alloy. This 
compares favorably with weld-heat-zone yield 
strengths of other high-strength aluminum alloys. 

Hot Cracking of Weld Metal 
Hot cracking is caused by st,resses induced by 

metal contraction as the weld pool cools. Cracking 
of this type usually develops in the weld metal itself. 
but a similar t,ype of cracking sometimes occurs in 
the heat-affected zone adjacent, t,o the weld. 

Cracking of welds during arc-welding operations 
can also be caused by a hot-short characteristic of 
some resultant weld compositions. as i!lustrated in 
Fig. 9-l. Hot-short compositions are weak at ele- 
vated temperatures. Hot. cracking is a funerion of 

*Section 9 extracted from “Welding Kaiser, Aluminum” with perm;ssion from Karser Aiumirivm & Chemical Sales. Inc. 
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Fig. g-1. Hat-shorr crack 
In aluminum weld metal. 

contraction stress, and of the hot-short tendency of 
the alloy. Hot cracking can also be caused by 
restraint of the joint during welding. Mot cracking 
does not normally occur in pure aluminum or in 
deposit.s of a r~i~!ecti:: composition. 

Otht~ factor!> that affect the amount of hut 
cracking Ihat occurs in the weld include thca solidi- 
ficStion tcxnIxrat~ire range of the alloy, t.he coefii~ 
cicnt of expansion: the t,hermal gradient. the ral,io of 
the volume of liquid remaining t,o t,hc: volume of 
solidified mnt.rrial, and t,ht> amo~int oC restraint 
across t.hr weld joint,. 

IIot~.short, crxking <‘an Ix: r~du~:d i,y st~cr;~l 
m&ods: 

Use Higher Welding Speed. ;\s w:ciding sl~vtl is 
increased, llhf heat inpllt in tt1r \%.ld 10111’ 1s 
decreased. Thus. lhe strvsst~s cr~!atc~l by t~~mlx~tur~~ 
differentials I~w~w~w ~ht* hot at~l r(1om-tc~mI,(~rnt11r~~ 
metal i*r(’ II 4s \;cvcvx. ;\\sI~. at high wrltiilig s~wYI:. 

,:“, shorter lengt.hs of weld UP within the hot-short 
~, ‘range at any one time, and the already solidified 
” metal t,akes a port,ion of t.he load that would other- 

wise be imposed upon the hot-short weld metal. The 
same efft>ct~ is also advantageous in welding alumi- 
num alloys t,hnt, are nol hot-short,. In addit,ion. the 
faster cooling ratcx t,ha! o~‘c’urs with higher welding 
speeds results in a finer drndritic strut:t,urc. which is 
less susceptible 10 cmcking. 

Use Preheat. IW~vating reduces lhe st,ress on the 
solidifying wrld nxtal by reducing t,hr temperature 
gradicvlt, a(‘ross the wcxld zone and by permitting 
f:tstvr joining ra:(:s. Prvhtuting should not hc used, 
howrvrr, 1.1 lilcss t,he joint is unrestrained. The 
mt‘vhanical prope1:ties of the parent alloy are 
dec~reascd b;y excessive preheating, except where the 
material is already in t,hr annealed condition. This is 
parti<~ulariy true of heat-treatable alloys such as 
6061. 

Changing the Joint Design. The chemical compo- 
sition of an aluminum alloy affects its hot-short 

characteristics. The chemical composition of the 
weld metal is the product. of a misturc of the base 
alloy and the filler metal. and this mixture may be 
highly ?~.!uceptib!!: to ho-.~huri cracking. To reduce 
this susccI~tii)ility. the joint design van be changed 
t.u t:it,her uuxe:~st~ or decrease the amount, of parent 
alloy in the final weld metal. 

Select,ion of t,he proper joint design usually 
requires t,hat sample weldmcnts be prepared t,o 
~aluctt~e clack suscvpt~ibility in cases where dnt,a on 
compnrablt~ welds art note available. 

Select A More Compatible Filler Alloy. -4 filler 
alloy that will mi:limize hot-short. cracking is one 
that. \vh~n dilution is considered. will give a result- 
ant weld turnposition having an individual alloy 
content ahove or below known hot-short ranges. A 
proper aluminum filler selection or recommenda- 
t ion, using hot-.$hort cracking tendency as a cri- 
ter1on. requires consideration of the relative 
crack!n$ tendencies of various weld-metals 
composlt,mns. For example, in binary alloys of 
aluminum. maximum cracking occurs in these 
composition ranges: 

Alloying Element Amount (7%) 
Silicon 0.5 t.0 1.2 
Copper 2.0 to 4.0 
Manganese 1.5 to 2.5 
Magnesium 2.0 to 5.0 
zinc 4.0 to 5.0 
Iron 1 .o to 1.5 

FILLER METALS FOR WELDING ALUMINUM, 
ALLOYS 

The met,al produced in the weld pool is a combi- 
n&on of metals that must have ‘he strength, ductil- 
ity. freedom from cracking, and t.he corrosion 
resist.ance required by the application. Correct 
choice of a filler alloy minimizes the presence of 
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intermetallic compounds and brittleness in 
aluminum fusion welds. 

Strength: Some filler metals commonly used for 
inert-gas welding, arranged in decreasing order of 
as-welded strength, reading left to right, are: 

5039, 5556, 5183, 5356,5654,5554,4043, 
and 1100. 

This order of strength is generally true for these 
fillers when used to weld any alloy of the 5000, 
300’0, or 1100 series. This sequence does not neces- 
sarily apply to some combinations of dissimilar 
alloys or to assemblies subjected to postweld heat 
treatment. 

Ductility: An arrangement of the same filler 
metals in decreasing order of ductility is almost the 
reverse of the arrangement by strength: 

1100, 4043, 5654, 5356,5183,5554,5556, 
9nrI 503,. -..u 

Up to 50% elongation can be expected with 
;:, 1100 filler, whereas 15% to 20% is normal for 5183 
!c, ,or 5356 filler. Ductility of the weld is often affected 
;;! by dilution of the filler metal with the base material. 
g;For example, 4043 can vary from 5 to 17% elonga- 
$!:~ tion, depending on the type and quantity of alloy 
/$;;;vith which it is diluted. Table 9-l lists recom- 
“:, 

TABLE 9-l. RECOMMENDED FILLER METALS ::~, 
FOR VARIOUS ALUMINUM ALLOYS 

:,: I Recommended Filler Metal’ 1 

6183.5356 

For Maximum 
ElO”g~ti.3” 

EC. 1260 
1100.4043 

121 
1100.4043 
5183: 4043 
5183.4043 

5183.4043 
5183.4043,5356 

5183.5356 
5183: 5356 

5183.5356,5654 
5366 

5554.5356 
5183,5356 

53563 
53563 

6183.5356 
5183.5366 

mended filler metals for various aluminum alloys, 
both for maximum strength and for maximum 
elongation. Table 9-2 contains more complete 
information on selecting filler metals for the 
general-purpose welding of aluminum. 

Availability of Filler Wire: A relatively small 
number of filler alloys can be used to weld a wide 
range of aluminum alloys. Certain filler alloys - 
5356 or 5183 for example - can be used for prac- 
tically all aluminum fusion-welding applications. 

Filler wire of alloys EC, 1100, 4043, 5039, 
5654, 5356, 5183, 5554, and 5556 is available on 1 
or 12-l/2-lb spools for use with the MIG and auto- 
matic TIG processes. Wire of 0.030, 3/64, l/16, 
3/32, and 1/8-m. diameters is readily available. For 
certain alloys, welding wire of 3/16, 7132, and 
l/4-in. is also available. Wire of alloys other than 
these is available upon request. 

Straight lengths of bare aluminum wire in EC, 
1100, 4043, 5039, 5654, 5183, 5356, and 5556 
alloys are available in diameters of l/16, 3/32, l/8, 
5/32, 3/16, and l/4-in. This bare rod stock is used 
primarily for TIG welding. 

Maximum rate of deposition is obtained with 
filler wire or rod of the largest practical diameter 
while welding at the maximum practical welding 
current. Wire diameter best suited for a specific 
application depends upon the current that can be 
used to make the weld. The current, in turn, is 
governed by the available power supply, joint 
design, alloy type and thickness, and the welding 
position. For detailed information on filler sizes, 
refer to the discussions on TIG and MIG welding. 

Quality of Weld Deposit: Good weld quality is 
obtained only if the filler wire is clean and of high 
quality. If the wire is not clean, a large amount of 
contaminant may be introduced into the weld pool, 
particularly in MIG welding, because of the rela- 
tively large surface area of the filler wire with 
respect to the amount of weld metal being 
deposited. 

Contaminants on the filler wire are most often 
an oil or a hydrated oxide. The heat of welding 
releases the hydrogen from these sources, causing 
porosity in the weld. High-quality aluminum weld- 
ing wire is manufactured under rigorous control to 
exacting standards and is packaged to prevent 
contamination during storage. Since filler wire is 
alloyed, or diluted, with base metal in the weld 
pool, the compositions of both the filler wire and 
the base metal affect the quality of the weld. 

Care of Filler Wire and Rod: The best quality 
welds are obtained by using weiding wire as soon as 

:, 
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possible after it is removed from the package. Even a 
high-quality wire can produce welds of inferior 
quality if the wire surface is contaminated by oil, 
dust, or other foreign material. Consequently, spools 
of wire should be protected by a cover during use. 
Components of a wire-drive system (drive rolls, 

: guides, and ,liners) can also contaminate the wire if 
they are not clean. Welding wire packages with 

;,: desiccant in plastic bags should remain unopened 
:: until the wire is to be used. 
,: When maximum weld quality is essential or the 

cost of repairing welds is prohibitive, questionable 
,;, spools should be pretested before use in fabrication. 
.;: Several test methods may be used, all of which 
$;;,:,,involve making a sample weld that is checked by 
$$;:: radiography or by examination of the weld fracture. 

triple-pass horizontal fillet weld is the simplest for 
aluation. A radiograph from a multipass flat- 
sition butt weld is a valid check, provided that at 

east three passes are used. Such a test may save 
&&ly repair cutouts, particularly in welds that 
&quire radiographic inspection. 

g 

&FFACE PREPARATION FOR WELDING 

‘Aluminum sheet and plate that is to be welded 
uld be carefully stored and handled. Clean, dry 

storage is preferred. If outdoor storage is necessary, 
the plate should be covered or stored on edge with 
interspacing to prevent staining. Aluminum should 
not be primed or painted before welding. 

Need for Cleaning 
Pieces to be welded are usually formed, sheared, 

sawed, or machined prior to the welding operation. 
Complete rehloval of all lubricants from these opera- 
tions is a prerequisite for high-quality welds. Particu- 
lar care must be taken to remove all oil, other 
hydrocarbons, and loose particles from sawed or 
sheared edges prior to welding. Sheared edges should 
be clean and smooth, not ragged. For ease of clean- 
ing, lubricants used in fabrication should be 
promptly removed. 

To reduce the possibility of porosity and dross 
in welds, cleanliness of the welding surfaces cannot 
be overemphasized. Hydrogen can cause porosity, 
and oxygen can cause dross in welds. Oxides, 
greases, and oil films contain oxygen and hydrogen 
that, if left on the edges to be welded, will cause 
unsound welds with poor mechanical and electrical 
properties. Cleaning should be done just prior to 
welding. A summary of general cleaning procedures 
is given in Table 9-3. 

Oil or grease films are usually removed chemic- 
ally by dipping, spraying, or wiping the aluminum 

TABLEg-3. COMMON METHODS FOR CLEANING 
ALUMINUM SURFACES FOR WELDING 

Compounds 
Removed 

Oil, grease. 
moisture, and 
dust (Use any 
method listed.) 

Oxides 
we any 
method listed.) 

Type of Clean 

Welding 
Surfaces Only 

Wipe with mild alkaline 
solution. 

Wipe with hydrocarbon solvent. 
such as acetone or alcohol. 

Wipe with proprietary solvents. 
Dip edges, using any of above. 

Dip edges in strong alkaline 
solution, then water, then 
nitric acid. Finish with 
wafer rinse. 

Wipe with proprietary 
deoxidizers. 

Remove mechanically, such as 
by wire-brushing, filing. or 
grinding. For critical appli- 
cations, scrape all joint and 
adjacent surfaces immediately 
prior to welding. using no 
lubricant. Remove about one 
mil of metal. 

Comnlete 
Piece . 

Vapor degrease. 
Spray degrease. 
Steam degrease. 
Immerse in alkaline 

EOI”*“t. 
immerse in proprietaiy 

soIY*ntS. 

Immerse in strong 
alkaline solution, 
then water, then 
nitric acid. Finish 
with water rinse. 

Immerse in proprietaq 
solutions. 



sheet or plate with a solvent. Mildly alkaline solu- 
tions and commercial degreasers that do not emit 
toxic fumes during welding may he used. 

All welding surfaces should be dried before 
welding. Cloth or absorbent paper is usually effec- 
tive. Drying with compressed dry air is often used in 
difficult-to-reach areas. Some cleaning solutions - 
especially those containing alcohol or acetone - 
evaporate much faster than others. 

Aluminum and its alloys rapidly develop a self- 
limiting oxide surface film upon exposure to air. 
The melting point of this oxide is above 3600°F, or 
about 2400OF above the melting point of pure 
aluminum. This oxide film can prevent fusion 
between the filler metal .and base plate, or flakes of 
oxide or dross may become entrapped within the 
weld metal, reducing the ductility of the weld. 

It is usually necessary to remove surface oxides 
mechanically just prior to welding. Chemically deox- 
idized parts may also require mechanical removal of 
oxide if more than a day has elapsed since deoxida- 
tion was performed. Welding should be done as soon 
as practical after oxide removal or cleaning opera- 

:: tions, usually within 24 hours when resistance 
welding. When fusion welding, two or three days 
may be allowed to elapse after oxide removal, pro- 

:::,:’ viding the joint area is wire-brushed immediately 
_::~ before welding. Excessively black or dirty-appearing 
,‘, inert gas welds may be an indication of excessive 

plate oxide. 
Wire brushing, scraping, filing, and grinding are 

common mechanical cleaning methods used on 
,,,, aluminum plates. In wire brushing, stainless-steel 

bristles are preferred, but are not mandatory. The 
main disadvantage of using carbon-steel brushes is 
that iron deposits left by the bristles may rust if 
moisture is present. Large amounts of iron oxide 
may result in weld-metal inclusions. Carbon-steel 
brushes are satisfactory if they are grease-free, and 
both they and the work are kept dry. A moisture 
film that would rule out the use of carbon-steel 
brushes would also require recleaning the aluminum 
plate. 

Examples of Cleaning Procedures 
Example 1: Local cleaning of plate for inert-gas 

welding. Wipe all welding surfaces with rags dipped 
in acetone to remove oil and grease. Wipe surfaces 
dry with clean rags. Keep solvent-wet rags and solu- 
tions in closed containers to reduce fire hazard. 

Wire-brush welding surfaces to remove the 
oxide. Power-driven stainless-steel wire brushes are 
preferable. Other mechanical methods of oxide 

removal may be substituted for wire brushing, such 
as filing, grinding, milling (without lubricant), rub- 
bing with steel wool, and scraping. 

Example 2: Local c!eaning of sheet for inert-gas 
welding. Wipe the welding surfaces of the sheet with 
rags dipped in acetone or alcohol to remove grease 
and oil. Wipe dry with clean rags. 

Scrape or file (with files designed for aluminum) 
edges of the sheet to remove entrapped contami- 
nants. If high-quality welding is required, also scrape 
the top surface of the sheet to remove the oxide 
film from the area where weld metal will be 
deposited. 

Example 3: Over-all cleaning of sheet or plate 
for inert-gas (or spot) welding. The sheet or plate is 
passed through a spray tunnel. Travel rate is deter- 
mined by the final cleanliness required. 

The tunnel is divided into four zones. In the first 
zone, grease is removed by spraying the plate with a 
160°F water solution containing a compound such 
as Oakite 161, in the proportion of 1 oz/gal for this 
particular proprietary preparation. In the second 
zone, the plate is rinsed with a water spray at room 
temperature. In the third zone, the oxide film is 
chemically removed by spraying the plate with a 
water solution at room temperature containing 0.5 
oz/gal of Oakite 34. In the fourth zone, the plate is 
again rinsed with fresh water at room temperature. 
An oil-free dry-air blast dries the metal after it 
comes from the tunnel. 

The chemical solutions are periodically checked 
for strength. Fresh solution is added as required. 
The solutions are periodically discarded and new 
batches made up. Intervals for checking solution 
strength and replacing solutions depend upon the 
quantity of material being cleaned. 

Example 4: Over-all cleaning of sheet and plate 
for inert-gas welding. When the sheet or plate is very 
oily, it should be degreased in a tank of acetone, 
alcohol, or in a suitable alkaline solution. 

If the material is only slightly oily, the following 
procedure is recommended. Dip the plate into a 
tank of 5% alkaline solution (0.45 lb of sodium 
hydroxide per gallon of water) at 160°F for 20 to 
60 sec. Next, rinse in a tank of fresh, cold water. 
Foiiow by dipping the plate into a tank of coneen- 
trated nitric acid at room temperature for 30 sec. 
Rinse again in the cold-water tank and follow with a 
hot-water rinse. Dry the plate in an oil-free air blast. 

This cleaning method is satisfactory for most 
aluminum welding, but not for electrical-resistance 
spot welding because the degree of cleanliness is not 
sufficiently reproducible. 
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9.2-l 

Welding Aluminum and Aluminum Alloys 
with the Shielded Metal-Arc Process 

Aluminum can be welded by the shielded metal- 
arc (stick-electrode) process, using a conventional 
DC motor generator, or a rectifier power supply 
such as that used for the stick-electrode welding of 
steel. An aluminum electrode, flux-covered and held 
in a standard holder, is used with a direct-current, 
reverse-polarity (DCRP) circuit. The aluminum 

;,‘, electrode is the positive pole. 
5: ,:I, The repetitive quality of shielded metal-arc 
&welds in aluminum is today generally considered 
&below that required for ASME code application. In @$ _ 
@he United States, stick-electrode welding of alumi- 
69;;; B&m is confined principally to small shops that have 

ccasional welding jobs .and do not wish. to 
n inert-gas welding equipment. 
portant factors to be considered in the metal- 
lding of aluminum are moisture, preheating, 

, and the cleanliness of electrode and work. 
ence of moisture in the electrode covering is a 
r cause of weld porosity. Dry, clean storage 
ties for electrodes are necessary for producing 

welds. Preheating of the work is necessary, 
i!:‘lY~ especially in the heavier gages. The flux that covers 
“: ::the electrode is very tenacious, and considerable ,, ,:,~, 
:?operator skill is required to keep from entrapping it 
~,’ ‘in the weld. Thoroughness in postweld removal of 

,flux is also important. 
Although metal-arc welded joints are as strong as 

oxyacetylene welded joints, it is difficult in 
metal-arc welding aluminum to obtain liquid-tight or 
gas-tight welds in material lighter than l/4-in. thick. 
Soundness and surface smoothness are not as good 
as obtained with the gas-shielded arc-welding 
methods. 

One di~?ficulty encountered in metal-arc welding, 
caused by interruption of the arc, is the formation 
of a Iuaed flux coating over the end of the electrode. 
Re-establishing a satisfactory arc is impossible until 
this formation is removed, usually by striking the 
rod against the work or other surface. 

Square butt joints for metal-arc welding in 
aluminum can be used on plates up to 3/16 in. 
thick. No edge preparation other than a relatively 
smooth, square cut is required. Material of heavier 

gage, should be beveled 60° to 90° in a single V. 
Depending upon the gage of the base metal, land 
thicknesses range between l/16 and l/4 in. A root 
opening of l/32 to l/16 in. is desirable. 

ELECTRODE SELECTION 

The two types of covered electrodes for metal- 
arc welding of aluminum, covered by AWS Speci- 
fication A5.3 and generally available from~stock, are 
the 1100 and 4043 alloys. However, any aluminum 
alloy available in wire form may be obtained wit:h a 
flux covering upon special order. 

Alloy 1100 is a commercially pure aluminum 
(99% aluminum), giving a weld deposit with a mini- 
mum tensile strength of 12,000 psi. Alloy 4043, 
which is suitable for most general-purpose work, 

\ ontains approximately 95% aluminum and 5% sili- 
. con and has a v.:&l strength of 14,000 psi. In appli- 

cations requiring resistance to corrosion, electrodes 
should be selected with compositions as close as 
possible to those of the base metal. 

Most porous weld structures are caused by 
moisture in the electrode covering. To minimize this 
condition, the electrodes are supplied in moisture- 
proof packages. The electrodes should be stored in a 
dry location. Deterioration of the flux covering can 
be rapid when electrodes are exposed to moist air. 
The entire covering can be affected in only a few 
hours of exposure to a humid atmosphere. 

Because of the necessity for coverings to be 
completely dry, it is advisable to bake all “doubt- 
ful” electrodes, or those taken from previously 
opened packages, at 350° to 400°F for an hour 
before welding. After baking, they should be stored 
in a heated cabinet until used. An old refrigerator or 
a similar, tightly sealed cabinet having shelves and 
fitted with a loo-watt light bulb, makes a conveni- 
ent and economical storage chest. 

PREHEATING 

Preheating of aluminum members to 400°F is 
desirable prior to welding and is necessary in weld- 
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ing plate. This helps maintain the weld puddle and 
results in a more stable arc. Preheating may he done 
by torch, using oxyacetylene or other suitable gas, 
or by electrical resistance, using a tungsten elec- 
trode, silver-soldered to the top side of the contact 
jaw of an electrode holder. Current is adjusted to 
produce the desired temperature when the tungsten 
contact and ground clamp are connected to the 
work. This method is not practical for large 
workpieces. 

WELDING TECHNIQUES 

The method of striking the arc in stick-electrode 
welding of aluminum differs from that used for 
steel. Because both the aluminum electrode and base 
metal melt and resolidify almost immediately as 
welding progresses, electrode sticking can be a prob- 
lem. This can be avoided if the arc is struck by 
moving the electrode over the surface of the base 
metal, using a brushing motion. 

Direction of-____ 

Fig. 9-2. After the arc is started Ivertical positionl. the electrode can 
be slanted 20’ to 30° in the direction of travel. Excessive slant can 
cause spatter and porosity. 

Initially, the electrode should be held in a nearly 
vertical position, as shown in Fig. 9-2. After the arc 
has been established, a 20° to 300 forward slant can 
he used (electrode pointed toward the completed 
bead). Too much slant causes excessive spatter and 
porosity. The electrode is moved along the seam at 
an even speed to produce a uniform bead. Care 
should be taken in electrode manipulation to “float 
out” the flux in the molten metal as welding 
progresses. In-and-out whipping of electrode should 

TABLE 9-4. RECOMMENDED WELDING 
CURRENTS FOR DCRP METAL-ARC 

WELDING OF ALUMINUM 
Electrods Welding 
Diam (in.1 Current (ampI* 

i/a ao- 120 

5132 IOO- 150 

3/16 125 - 200 

* With base meta, preheated to 300 - 4OO~F. 

he avoided; steady, side-to-side weaving or steady 
progression is recommended. 

Typical welding currents and corresponding elec- 
trode diameters for DCRP metal-arc welding of 
aluminum are shown in Table 9-4.” 

The most desirable arc is a short one - 1/S to 
3/16-m. - because of its greater stability; a long arc 
may spatter excessively and is more difficult to 
maintain. 

Cleaning: One-pass welding should be used 
whenever possible. When multiple passes are 
required, thorough cleaning between passes is essen- 
tial for optimum results. After the completion of 
any welding, the head and work should be thor- 
oughly cleaned of flux. Most of the flux can be 
removed by mechanical means, such as a rotary wire 
brush, slag hammer, or peening hammer, and the 
rest by steaming or by a hot-water rinse. To test for 
complete flux removal, swab a solution of 5% silver 
nitrate on weld areas; foaming will occur if flux is 
present. 

Positions: Welding in the flat position is recom- 
mended whenever possible. Fillet welds in a hori- 
zontal plane are best made by positioning the work 
to be welded about 20° downhill. Where overhead 
welding is necessary, it should be done with a series 
of stringer beads. Lap and fillet welds can be pro. 
duced with the angle between the electrode and the 
horizontal at about 45O. 

Jigs, Backup Plates, Tacking: Jigs and backup 
plates are especially useful in welding the thinner 
materials. Need for jigs, however, is not as critical in 
metal-arc welding as in oxyacetylene welding alumi. 
num, largely because of the smaller area heated by 
the arc, which causes less distortion. Generally, the 
use of a backup is advisable in butt-welding alumi, 
num by the metal-arc method to obtain complete 
penetration while avoiding burning holes or dripping 
metal from the underside. Asbestos, graphite 
copper, or steel may be used. To allow space for the 
flux and bead, the backup strip is provided with 5 
half-oval groove about l/2-in. wide and l/S-in. deep 
which is placed directly beneath the joint. 



Most fusion welding of aluminum alloys is done 
with the inert-gas metal-arc (MIG) process. Weld 
properties generally are at least equal those of the 
base metal at zero temper. Welding speeds are higher 
than those obtainable with any other arc or gas 

,:, process. Heat-affected zones are narrower than those 
:,::‘with oxyacetylene or covered- electrode arc welding. 
$A DC (reverse-polarity) electric arc, established in an 

as between a consumable elec- 
piece, is used for welding alumi- 

by the MIG process. 
IG and another inert-gas, shielded-arc process, 

s tungsten-arc (TIG), are the principal methods for 
g aluminum. The two processes are similar in 

inert gas is used to shield the arc and the 
flux unnecessary. The chief dif- 

are in the electrodes and the characteristics 

,“‘In MIG welding, the electrode is aluminum filler 
continuously from a reel into the weld pool. 
welding uses a nonconsumable tungsten elec- 

e, with aluminum-alloy filler material added 
,:~;;:separately, either from a hand-held rod or from a 
:;;;ire&l. 
,?J:, The equipment required for MIG welding con- 
~; sists of a drive system that pulls the electrode from a 
‘! reel and pushes it through the welding gun. In the 

gun, it becomes energized by passing through a con- 
tact tube connected to the power supply. While 
simple in principle, accurate controls are required to 
initiate and stop the shielding gas, cooling water, 
and electrode and to operate the contactor in the 
welding circuit. 

The MIG process is used for either semiauto- 
matic or automatic welding. It is referred to as 
“semiautomatic” when the gun is operated manu- 
ally. Once the gun is started and the arc struck, the 
welding conditions are automatically controlled (on 
constant-voltage equipment, particularly) by the 
machine settings. This leaves the operator free to 
concentrate on placement of the weld bead. 

With a direct-current, reverse-polarity (DCRP) 
arc, used for MIG welding aluminum, the electrode 
is positive, the work negative. Both the consumable 

with the Gas Metal-Arc Process 

filler metal and weld zone of the workpiece are 
melted. 

With argon shielding, the DCRP arc also breaks 
up the surface oxide on the base metal ahead of the 
weld pool. This cleaning action is believed to be 
caused by the electrons’ leaving the base plate or the 
inert-gas ions striking the plate, or a combination of 
the two phenomena. 

The DCRP action propels the filler metal across 
the arc to the workpiece in line with the axis of the 
electrode, regardless of the orientation of the elec- 
trode. Because of this and aluminum’s density, sur- 
face tension, and cooling rate, horizontal, vertical, 
and overhead welds are made with relative ease. 
High deposition rates are practical, producing less 
distortion, greater weld strength, and lower welding 
costs for a given job than other fusion-welding 
processes. 

The efficient use of energy, characteristic of the 
MIG process, makes preheating of aluminum work- 
pieces unnecessary in most cases. Consequently, the 
process is widely accepted for welding heavy sec- 
tions of aluminum. MIG welding is also applicable to 
joining sheet thicknesses of aluminum at high 
speeds. It is practical to MIG-weld aluminum as thin 
as 0.062 in. in regular production. 

MAINTAINING MIG WELD QUALITY 

While a limited amount of porosity and dross 
can be tolerated in some welded joints, ductility, 
fatigue strength, and tensile strength are adversely 
affected by porosity, and weld metal - just as base 
metal - should be sound in all respects. 

The main cause of porosity in aluminum welds is 
entrapped gas in the weld puddle. Porosity occurs 
when metal freezes before the gas has a chance to 
escape. Gases may originate from contaminants in 
the shielding gas, from air and water, from contami- 
nants that get into the puddle from dirty :base or 
filler metal, from too long an arc, or as a result of 
violent arc action. The amount of gas that remains 
in the welds pool is a fun&ion of the cooling rate of 
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the weld puddle. Various causes of porosity and 
some corrective measures are listed in Table 9-5. 

Entrapment: Shielding gas, air, or gaseous 
contaminants can be entrapped in the weld puddle 
as a result of the violent arc action. Weld porosity is 
similar to the air bubbles that are entrapped in a 
rapidly frozen ice cube. 

Turbulence in a weld pool is related to droplet 
transfer. If too low a welding current is used, so that 
large globules of metal transfer across the arc, more 
turbulent puddle reaction occurs than if small, well- 
formed droplets transfer in a fine-spray pattern. 

Excessive welding currents can entrain gas by 
depositing metal over a gas bubble in the weld pool. 
Such metal freezes before the entire bubble has 
escaped. This type of porosity is generally irregular 
in shape. 

Hydrogen: In addition to air entrapment, the 
generation of hydrogen from contaminants in the 
weld is another cause of gas porosity in aluminum. 

;g Molten aluminum has a high affinity for atomic 
s>z,:,. &?$: hydrogen (see Fig. 9-3). On the other hand, solid 
is-> ,, G,>;;T; J 
gj$& aluminum can contain very little hydrogen. There- 
aj!;;;):, 
&, 

fore, hydrogen gas is emitted as the weld puddle 

f@& freezes. If the cooling rate of the weld puddle is too 
j& $~)8( 

t 

- 
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Fig. 9-3. Sdubility of hydrogen in aluminum at wriocs temperatures. 

TABLEg-5. CAUSES AND CURES FOR POROSITY IN MIG WELDS 

Contributing Factors Corrective Measures 

Turbulence of weld pool. USA adequate welding current to stabi- 
Excessive current entrains gas. lize droplet transfer, but avoid excessive 

current. Reduce travel speed. 

Oil or other contaminantson electrode. Change to clean. high-quality electrode. Keep 
Hydrated oxide film on electrode. Oily electrode supply covered. Do not open desi- 
drive rolls or liner in MIG gun. Wet shield- cated plastic packaging until ready to use. 
ing gas. Water leaks in MIG gun. Oily work- Do not use electrode that has bee” kept 
piece. Spatter particles ahead of puddle. for any length of time outside of desicated 

storage. Clean rolls with solvent: change 
liner. Check dewpoint of gas: reject bottles 
above minus 40°F dewpoint. Repair guns 
that have been overheated due to water 
failure. Clean plate. Adjust welding conditions 
to minimize spatter. 

Rapid cooling rate 
of weld pool 

Low rate of heat input into the weld. Too 
rapid a rate of heat extraction from the 
weld. LOW temperature of backup bar, if 
used. Groove configtiration of backup bar. 

Use higher welding current or a slower speed. 
Preheat sometimes helps. Hot backup bars 
reduce root porosity. Shallow, wide grooves 
are better than deep, narrow grooves in backup 
bars. 

Erratic 
wire feeding 

Drive-roll slip. Excessive bending of guide 
liner. Bent contact tube puts kink in elec- 
trade. Galling in contact tube. Electronic 
“hunting.” Wrong Size liner. 

Increase pressure on rolls, change to knurled 
roil; change to V-groove roll rather than U- 
groove. Change position of MIG unit to reduce 
necessity of bending cable to gun. Replace 
thyratron tube or bias lbalancel battery. 

Other Partial-penetration joint. Multiple-pass 
welds. 

Use full-penetration joint. increase fillet size 
to compensate for lineof root porosity in 
critical applications. Use high-current-density, 
single-pass-per-side technique. 



fast, the gas cannot rise to the surface, but remains 
within the metal, causing porosity. 

Any compound containing hydrogen and 
contaminating the filler wire or work surface can be 
the source of hydrogen gas. For example, if a film of 
drawing compound (containing hydrocarbons) or 
hydrated aluminum oxide remains on the filler wire, 
extreme porosity will occur in the welds made with 
that wire. 

Other possible sources of hydrogen-forming 
contaminants include the base material and the 
shielding gas. A bottle of wet gas will cause contami- 
nated welds, as will moisture leaks in the we!ding 
torch or hose line. Gas having a dewpoint higher 
t,han, minus 40°F is uns::!’ :ble for MIG welding of 
aluminum. 

Poor welds can also result from using electrode 
:,I, that has been stored under humid conditions, where 
:, atmospheric moisture can combine chemically or be 
g&absorbed by the aluminum oxide film. ?i<j 

Cooling System: Before welding, the MIG torch *+>;, ; 
$&;should be checked in regard to the following points: ~#& 
g;;,; 
~jj#~;;;, : Are all O-rings seated properly? 
f& & Are all fittings drawn up tight? 

@ Are all solder joints tight? 
‘g:@:,,: 
*bJ?< ; (Torches that have been overheated may 
f@&, have developed leaks in soldered joints.) 

,’ Are all ceramic parts in good condition? ‘:;~, :;,,, (Broken or distorted ceramics should be 
replaced.) 

Is the gas hose clean and in good condition? 
(Do not use leaky or deteriorated hose. Do 
not use hose that previously has carried 
water, or liquids or gases containing com- 
pounds such as hydrocarbons, which will 
cause weld porosity. A vinyl or other suit- 
able plastic: hose is recommended.) 

Most MIG equipment can be adjusted for either 
“continuous” or “weld-only” cooling-water flow. In 
humid weat,hrr, water flow should not be con- 
tinuous. Wat.er vapor from the at.mosphere may 
condense on the gas cup and internal parts of t.he 
gun if t,he cold water flows during idle periods. 
When welding is resumed, the wat.er condensate will 
vaporize and be carried to the weld area by the 
shielding gas, causing weld porosity. Therefore, 
particularly in humid weather, cooling-water flow 
should be stopped when welding is stopped. 
Residual heat in the gun will keep the gas cup and 
other critical parts warm, preventing condensation. 

Cooling Rate of Weld Pool: The amount of gas 
remaining in the weld pool is a function of how fast 
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the weld pool solidifies. If most of the gas has time 
to escape before t.he molten metal solidifies, the 
weld will have minimal porosity and be of generally 
good radiographic quality. The length of time thaL 
the aluminum weld pool is molten is determined by 
the heat input into the weld, the rate of heat extrac- 
tion from the weld, the freezing range (solidification 
temperature) of the alloy, and the temperature and 
mass of the surrounding material. The temperature 
and groove configuration of the backup bar (if used) 
also affect the rate of heat loss. 

To retard the cooling rate of the weld puddle, 
the heat input ge!?era!ly ml-!st be L...2~~..y~“I inrmncnrl +,(-e t;-,e 
factors affecting heat loss are usually fixed. This can 
be done by increasing the current, decreasing the 
travel speed, or both. Changes in either of these 
must always be regulai,ed, however, within operating 
limits conducive to proper bead deposition and 
contour and to the thickness limitations of the base 
material. 

Use of higher arc voltage also increases the heat 
input. Helium may be added to argon in amounts 
greater than 10% t,o increase arc voltage and reduce 
porosity. 

The rabe of heat extracted from the weld is 
generally high, due t,o t,he high thermal conductivity 
of aluminum. Obviously, heavier or large sections 
cdn contain more than thinner sections. Thus, heavy 
or large sections act as better heat sink:; than light 
scct.ions and ext.ract cr conduct heat from the weld 
faster than thin materials. 

Fig. 9-4. Efiects of backup-bar groove configuration eon porosity in 
welds in alurinurn sheet. The wide, shallow groove Itop) minimizes 
porosity because it produces a large mass of metal at rhe root. The 
deep, narrow groove Icenter) promotes mot porosi~ The lower 
specimen shows roof porosity in a MIG weld. resulting from a narrow 
backup~bar groo~v:. Magiiiiication. 3X. 
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When welding speed is reduced to retard the 
cooling rate, the effect is to allow more heat to be 
lost to the heat sink, thus warming the assembly 
being welded. Consideration must be given to the 
fact that such heating may decrease the mechanical 
properties in the metal outside the weld zone, 
which, itself, is annealed by the arc. 

Wild metal cools from the outer edges toward 
the center of the weld nugget. One frequent condi- 
tions is that in which a wide weld bead, having a 
thin edge at its widt~h extremities, has a line of 
porosity at the edges due to the faster freezing of 
the thin section of weld metal in those areas. This 
shows as line porosity in a radiograph and generally 
is associated with multiple-pass welding. 

Root porosity, which is similar to fusion-line 
poroqity, occurs particularly in welds made on a 
backup bar having an unsuitable groove configura- 
tion. A deep, narrow groove in a backup bar is 
conducive to root porosity, whereas a wide, shallow 
groove tends to minimize porosity, because of the 
larger mass of weld metal eat the root (see Fig. 9-4). 
Preheating of the backup bar has been found to 
reduce further the tendency to form root porosity. 

Electrode Feeding: Erratic electrode feeding can 
1~ cause porosity in weld metal, due to increased tur- 
,‘, bcience of the weld pool. Erratic feeding can be 
~“’ caused by a number of things. The electrode may ,, 
,::’ slip in the drive rolls because of insufficient pres- 

sure, excessive bending in the electrode transport 
,’ tube, excessive bending in the guide tube of the gun, 

or excessive bending of the cable between the drive 
:; ~unit and the welding:gun. Kinks in the electrode will 
” jam in the gun and cause a bum-back. If the kinks 
: manage to feed through, they usually produce a 

momentary slowing of the electrode. Improperly 

Fig. 9-5. Fractured surface of a tensile test bar showing “worm hole” 
porosity in a MIG weld, caused by spongy cast base metal. 

Fig. 9-6. A MIG weld in aluminum sheet showing povxity caused by 
lamination. 

wound spools with crossovers or edge-bound strands 
also cause erratic wire feeding. 

Aluminum electrode can seize and gall inside the 
contact tube, causing an erratic or stitching arc 
action. Replacing the contact tube corrects the 
situation. 

Quality of Base Material: Weld porosity is also 
dependent on the quality of the base material, 
particularly in castings. The presence of large pores 
in cast base material can cause an elongated type of 
porosity in the weld, as shown in Fig. 9-5. In the 
case illustrated, a “boiler effect” occurred where the 
weld metal heated a volume of gas from the pore in 
the base material. The gas expanded along a channel 
in the molten metal to form a long tube, until the 
diminishing gas pressure was equalized by the weight 
of the weld metal. A similar effect can occur when 
the base metal sheet is laminated, as shown in Fig.9-6. 

Welding partial-penetration joints (as in making 
a welded lap joint) can also cause a boiler effect, as 
shown by the radiograph in Fig. 9-7. In this case,~the 
source of gas was the line at the root, where suffi- 
cient pressure was built up from the heat of welding 
(on the second side to be welded) to cause porosity 
to form in the molten metal. 

Multiple-Pass Welding: Porosity is more preva- 
lent in multiple-pass welds than in single-pass welds. 
Thus, in welds where porosity exists, top passes in 
heavy plate have been observed generally to contain 
more porosity than root passes. Wherever practical, 
welds with a minimum number of passes should be 
used. With high current-density techniques, MIG 
butt welding with a single pass per side can be done 
in aluminum plate as thick as l-1/4 in. 



Fig. 9-7. Radiograph 
showing rcof porosity 
in a trarrsverse wafer 
cut from a lap weld. 

Effect of Porosity on Properties: Just what 

tensile properties are 
appreciably when the amount of porosity is 

shown are for MIG weldments in 5083 
porosity levels were obtained by 

to the welding arc. Data are 
of porosity on fatigue 

g@nitride films, which can be scat,tered throughout the 
~1:,: weld bead. The presence of oxygen in the shielding 
F,Tygas or on the surface of. the solidifying weld pool 
*:;: causes dross. Dross has the appearance of pepper on 
:, the fractured metal surface. 

Dross also may be present as a film in “cold 
shut” areas, where the arc length was too long, pro- 

2, ducing temperatures too low to ~fuse the weld bead 
into the underlying metal. Dross, unlike gas poros- 
ity, has a markedly adverse effect upon the 
mechanical properties of aluminum welds. 

Shielding: Oxygen may enter the weld pool 
from several sources. The primary cause of oxygen 
entry from the atmosphere is poor shielding. Drafts 
in the welding area can cause a momentary loss of 
shielding, allowing air to contaminate the surface of 
the molten metal. Also, if the gas flow is too low, 
inadequate shielding of the weld pool results. 
Entrained air entering the contact tube may also 
cause dross to fo1~r.i. Use of too small a gas cup for 
wire diameter, current, and size of puddle can result 
in inef?icient shielding, thus allowing excessive air to 
get to the weld puddle. 

Gas Metal-Arc Process 9.3-5 

Electrode Surface: Just as it can be a source of 
porosity-causing hydrogen, the electrode can also be 
a source of dross-causing oxygen. If an electrode has 
more than a minimal oxide coating, it is a potential 
source of oxygen and is unsuitable for MIG welding 
of aluminum. Oxygen may also be present in the 
form of hydrocarbons on the electrode, particularly 
if the spools of filler metal have been exposed to the 
shop atmosphere without protective covers. Unused 
spools should be kept in their packages, partly used 
spools on welding machines should be covered 
between jobs. 

Base Metal and Weld Oxide: Welding over base 
metal surfaces that have not been deoxidized or 
properly wire-brushed prior to welding can result in 
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Fig. 9-8. Effect of porosity on MIG weld properties of 5083 plate. 

welded with 5356 filler. 
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TABLEg-6. CAUSES AND CURES FOR DROSS IN MIG WELDS 

cause 
Poor shielding 

Contributing Factors 

Drafts, causing loss of shielding. Gas flow 
top low. Entrairted air in contact tube. Gas 
cup too small. 

Corrective Measures 

Provide protection against drafts in welding 
area. lncrea~e shieldins-gas flow rate. Pressur- 
ize contact tube with shielding gas. Use a 
larger gas c”p. 

Contaminated electrode Oxygen from excessive oxide or from 
surface hydrocarbon contaminant. 

Use electrode with clean surface and 
minimum oxide film. Protect electrode 
in shop with plastic covers. 

Contaminated base. 
metal m~rface 

Heavy oxide film. Spatter particles. Wire-brush or chemically remwe oxide. 
Adjust welding conditions M spatter does 
not occur ahead of puddle. 

Contaminated weld Oxide film on preceding beads. Dross on 
underside of root passes. 

Wire.brush each bead before depositing 
next bead. Chip or mill underside to 
Jound metal. 

oxygen pickup, particularly with sheet material. 
Preceding weld beads, if not cleaned or brushed, also 
are a source of oxygen, as well as of hydrogen. All 
beads must be properly wire-brushed before sub- 
sequent beads are deposited. 

The underside of root beads in joints that are to 
be welded from both sides should be chipped or 
milled to remove the dross prior, to depositing weld 
metal on the second side. No back-chipping is 
required on welds made by high current-density 
techniques in properly prepared square butt or 
heavy-root-face butt joints. A summary of causes 
and cures for dross in MIG weld metal is given in 
Table 9-6. 

INERT GASES FOR MIG WELDING 

The inert gas has three primary functions. First, 
it provides a controlled ionized path, which aids in 
the smooth transfer of current. Second, it surrounds 
the arc and weld pool with an atmosphere that is 
nonreactive with molten aluminum. Third, it has a 
cleaning action, which partially removes aluminum 
oxide from the plate during DCRP welding. (Only 
argon shielding produces such cleaning action in 
DCRP welding, however.) It is not known whether 
this cleaning action is a result of gas ions striking the 
surface, or electrons leaving the base plate, or a 
combination of each. 

In addition to the inert gases commonly used - 
argon and helium - neon or krypton could probably 
be used with the MI,G process for shielding purposes. 
However, argon and helium are the gases generally 
used because they are more readily available and less 
expensive. 

Shielding Efficiency: Any disturbance of the 
inert gas shield around the arc and the weld pool 

reduces its shielding efficiency. If insufficient gas : 
used or if the flow of gas is disturbed, poor qualit 
welding will result. Such disturbances may he cause 
by improper gas flow, drafts, erratic arcs, gas stoI 
page, or turbulence due to spatter in the nozzle. 

The flow of inert gas necessary for good-qualit 
MIG welding depends upon a number of facton 
including type of gas used, welding curren 
diameter of gun nozzle, joint design, weldin 
position, speed of welding, torch lead angle, and th 

TABLE 9.7. FACTORS THAT AFFECT 
FLOW RATE OF SHIELDING 

GAS IN MIG WELDING 

Factor or Condition 

Draft: 
No draft 
Increasing draft 

Gas: 
Argon 
Helium 

Higher Flow 
Required 

X 

X 

Lower Flow 
Required 

X 

X 

100 I 

Welding 
High 

TorF-f( x 

LOVV X 

Diameter of nozzle: 
Large X 
Small X 

X .I------ X 

Position 
Flat, overhead X 
Vertical, horizontal X 



TABLEg-8. SUGGESTED FLOW RATES FOR 
MIG WELDING OF ALUMINUM BUTT 

JOINTS IN VARIOUS POSITIONS 

Position Shielding Gas Flow kfhl 

Argon Helium 75% He. 
25% A 

Flat 50’ - 702 70- 90 50 - 80 

Horizontal 50 -70 70- 90 W-80 

Vertical 50 -70 70- 90 SO-80 

Overhead 70 -90 30 - 100 70-90 

Valuer are for ,,32 to 1,164”. electrode size Bild 518 or 3,&i”. cup 
size. 

1, With 0.030-in. and W&%in. elecfrods flow can be reduced by 25% 
under nOrmal EO”difiO”S. 

2. Highert flow rates i,,dicated apply to thicker bale materials and to 
alloys containing greater amount* Of magnedum. 

amount of draft in the welding area (see Table 9-7). 
Drafts can affect gas usage and weld quality 

,:;, considerably. Ir is important that the welding area 
#be essentially draft-free. In field welding, suitable 
#@elding with tarpaulins or other types of wind- 
&breaks should be provided to prevent air currents 
~~~~, interfering with the gas shield. 
g$& v,;;,, ,Overhead welding usually requires higher gas 
$flow rates than flat-position welding, regardless of p&; 
-gas, used. As a basis for determining correct gas flow q&, 
‘*for ~a @j!sy given welding job, the gas flow rates in Table 
I& ,, ‘@93are suggested as starting points. Lower gas flows 
&an frequently be used. The correct flow for any job 
@s;,determined by gradually reducing the flow rate 
&sed in making sample weldments until the weld 
@ality is adversely affected. The gas flow should 
j$then be increased to provide a safety margin. 
:X Only high-purity, dry inert gas (“welding grade” 
‘$sj should be used in MIG welding. Impure or wet 
,gas will degrade weld quality. 

Argon Shielding: Argon is preferred for flat, 
“vertical, and horizontal-position manual MIG weld- 
ing by most operators, because argon produces a 
more stable arc than helium. Less argon is required 
than helium for shielding in MIG welding because its 
density is greater (argon, 1.4; helium, 0.14; air, 1.0). 

Argon is produced by fractionating air and is 
readily available. Argon is sold in compressed gas 
form in a variety of cylinder sizes. Where large 
volumes are consumed, liquid argon installations 
may be economical. 

Helium Shielding: At any given (DCRP) arc 
length, a helium-shielded arc has a higher voltage 
than an argon arc. This results in a deeper pene- 
tration with helium, which, in turn, can be used to 
increase welding speed. However, the arc is slightly 
more erratic in helium than in argon, and, since 
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helium shielding provides no cleaning action, the 
resultant weld bead appearance is usually inferior. 

Helium is usually preferred for welding very 
heavy material because it provides deeper weld 
penetration. The lightness of helium makes it prefer- 
able for overhead welding. The high welding speeds 
obtainable with a helium arc make it attractive for 
automatic welding, where am length can be con- 
trolled precisely. Helium, however, produces more 
spatter and requires more frequent nozzle cleaning 
than does argon - deterrent to the use of helium in 
certain automatic MIG operations. 

Argon-Helium Mixtures: Mixtures of argon and 
helium are used to obtain advantages not obtained 
with either gas alone. Blends of 75% helium and 
25% argon are commercially available. Other ratios 
can be mixed by combining flows from separate 
tanks of helium and argon. Helium additions of over 
10% to argon change the arc characteristics mark- 
edly. With increasing helium, arc voltage, spatter, 
and penetration increase. 

PROCEDURES FOR MIG WELDING 

Principal factors for consideration in the MIG 
welding of aluminum are thickness of plate, alloy, 
and type of equipment available. Typical procedures 
for conventional MIG welding of various joint 
designs in aluminum sheet and plate are given in 
Tables 9-9 through 9-13. These data are approxi- 
mate and are intended to serve only as starting 
points. For each application, an optimum set of 
welding conditions can be established from these 
procedures. 

It is considered good practice to prepare proto- 
type weldments in advance of the actual production 
so that welding conditions can be determined on the 
prototype. It is further recommended that weldors 
practice beforehand under simulated production 
conditions. This helps avoid mistakes caused by lack 
of experience. 

Where intermittent welding is to be used, one 
deviation from the regular pattern of torch travel is 
recommended. MIG welding of aluminum normally 
leaves a crater at the end of the weld, as illustrated 
in Fig. 9-9. This crater is prone to cracking which, in 
turn, could initiate fracture in the intermittent weld. 

One method of avoiding this problem is to 
reverse the direction of welding at the end of each 
tack or intermittent weld, so that the crater is filled, 
as shown in Fig. 9-10. Other techniques for elimina- 
ting problems of cracking of the crater area are: I. 
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Use run-on and run-off tabs. 2. Break the arc and 
restrike it to fill the crater. 3. Use special circuitry 

and power source control to produce a specific rate : 
of arc decay. 

Fig. Q-9. The finish of a MIG weld in aluminum leavesa crater that is 
very susceptible to cracking. 

Fig. 9.10. Doubling back at the end of a MIG weld eliminates the 
crater and the cracking problems that ilsually accompany it. 

TABLE 9-9. PROCEDURES FOR GAS METAL-ARC WELDING OF ALUMINUM (Semiautomatic) 

Process: Gas Metal-Arc 

Type of Joint: Butt 
Plate Thickness: l/8 - 314 
Position: Flat 
Welded from: Two sides 
Polarity: DCRP 

L Plate Thickness, T (in.1 

Arc Speed (ipml 
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TABLE 9.10. PROCEDURES FOR GAS METAL-ARC WELDING OF ALUMINUM (Semiautomatic) 

Plate Thickness lin.1 l/2 3/4 1 

PW FWO 4 5 7 

PaSS Back* 1 1 1 

Electrode Size (in.) l/16 3/32 3132 

r,,.rcnt ,.rn”l 200 - 230 2M) - 280 260 - 300 

Volta I 27-29 I 27-29 I 27-29 

arc SneerI linml I 16-20 I 12-16 I 10-14 

Argon Gas (cfh) 

Gas Cup Opening (in.) 

Total Time Ihrlft. of weld) 

‘-Back chip before first pals 
on back side optional. 

40-M) 40 .60 40 - 60 

112 5/s ~ 518 

0.0555 0.085Z 0.133 

I,,,-w,.. Lws - 3116" 

l/2 I 314 I 1 I l-114 I l-1/2 

TABLE 9-11. PROCEDURES FOR GAS METAL-ARC WELDING OF ALUMINUM (Semiautomatic) 

‘recess: Gas Metal-Arc 

rype of Joint: Butt 
‘late Thickness: 118 - 1 
‘c&ion: Horizontal 
Nelded from: Two sides 
‘olarity: DCRP 

Plate Thickness (in.) 118 ~. 1 3116 1 114 

P%S FZ? 

P.3SS Back* 

Electrode Size (in.1 

Current (amp) 

Volts 

Arc Speed (ipm) 

Argon Gas (cfh) 

Gas Cup Opening (in.1 

Total Time thrift. of weld) 

*Back chip before first pars 
on back side optional. 

.I? 

o- 1,1w f 

+ !-4/B-l/4” 

0.0148 1 0.0148 1 0.0167 

,- 
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TABLE 9-12. 

Process: Gas Metal-Arc 

Type of Joint: tiutt 
Plate Thickness: 118 - 1 
Positions: Vertical 
Welded from: Two sides 
Polaritv: OCRP 

Plate Thickness (in.) 

PeSS Face 

PeSE Back’ 

Electrode Size (in.1 

Current (amp) 

Volts 

Arc Speed (ipm) 

Argon gas (cfh) 

Gas Cup Opening (in.) 

Total Time Ihr:f?. of weld) 

PROCEDURES FOR GAS METAL-ARC WELDING OF ALUMINUM (Semiautomatic) 

-L-l 
1/a 3116 114 114 318 l/2 

I 

1 1 1 1 1 2 

1 1 1 1 1 2 

3164 1116 l/l6 1116 1116 1116 

30-120 loo-140 140-190 160-180 180-200 200-220 221 

19-22 1 20-23 1 26-28 1 23-25 1 27-29 1 27-29 1 2 

30-36 1 28-32 1 24-30 1 24-30 20-24 1 14-18 1 

30-40 30 - 40 30-40 30-40 40-w 40-w 50-w 60-w 

112 112 112 112 112 5i6 5/s 518 

Il.0121 0.0133 0.0148 0.0148 0.0182 0.0500 0.114 0.240 

TABLE 9-13. PROCEDURES FOR GAS METAL-ARC WELDING OF ALUMINUM (Semiautomatic) 

WeldSize (in.): t/4- l/2 

Type of Joint: Fillet 
Positions: Horizontal, 

Vertical. and Overhead 
Polarity: DCRP 

Fillet Sore, L (in.) 

Arc Speed (ipm) 

Total Time Ihrlft. of weld) 

‘33 - 180 200 - 230 240 - 280 

24 - 26 27 - 29 26 - 28 

24 - 28 20 - 24 16-20 

l- 

24-26 1 27-29 1 27-29 - 
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Welding Aluminum and Aluminum Alloys 
with the Gas Tungsten-Arc Process 

Aluminum can be welded by the tungsten inert- 
gas (TIG) method using direct-current straight 
polarity (DCSP), direct-current reverse polarity 
(DCRP), or alternating current (AC). Generally, 
DCRP is used for very thin sheet, DCSP, for rela- 
tively thick sections with mechanized torch travel 
and controls; and AC, for thin sheet and light plate. 
Typical characteristics of each process are listed in 
Table 9-14. TIG welding is faster than manual 

letal-arc welding, but slower than MIG welding. 
TIG welding is accomplished with the heat of an 

lectric arc operating between a tungsten electrode 
nd the work in a shield of inert gas. The inert 
tmosphere prevents oxidation of the molten alumi- 
urn so no flux is required. The gas is usually argon 

for AC and DCRP TIG, and helium for DCSP TIG 
welding. 

In the inert atmosphere, the tungsten electrode 
is practically nonconsumable. Actually, it is dissi- 
pated slowly by the arc and requires occasional 
dressing to maintain a hemispherical tip contour. 
For all practical purposes, however, the tungsten 
electrode imparts no metal to the weld pool under 
normal operating conditions. 

Each of the three types of power produces dif- 
ferent arc characteristics in TIG welding (Table 
9-15) and has different penetration characteristics 
(Fig. 9-11). Appearance of welds made by the three 
methods is described in Table 9-16. Suggestions for 
correcting conditions that cause porosity or cracking 

:& 
,_~ :, TABLE9.14. CHARACTERISTICS OF THE TIG WELDING PROCESSES FOR ALUMINUM 

,,’ concentration 

4rc Stability 

Cleaning Action Of 
Arc ador Gar 

Size of Tungmn Electrode 
ApplicationS 

Maximum Work Thickness 

(AT SAME CURRENT) 

TIG vveldina Prc.cerr 1 

AC 

Ak,“ate 
50% at each cycle ,With balanced power s0”rc.l 
1, Electrode current callaeiw OnI” SMhfiV less 

than far DCSP (for AC at&t 6.001 i&iam 
‘,“,.?ach 1.26 amp welding c”rrentl. 

2. fvkdi”nl penetratian. greater than DCRP ant 
somewhat less than DCSP. 

3. Midrange welding speeds 15 ipm to :30 fpm 
is typical range). Note: Helium increases 
penetrafion and welding speeds as r;omparelf 
to argon; argon gives best cleaning aefiori 
with AC. 

Stable lbalanced AC. or AC with con~rinuous 
high frequency - ACHFI. 

Goad, With argon, on pOSifi”e (revejse 
polarity) portion of cycle. btisfac.tary welds 
ah can be ma& with pure helium or a mix- 
ture of argon and helium., 

Nledium (3/32 in. at 125 amp) 
General-purposeautomatic and manual 
Wddi”g. 

l/S in. lf”ll-pe”efratia”) 

I 

DC Straight Polarity 
lekarode -. work +I 

Flows from elecrrode to b”JL 
70% at WOrk; 30% at electrode. 
1. Higher currents With smaller 

electrodes. 

2. Narrow and deep penetration 
of arc heat info base nletal. 

3. Welding speed: 5 ipm to 120 
fpm istypical range. 

Stable 

None; however, satisfactory DCSP 
welds can be ma&with helium 
,maximum current about 600 amp 
although with special techniqtfes 
that help eliminafe weld-pool t”r- 
bulence. this currenf can be ex- 
ceeded.) Argo” is SOnlefilneE used 
in automatic DC.9 TIG. 

Small 11116 in. at 125 amp1 
Automaric. 

1/4to 3/4 in. Ifull-penetration1 

DC Reverse Polarity 
,electrode +. work -, 

Flow* from work f0 electrode. 
30% at Work: 70% at e,ectrcde. 
1. Larger electrode required. 

2. Wide and shallow penetration. 

3. Much slovderwelding speeds 
than DCSP. 

Stable 

Conti”“o”s - excetlent, With 
argon; DCRP ha* best cleaning 
action of the three, but penetra- 
tion is poorest. 

Large (114 in. at 125 amp) 
Thin sheet welding: alEo root 
parsin pipe. 

Very thin -b&w 0.050 in. 
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in TIG welds are given in Table 9-17. 
Weldable aluminum in thin gages can be manu- 

ally TIG-welded without filler metal, although 
cracking may occur in some of the heat-treatable 
alloys such as 6061-T6. With grooved joints and the 
addition of filler metal, aluminum plate to l-in. 
thick can be efficiently welded manually with the 
TIG process. With DCSP automatic equipment, sec- 
tions to l-1/4 in. thick can be welded without the 
addition of filler metal. Thicker sections that require 
edge preparation are usually welded by the MIG 
process, because larger grooves can be filled more 
efficiently by MIG than TIG. 

The three types of electrodes used for TIG weld- 
ing are pure tungsten, thoriated tungsten, and 
zirconiated tungsten. 

Pure tungsten electrodes are usually used for AC 
TIG welding. Advantages claimed for zirconiated 
tungsten electrodes for AC TIG welding are that 

DCRP TIG DCSP TIG 

AC TIG 

Fig. 9.11. Penetration characteristics of the three types of TIG 
welding processes. 

they can carry slightly higher currents and have a 
longer life than pure tungsten electrodes of equal 

TABLE 9-15. CHARACTERISTICS OF TIG WELDING ARCS - 

Arc 
Characteristic 

Arc Starting and 
Operation 

Stability 

Instability: 
Electrode 
contamination 

TIG Welding Process 

ACHF or Balanced AC DCSP 

With high frequency, arc starts without Hot arc forms puddle 
touching work. Strike on starting block; immediately. Strike arc on 
when electrode is thoroughly heated, work within weld width to 
reignite arc in the joint. This reduces avoid marking work. Runout 
tungsten inclusions at start of weld. tabs or striking plates are often 
Hold at starting point until weld pool is desirable. Use of high frequency 
established. Add filler at leading edge of to strike arc is recommended. 
pool. but to one side of centerline. 

Smcoth arcing; no snapping or cracking Stable in helium. 
sounds largonl. 

Oxides resulting from contact of hot Same as AC. 
electrode with air or from contact with 
oxides or metal in weld pool cause arc 

DCRP 

Same as AC, but 
touch electrode to 
work. 

Stable 
(argonl. 

Same as AC. 

instability. Dress or cut off tip or replace 
electrode. 

Electrode too large May result in unstable arc and excessive Same as AC. Same as AC 
bead width. Use smallest electrode that 
will carry current. 

Excessive arc length Unstable arc results; shorten arc length. Same as AC. Same as AC. 

Narrow joints May cause arc to jump from side to side. - 

Widen groove where possible or bring 
electrode closer to work. 

Length Maintain short arc (about equal to elec- 
trodediameter; approximately l/8 in.). 
If arc is too long. root penetration will 
not be complete, particularly in fillet 
welding; possible undercutting. excessive 
bead width, and poor weld contour also 
may result. 

Short, about 1116 in. Long, 3/16 to l/4 in. 

Breaking the arc Gradually reduce arc length or current 
to minimize weld craws. Continue 
adding filler at the same time where 
applicable. Snap torch to horizontal 
position to break arc. 

Same as AC. Same as AC. 
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TABLE9.16. APPEARANCE OF TIG WELD BEADS - 
TIG Proc*ts and Gas 

Brad Faulrr 
Stitching 

rugon 

Medi”mwiddl bead. 
medium rippling. light 
gray ,etclIedl sarface, 
Shiny when brushed. 

AC OCSP DCRP 

Hdi”tll Argon Argon nslium 

Medium-width bead. “wall” limited to Narrow bead: smoky Wide. ‘Iat Dirt” bead: 
medium rippling. medium aufomafic welding. tihl “s”ally dulls bead: shiny dull ripple‘ 
to dark gray surface. “WV narrovd bead surface but is easily Wifh Slightly srrface. 
bright to d”,, when brushed. with findy rippled. brushed off. This is dull edges 

bright appearance: OnI” surface oxide. when brurhed: 
smoky at edger. not porosity. inch Yew slight 

siow 0, lack of dppli”g. 

I i fusion.Sudace is 
shiny and smooth 
after brushing. 

- ~~~~~ gzgEJJg::*~ - 1 - 
shrink craters, af end of weld bead may contain str~swaiser crack and are also generally undersirable corrosion crevices. 
craters can be eliminated by gradually reducing current. 0, gradually lengthening tile are. while backtracking bverlapping 
on circ”mfere”tial weldsI owr WA* bead. 

&s,e. Also, zirconiated tungsten retains the balled tip 
&ell, is less susceptible to contamination by molten 
@pinurn, and is a lesser ume of tungsten 
&@tamination in the weld r.3-bn is pure tungsten. 
&t&:,Thoriated tungsten ioes not produce as stable $&y 
can arc with AC TIG IS pure tungsten when welding gy,p:;,:, 
@rminum. Thoriated tungsten is usually preferred 
&automatic TIG welding with DCSP. 

:;;~~TERNATINGG-CURRENT TIG WELDING 

~“’ Alternating current is preferred by many users 
,~for both manual and automatic TIG welding of 
aluminum. This is because AC TIG achieves an 
efficient balance between penetration and cleaning 
action, which are thee chief advantages, respectively, 
of straight and reverse polarity direct-current TIG 
welding. 

Depth of penetration results from the heat pro- 
duced by the heavy current flow into the work 
during the straight-polarity portion of the AC cycle. 
Because cleaning action is inherent in reverse- 
polarity welding, any oxide film on the work is 
broken up during the reverse polarity portion of the 
AC cycle. This balance between penetration and 
cleaning action is particularly important in tack 
welding and in making the first pass of pipe welds. 

AC TIG can produce excellent quality aluminum 
welds in all positions. The process achieves complete 
single-pass weld penetration in thicknesses to l/2 in. 
with properly prepared joints and recommended 

I 5. 1 

te<hniques. Particular care should be taken in TIG 
welding to avoid “bridging” of the molten pool at 
the root of the joint. Such bridging consists of a 
blanket of molten metal that barricades the arc at 
the root opening, preventing full root penetration. 
Full root penetration can be achieved by maintain- 
ing a short arc, assuming other conditions are 
normal for the job. 

AC TIG is used for welding relatively thin alumi- 
num sections. Material from 0.001 to 0.375 in. thick 
can be welded without filler metal and without 
preheat; heavier gages require preheat. Of the three 
types of TIG welding, DCSP is most effective at the 
heavy end of the thickness range, AC in the middle, 
and DCRP at the light end. 

____ -_-- ------------, 
HF unit I 

I I 
1m: 

Welding transformer , 

__---_-- ------------ J 

Fig. 9-12. Battery method for obtaining balanced AC power for TIG 
welding. 
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For efficient AC TIG welding, balanced power 
that produces a stable arc is required. It is not diffi- 
cult to recognize an arc where a large amount of 
undesirable rectification is present. The arc will have 
an erratic, snapping sound, not the smooth buzzing 
or bumming sound of a stable AC arc. In addition, 
the cleaning action of the arc and the wetting action 
of the molten weld metal are reduced if the arc is 
not stable. 

Power Supplies: Alternating-current welding 
transformers, delivering a balanced wave and incorp- 
orating high-frequency stabilization, are designed 
specifically for AC TIG aluminum welding (see 
Section 4). This equipment is recommended for 
high-quality work. Power supplies intended for AC 

TABLE 9.17. f 

cause 
Hydrogen 

Impuri!ies 

tncomplete Root 
Penetration 

Temperature 

Welding Speed 

Solidification Time 

Chemical Composition 
of Weld Metal 

Cracking 

TIG welding should be smoothly adjustable through 
the entire range of current required for various 
gages. 

A conventional ‘AC transformer can be adapted 
to serve as a power supply. One addition should be a 
high-frequency unit: A wave-balancing component is 
also desirable for certain aluminum welding work, ( 
but is not always necessary. ,,,il 

There are several ways to obtain balanced AC,:; 
power for TIG welding aluminum. A method corn-“:~‘I 
monly used is to connect automobile batteries (one “i 
6-v battery per 50 to 75 amp of welding current) in ,‘,i 
the welding circuit, as shown in Fig. 9-12. 

In another system for obtaining balanced cur- 
rent, the output from the secondary windings of the : 

,USES AND CURES FOR POROSITY AND CR 
Contributing Factors 

Dirt containing oils or other 
hydrocarbons: moisture in atmosphere 
ar on metal, or a hydrated oxide film on 
metal; moisture in gas or gas lines. Base 
metal may be source of entrapped hydrogen 
(the thicker the metal, the greater the 
possibility for hydrogen). Spatter. 

Cleaning or other compounds, especially 
those containing calcium. 

Incomplete penetration in heavy sections 
increases porosity in the weld. 

Runningtoo cool tends to increaSe porosi:y 
due to premature solidification of molten 
metal. 

Too great a welding speed may increase 
porosity. 

Quick freezing of weld pool entraps any 
gases present, causing porosity. 

Pure aluminum weld metal is rnc~re suscep- 
tible to porosity than is an aluminum alloy. 

Such causes of porosity as temperature, 
welding time, and solidification may also 
be contributing causes of cracking. Other 
causes may be discontinuous welds, welds 
that intersect. repair welds, cold-working 
either before or after welding, and weld- 
metal composition. In general, crack- 
sensitive alloys include those containing 
0.4 to 0.6% Si, or 1.5 to 3.0% Mg. or 
1 .O% cu. 

<ING IN TIG WELDS 
Corrective Measures 

Degrease and mechanically or 
chemically remcwe oxide from 
weld area. Avoid humidity: use 
dry metal or wipe dry. Reduce 
moisture content of gas. Check 
gas and water lines for leaks. 
Increase gas flow to compensate 
for increased hydrogen in thicker 
sections. To minimize spatter, 
adjust welding conditions. 

Use recommended cleaning com- 
pounds; keep work free of 

Preheat; use higher welding 
current. or redesign ioint seometrv 

Maintain proper current. arc-length 
and torch-travel speed relationship. 

Decrease welding speed and estab- 
lish and maintain proper arc-length 
and current relationship. 

Establish correct welding current 
and speed. If work isappreciably 
below room temperature, use 
supplemental heating. 

If porosity is excessive, try an 
alloy filler material. 

Lower current and faster speeds 
often prevent cracking. However. 
a change to a filler alloy that brings 
weld-metal composition out of 
cracking range is recommended 
where possible. 
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Courten/ *irco Welding Products Ditii8io” 

pencil-type. loo-amp electrode holder for TIG 

is fed into two half-wave rectifiers of 
polarity. This output is then combined to 

:@the high-frequency units according to the manufac- 
&$rer’s instructions, Welding torch and ground cables ;i:;-’ 
@ould be kept as short as possible. This helps avoid 
::,$radio interference and aids in complying with the 
iii: regulations of the FederaKommunications Commis- 

,,‘:sion (see current issues of FCC regulations, Part 18, 
j ,Industrial, Scientific and Medical Service). In addi- 
,tion, power companies may require ins+al!ation of 
capacitors for power-factor correction. Most modern 
AC welding power supplies have these built in as 
standard equipment. 

TIG Welding Torches: Light-duty electrode 
holders (called “torches”) for TIG welding are air- 
cooled, (Fig. 9-13); others are water-cooled. The 
TIG torch carries the welding current to the work 
through the tungsten electrode and directs the inert 
gas to the weld area. Commercial torches are insu- 
lated for maximum welding current ranges to ensure 
operational safety. They are available in a range of 
sizes to suit light, medium, and heavy-duty oper- 
ating conditions. TIG torches should not be used 
over their rated capacities. 

The gas cup or nozzle of the torch can be either 
ceramic or metal. A ceramic cup is satisfactory for 
light-duty welding, but for welding at high-current 

levels ceramic cups are generally unsatisfactory since 
the nozzle may melt. at the tip, partially closing the 
opening. On the other hand, metal nozzles of too 
small a diameter will short out the high-frequency 
current if the work is touched by the nozzle. Torch 
manufacturers usually recommend a specific type 
and size of nozzle for different current ranges. 
Generally, the diameter of the nozzle should be 
equal to or slightly greater than that of the molten 
weld pool 

For currents above 200 amp, water-cooling of 
the torch is necessary to dissipate excess heat gener- 
ated by the arc and by the current. In addition, 
water-cooling the power cable permits use of a more 
flexible, lighter-weight electrical conductor. 

Cooling water should be clean to prevent restric- 
ting the flow or clogging the water line or valves. A 
filter should be installed in the water system ahead 
of the welding equipment to remove any foreign 
material. The water-supply pressure should not be 
higher than that recommended by the torch manu- 
facturer. If necessary, a reducing valve should be 
used to lower the pressure sufficiently so that it will 
not damage the torch. 

Overheating a TIG torch can melt the silver- 
brazed metal joints in the torch handle or melt the 
plastic tube that sheaths the power cable. A control 
device is available that does not allow the welding 
current to start unless the water is flowing. 

Water flow should be shut off when welding is 
stopped to prevent excessive cooling and resultant 
moisture condensation inside the torch. Moisture 
can contaminate the tungsten electrode and, being a 
source of hydrogen, can also cause porosity in the 
weld metal. The most obvious effect of the presence 
of water is the loss of the cleaning action of the arc 
(AC or DCRP). This condition continues until the 
torch is dry. 

Electrodes: The size, tip condition, and position 
in the torch of the tungsten electrode are important 
factors that determine the quality of TIG welding. 
Size of electrode is chosen so that the tip is main- 
tained at a temperature near its melting point when 
welding is done in any given AC range. The maxi- 
mum electrode extension beyond the end of the gas 
cup should be about equal to the diameter of the 
cup for butt welding, and slightly greater for fillet 
welding. However, extension of the electrode some- 
what less than these maximums is always preferable, 
where practical, because it helps improve weld 
shielding. 

Electrodes for AC TIG welding aluminum are 
available in sizes ranging from 0.010 to l/4 inch. 
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TE 

r 
Electrode 
Diam (in.1 

0.010 

0.020 

0.040 

1 ‘6 

3/32 

l/S 

5132 

5116 

114 

LE 9.18. TYP 

DCSP 

Pure and 
Thoriated 
Tungsten 

upto 

5- 20 

15- 80 

70- 150 

150- 250 

250- 400 

400- 500 

500- 750 

750 - 1000 

AL CURRENT 

DCRP 

Pure and 
Thoriated 

Tungsten 
- 

c 

c 

c 

lo- 20 

15- 30 

25- 40 

4c- 55 

55- 80 

SO- 125 

IANGES FOR TUNGSTEN ELECTRODESa 

AC With High Frequancv 1 
Satan& 

P”K 
TUlIgStell 

upto 

lo- 20 

zo- 30 

30- 80 

80-130 

100 - 180 

160-240 

190 - 300 

250 - 400 

lvave I 

Thoriated 
Tungstenb 

upto 

5- 20 

20 - 65 

60-120 

100 - 180 

160 - 250 

200 - 320 

290-390 

340 - 525 

Unbalancad Wave 

Pare 
T~lngsten 

- 
upto 

5- 15 

lo- 60 

50-100 

loo- 160 

150 - 210 

200 - 275 

250 - 350 

325 - 450 

Thoriated 
TUllgSb3& 

upto 

5- 20 

15- 80 

70- 150 

140-235 

225 - 325 

300 - 400 

400 - 500 

500-630 

a With argon gar 

b This range may be lowered when uring elecfrode~ with high-thoria cores. 

c OCRP is “Of cOmmonl” user? in these sizes. 

Selecting the right size of electrode for each job is 
important to preventing poor welds and electrode 
damage caused by using too high or too low a cur- 
rent for the size electrode used. When electrode size 
is matched with the correct current, the tip will 
become a molten hemisphere. Recommended’ elec- 

‘, trode sizes for various ranges of welding current are 
shown in Table 9-18. 

Electrode Spitting: Particles of the electrode 
being ejected across the arc (electrode “spitting”) 
cannot be tolerated. One result of spitting is that the 
electrode particles contaminate the weld metal and 
reduce the mechanical properties of the weld. 
Another is unnecessary and wasteful consumption 
of the electrode. Also, the time required to reset the 
electrode tip and eventually to replace it adds 
unnecessarily to welding time. 

In AC TIG welding, the transfer of electrode 
particles into the weld pool can be caused by partial 
rectification of the welding current. The use of 
batteries in the circuit as a means of reducing partial 
rectification was discussed earlier. 

In all three methods of TIG welding, the transfer 
of electrode particles can be caused by using too 
small an electrode for the welding current. This 
overheats the molten hemisphere at the electrode 
tip, causing it to drop off. 

Spitting of electrode particles across the arc can 
also occur if too large an electrode is used. In this 
case, the path of the current or focal point of the 
arc wanders over .the tip of the electrode, and 
particles of tungsten fly off. It is easy to detect 

whether the tungsten particles are flying off or 
whether the tip is becoming overheated and 
dropping off. 

Electrode Care: The electrode should have a 
c!ean, silvery appearance. A dirty, rough electrode 
usually means the inert gas was shut off before the 
electrode cooied, that there was air leakage in the 
gas-supply system of in the torch, or that the elec- 
trode tip was contaminated by touching metal. 

A dirty tungsten electrode can sometimes be 
cleaned satisfactorily with a fine emery cloth. The 
contamination can also be removed by using a high 
current while welding on scrap material until the tip 
has a sizable molten section; then quickly twisting 
the torch to flip off a drop of molten metal. If 
severely contaminated, the electrode should be 
replaced or the tip broken off and dressed. 

In AC TIG welding, the tip should be hemi- 
spherical in shape. Needle-point tips are used only 
for tungsten electrodes when DC TIG welding. In 
general, tips should be tapered to a blunt end (Fig. 
9-14) for AC TIG welding of aluminum. 

A grinding wheel is a ‘good tool to make the 
taper. Some authorities feel that grinding the tip to 

(&++-+‘i D (approx.1 

Fig.9.14. Recommended shapefortip of electrode for AC TIG welding. 
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a sharp point to facilitate arc starting is worthwhile, 
but others no longer deem this necessary or 
ad.visable. 

AC TIG Welding Techniques: Before welding is 
started, electrode size, current settings, and gas flow, 
as detailed in Table 9-19, should be selected to suit 
the metal thickness and the welding position. 

Cleaning the Welding Surfaces: For routine TIG 
jobs, cleanliness is not so critical as in MIG welding, 
but, for high-quality TIG welding, maximum cleanli- 
ness is necessary. (For cleaning procedures, see 
Section 9.1.) 

Manual AC TIC welding is slower than MIG; 
consequently, the weld pool is molten longer and 
porosity-causing elements have more time to rise to 
the surface of the aluminum and escape into the air. 

‘IIowever, cleaning before welding is always excellent 
::practice because the possibility of weld porosity is 
ireduced when weld areas are clean. Water or oils 
&uallv found in entrapped dirt, hydrated oxide 
@&posits, or hydrogen from any source are potential 
&$&es of poor w&j quality. 

~&q k,” ,$t&jjg tf,e Arc: In AC TI(; welding, the high 

ency or the high welding voltage (depending 
type of power supply) establishes an ionized 

through the shielding gas for the welding cur- 
When the electrode is brought within l/8 to 
in. of the plate, the welding arc is initiated. 
rc is then adjusted to the desired length. 

I 
Fig. 9-15. Proper positions of torch and filler -ad for manual TIG 
welding. 

After the arc has been established, it is held 
stationary until a molten pool is formed. The area of 
the pooi is determined by electrode size and welding 
current. Extent of the pool can be increased by 
rotating the arc with a slight circular motion of the 
torch. The proper way to hold the TIG torch during 
welding is shown in Fig. 9-15. 

If desired, the arc can be started on a separate 
plate of aluminum, copper, or steel and then carried 
to the workpiece. A carbon starting block should 
not be used. This method was used in the past, but 
is no longer recommended, because tungsten carbide 
is formed when carbon impinges on tungsten. The 



carbide has a lower melting point than pure tungsten 
and forms a molten ball on the end of the electrode, 
causing poor current distribution. 

Arc Initiation Difficulties: When high-frequency 
current is used to start the AC welding arc, a gap of 
l/S to l/16 in. in an inert-gas atmosphere is suffi- 
cient. The high-frequency arc should not jump a gap 
of more than 3/16 in. Inability to jump a l/16-in. 
gap may be caused by a poor electrical connection 
in the high-frequency circuit, improper arc gap in 
the high-frequency oscillator, or excessive oxide film 
on the base material. Standard procedure should 
include checking the ground-cable-to-work con- 
nection, the high-frequency-unit spark-gap adjust- 
ment, and cleanliness of base material. A gap of 
0.004 to 0.008 in. in each of the series gaps of the 
high-frequency oscillator is usually satisfactory, 
provided that the high-frequency leads to the torch 
are not excessively long. However, the manu- 
facturer’s gap-setting recommendations should be 
followed. 

Before the main weld bead is started, the joint 
should be tack-welded unless hold-down fixtures are 
used to secure the work. ,, ,, 

,:,,‘, Feeding Filler Metal: Filler rod is added manu- 
ally to the leading edge of the weld pool as needed. 2 ,” ‘Y:’ Most operators develop a technique of moving the 

Z:~:, ::,,,; y torch and filler rod intermittently. This consists of 
$;: holding the torch at a point until the pool is formed, 
i:,,, : then adding filler metal. The filler rod is then with- 
L!:::~ drawn and the torch moved forward. This sequence 

of feeding, moving the torch, and holding until a 
new pool forms, is repeated until the weld is com- 
pleted. Practice with this technique produces a 
smooth weld bead. 

It is important to feed the filler rod into the arc 
at as low an angle as possible, as illustrated in Fig. 
9-15. This assures good gas coverage of the molten 
filler metal and also reduces the possibility of touch- 
ing the tungsten electrode with the filler rod. 

In automatic TIG welding, the torch moves 
steadily forward, and the filler metal, when used, 
feeds spooled wire continuously to the leading edge 
of the pool. 

Completing the Weld: The manner in which the 
arc is broken at the end of a weld is important. One 
method is to withdraw quickly or twist the torch tip 
up from the work. This rapid breaking of the TIG 
arc is not recommended, because it leaves a shrink 
crater. It also promotes porosity, especially when 
subsequent cover or overlap passes are made over 
the craters. Craters also may be objectionable in 

appearance, and reduced weld strength or leakage 
may result. 

One method for eliminating craters is to finish 
welding with a decreasing current. This technique is 
frequently called “decaying arc” and is usually done 
by means of a foot or hand-actuated control switch. 
Backtracking (or overlapping, where applicable) for 
about l-1/2 in. on the bead before removing the 
torch or cutting off the . current is also good practice. 
Still another method is to use runoff tabs made 
from scrap material. 

Preheating: Preheating the work for AC TIG 
welding of aluminum is necessary for heavier sec- 
tions, where the heat is conducted away from the 
joint so fast that the welding arc cannot produce 
fusion. Preheating can be done with a gas torch or 
any other suitable means. Unless the ambient 
temperature is below 40°F, no preheating is used on 
plate up to 3/8 in. thick and is optional between 3/8 
and l/2 in. thick. Plates 3/4 in. and thicker may 
require preheating, but the preheat temperature 
should not exceed 350OF. Maximum temperatures 
of heat-treatable alloys are particularly critical 
because of the narrow temperature range that must 
be maintained to avoid adverse effects of the heat of 
welding on mechanical properties of the joint. 

Rough and Dirty Weld Beads: Various factors 
can affect the surface appearance of a weld; prin- 
cipal appearance characteristics are described’ in 
Table 9-16. As discussed previously, cleanliness is 
extremely important. Contaminated shielding gas, 
base material, or filler rod can cause porosity and 
dross in welds. Insufficient shielding gas can do the 
same. Poor arc-cleaning action in AC TIG welding 
can be the result of an insufficient amount of the 
reverse-polarity portion of the current. Reduction of 
the half cycle of the current that does the cleaning 
(DCRP) can be due to poor re-ignition of the arc as 
the current cycle passes zero. It can also be due to 
partial rectification, so that the DCRP portion of 
the AC wave is reduced. The first is caused by the 
high-frequency unit, and can be corrected by 
adjusting it. The second, partial rectification, can be 
alleviated by installing capacitors or a battery 
“balance” in the welding circuit. 

Rough and dirty weld beads can also be caused 
by poor welding technique. Examples of this are 
welding with too little current for the travel speed, 
sloppy torch manipulation, erratic arc due to letting 
the electrode touch the aluminum, welding in a 
drafty area, or leaks in the shielding-gas system. 

Welding Speed: Within the practical limits of the 
welding conditions on a given job, the faster the 



welding speed, the greater the savings in time and 
the less extensive the heat-affected area in the work. 
The best speed can be achieved with the highest- 
practical welding current and use of a downhand 
position. Often, the increase in efficiency obtainable 
warrants repositioning of the work. 

Shielding Gas: Although any inert gas could be 
used for shielding the arc in the TIG process, argon 
and helium are used because of their availability, 
economy, and efficiency. A higher gas flow is 
required with helium than wit.h argon, but helium 
permits faster welding speeds and greater penetra- 
tion. Differentials in rates of gas flow are often 
about equalized in welding thicker sections. Deeper 
penetration is obtained with h&urn, because the AC 
arc in a helium atmosphere is hotter than in argon. 

Many operators prefer argon for manual AC TIG 
-welding, because the arc has greater stability. Addi- 
i&es to argon shielding gas increase the arc tempera- 
@re and gain some of the advantages of helium 
fshielding gas. Generally, when 10% or more helium @;; ~,~added to argon, 
@g arc penetration increases 
@pificantly. 
~~,~~‘Purity of the inert gas is very important. Only 
~jjelding-grade gases should be used. Furthermore, 
{~o~ntamination of the gas must be prevented during 
@&passage from the cylinder to the torch. Moisture, ‘><~j:<:,,,,, 
#&residues or fumes, and dust are the common 
&o,ntaminants to guard against. Hoses previously 
used for acetylene, compressed air, or water are not 
$uitable for TIG welding. 
~:;~I, ‘,,:, Inert gas for TIG welding is available in pres- 
,,srirized cylinders. For consistent results, a pressure- 
reducing regulator-flowmeter of the proper type for 
the gas being used should be included in the system. 
Shutoff can be manual, effected by hanging the 
torch on a hook arm which actuates a shutoff valve, 
but automatic control is preferred. This can be 
accomplished by connecting a time-delay solenoid 
valve (controlled by the welding circuit) in the gas 
line. Production TIG welding equipment has auto- 
matic gas and water-control valves built into the 
welding unit. 

DIRECT-CURRENT, STRAIGHT-POLARITY TIG 
WELDING 

One of the most reliable and useful methods for 
welding aluminum is the DCSP TIG process. It can 
be used in the flat, horizontal, and vertical welding 
positions, and is supplanting MIG welding in many 
applications. 

I V 
DCSP 

(Work positive) 

Fig. 9-16. Machine connections for a DCSP TIG welding system; the 
electrode is negative and the work positive. 

In DCSP TIG welding, the electrode’is negative 
and the work positive; the electrons go from the 
electrode to the plate. This electron flow (Fig. 9-16) 
results in considerable heating of the base plate, 
while the electrode stays relatively cool. 

DCSP TIG produces a narrow, deep weld. 
Because the best results on aluminum are obtained 
with very short arc lengths, this process is best 
suited for automatic welding. Arc lengths are about 
l/16 in. for manual and as little as l/64 in. for 
machine welding. This critical arc length is some- 
what difficult to control in manual DCSP TIG 
welding. 

Since a DCSP system provides no arc cleaning 
action to remove the oxide film on aluminum, 
thorough cleaning and oxide removal are necessary. 

Equipment: A DC welding generator or rectifier 
is used for DCSP. (Some welding engineers feel that 
three-phase power supplies are superior for this 
process because they provide a smoother current 
flow.) In addition to the power supply, the same 
equipment used for AC TIG welding aluminum is 
employed. 

Electrode Selection: Electrode requirements are 
different for DCSP than for AC TIG welding. For 
DCSP, most weldors prefer thoriated tungsten elec- 
trodes over pure tungsten. The thoriated tungsten 
electrode has a higher heat resistance than the pure 
tungsten and, therefore, lasts longer. In addition, the 
thoriated tungsten appears to repel the “skin” on 
the weld pool and thus permits welding with the 
electrode in closer proximity to the molten alumi- 
num. Oth,er weldors prefer pure tungsten electrodes, 
expressing the opinion that thoriated electrodes 
tend t,oshatter or splinter. 

Whether the preference is for thoriated or pure 
tu,&sten, there is general agreement to use oversized 
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electrodes and to taper the point. Recommended 
electrode sizes for DCRP, DCSP, and AC TIG 
welding are shown in Table 9-18. 

Shielding Gas: A helium-argon mixture (7 to 
35% argon) or helium alone is preferred as the 

.shielding gas in DCSP TIG welding aluminum. 
Although a helium-shielded arc is hotter than an 
argon-shielded arc, this does not entirely account for 
the apparent superiority of helium (or of a helium- 
argon mixture) over pure argon in DCSP TIG 
welding. 

Argon shielding gas has been used for automatic 
DCSP TIG welding where the length of arc can be 
controlled closely. However, welding speed drops 
considerably. The welding voltage does not vary 
with the arc length as much in helium as it does in 
argon. 

Joint Design: Use of the DCSP method of TIG 
welding to its best advantage requires careful joint 
design. Square butt joints in aluminum are readily 
welded by this process. When the plate thickness is 
so great that V joints are required for DCSP welding, 
the land can be increased and the included angle of 
the V decreased. Both changes permit faster welding 
and require less filler metal. 

Distortion is less with DCSP than with AC TIG be- 

Material 
Thickkness 

Ii”.1 

niameter of 
Electrod& 

On.) 
Number 
of Parser 

Helium Filler Sad 0, 
CU.re”P Gas FlawC Wire O!ameter 

Design kamd "Ok Icfh) Ii”.1 
- 

Standing edge IO- 15 20-50 
square b”fr 15- 30 20 - 50 0.020 
square butt ZO- 50 20 - 50 0.020 or 0.047 
square b"tf 65- 70 10 20-50 52 None 
Square b"tt 25 - 65 20-50 3/64 
square butt 36- 95 20-50 3/64 
square but* 70- 80 IO 20-60 36 None 
Square b"tt 45- 120 20-50 31640, l/16 
square butt 65-145 20 - 50 1116 
square butt m-175 50-50 1116 
square butt 90- 185 II16 20 - 50 1116 
Square butt 120 - 220 118 20-50 l/8 
square butt 180-200 12.5 l/8 20-50 24 NO”e 
square b"ff 230-340 l/8 25 - 60 1/8or3/16 
square butt 220 - 240 12.5 l/8 25-60 22 
60% be"el,l/4-i". root ‘ace 

None 
300 - 450 3/16 25 - 60 I/80, l/4 

square butt 260 - 300 13 5/32 

1 
25 - 60 20 None 

60% 0, double-V bevel. 
3/16-i”. root face 300 - 450 3/l 6 25 - 60 l/8 or l/4 

Square bun 450 - 470 9.5 3/16 40 - 60 6 None 
60°V 0, double-V bevel. 

3/16-h. root face 300 - 450 3/16 25 - 60 118 0, l/4 
Ssuare butf 550 - 570 9.5 II4 40 - 60 5 None 

- - 

a *“fOmafiC welding is required 63, the higher amperages. Manual welding can be done at the lower amperages 

b In lighrer ga*s. ir is common ,a, use large, diamefe,e,ecrroder than recommended and to tape, the tip. 

c Helium~argan “eewe. may be rubafifufed. I” automatic welding. tile arc can be Started in argon. and the helium added to the rhielded gar 
when welding begins. The best ratio of He-A i. “wall” determined by ex~erimenfafion. Gas ‘lo,“, de,,end~ in ,,a,, on welding rpeed. 

0.010 
0.020 
0.030 
0.032 
0.040 
0.050 
0.050 
0.060 
0.070 
0.080 
0.090 

l/8 
l/8 
l/4 
l/4 
l/2 
l/2 
3/4 

0.020 
0.020 

0.020 or 0.040 
3/32 
3/64 
3/64 
3/32 

3164 or 1 /I 6 
l/16 
Ill6 

3/4 
1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

3 Isingle-VI 
2 (double-V) 

2 
4 (single-V) 
2 (double-V) 

2 

cause of the lower heat input per unit length of wek 
Welding Techniques: High-frequency current i 

not needed to maintain a stable DCSP arc as in A( 
TIG welding. It is desirable/for initiating the arc 
although the arc can be started without it. Thus, th 
arc can be initiated by touching the work with th 
electrode tip and then retracting to the proper ar 
length. The DCSP arc is quieter and smoother thal 
the AC arc, and the weld pool is formed mor 
rapidly. There is no need to play the arc on the bas 
plate to form the pool if sufficient welding curren 
is used. 

Because the DCSP arc is so much hotter than th 
AC arc, manual welding techniques for the twl 
processes differ. In DCSP TIG welding, many open 
ators prefer to hold the filler rod in contact with th 
joint and to move the arc steadily forward. The rot 
is not intermittently fed into the weld pool. 

Excessive weaving is not desirable in weldin 
aluminum. Instead, multiple stringer beads ar 
recommended for large welds. Interpass brushing i 
mandatory to remove the oxide from previous1 
completed beads. Standard techniques for elim! 
nating or reducing craters at ends of welds ar 
applicable to this welding method. Recommende 
joint designs and other details for DCSP TI( 

TABLEg-20. RECOMMENDED PRACTICES FOR DCSP TIG WELDING ALUMINUM 
IN THE FLAT POSITION 



;’ weldi 
I4 

ng are given in Table 9-20. 
relds can be made with or without filler addi- 

tion, depending upon the alloy, thickness, joint 
design, and whether force is exerted to push the two 
weld edges together during fusion. Edge under- 

Gas TungsteiArc,Process 

to the highly concen- 

1: high-speed welding, the DCSP torch is some- 
’ an AC TIG torch to smooth the 

bead. Also,.an AC torch can precede the DC 
‘torch, acting as a preheater and surface cleaner. 

Weld Appearance: A dull oxide film always 
,covers the DCSP bead at the edge and may cover the 
“entire surface. This film is removed easily by wire 
i brushing. A particularly shiny bead, with dark edges, 
,is obtained in DCSP welding aluminum when helium 

:is used. 
i, ii;‘:, Mechanical Properties: Because of the high weld- 

eed possible -with DCSP, the heat-affected 
adjacent to the weld are usually narrower than 
he AC TIG process. This is more apparent in 
at-treatable alloys, such as 6061 or 6063, than 

nonheat-treatable alloys, such as 5086 or 

:T-CURRENT, REVERSE-POLARITY TIG 
ING 

uipment required for the DCRP TIG process 
same as that used for DCSP welding. The 

le connections for torch and work cables, 
er, are reversed, as shown in Fig. 9-17. 
DCRP welding, the tungsten electrode is 
and the plate stays relatively cool. For this 

TABLE 9-21. RECOMMENDED PRACTICES 
IN THE FLK 

Material 
Thickness 

t (in.) 

0.010 

0.020 

0.030 

0.040 

0.050 

Joint Designa 
r*-4f 

A- 
&2-3* 

7 
-- 

0 - ,,32”1LL r 2t 

--=+= 
-- 

0 -l/32"?' -l-22t 

-7 
=I/ 

o--1,32“+ I- t - a 

__rp__- 
II--’ 

o-,/32”* w 

DCRP 
~(Work negative) 

Fig. 9-17. Machine connections for a DCRP TIG welding system; the 
electrode is positive and the work negative. 

reason, electrodes used with DCRP welding must be 
considerably larger in diameter than those used with 
AC or DCSP TIG welding. For example, a 
l/Gin.-diameter electrode is required for 125 amp 
of DCRP welding current, whereas a l/16-in. elec- 
trode will handle the same current in DCSP (see 
Table 9-18). If an electrode is too small, the tip will 
overheat and drop off, contaminating the weld. 

The DCRP arc produces an excellent cleaning 
action on an aluminum surface, breaking up any 
oxide present. But the bead produced by this 
process is shallow (because the plate stays relatively 
cool), which limits DCRP welding of aluminum to 
thin sheet -to about 0.050 in. maximum. 

The shielding gas usually used with DCRP TIG 
welding is argon. Recommended flow rates, along 
with suggested procedures for DCRP welding of 
aluminum, are listed in Table 9-21. 

FO R DCRP TIG WELDING OF ALUMINUM 
r PC DSITION 

Electrode 
Diameterb 

Welding 
currentb 

(in.1 (amp) 

3/32 15-25 

l/8 - 5132 40 -55 

l/8 - 5132 40 -55 

306 50-65 

3/16 50-65 

3/16 60-80 

3116 60 - 80 

3116 70-90 

3116 70-90 

a “se Of a backup Wifh a QenarDus growe is recommended in all cases 

i 
I 

Gas 
FIOW 
tcfhl 

15-25 

15-25 

15-20 

15-25 

15-20 

20-30 

25-30 

20-30 

25-30 

Filler 
Diameter 

(in.) 

- 

0.020 

- 

0.020 or 3/64 

- 

3164 

- 

3/64or1/16 

b High current% with correspondingly larger electrodes. can be used for automatic welding. 
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Welded support structure for a 230 KV power line. 
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Welding Copper and Copper Alloys 

Copper, one of the best metals for conducting 
‘,,heat and electricity, is also fairly reactive chemi- 
,, tally, particularly in respect to oxygen. Yet, it is 

produced and sold in one of the purest forms of any 
commerciai metal. Ordinary tough-pitch or electro- 

lytic copper is 99.9+% pure, with about 0.05% 
copper oxide distributed throughout the metal as a 

~, ,copper-oxide eutectic. During welding, the migra- 
,j;;:tion of copper oxide to the grain boundaries tends 
i&o cause loss of ductility of the otherwise highly 
&&tile material, 
~&jz ,,~ 
ttijs:~, #&$: ; The absorption of carbon monoxide and hydro- 
@gen at temperatures above 1300°F, with resultant @;, 
&reaction with copper oxide to form carbon dioxide 
!&iid water vapor, also complicates the welding of &;~:;,‘,’ 
b+copper by causing internal cracking and embrittle- &#J’ 
#@me;it. As indicated in Table 10-l -Applicability of 
@o,ur Welding Processes to Copper and Its Alloys, 
~~,~ly’ poor to fair weld quality is obtainable with the 
&nanual covered electrode, gas metal-arc, gas 
~@$mgsten-arc, and carbon-arc processes when welding 
:;el&trolytic tough-pitch copper. 

The addition of a small amount of silicon, phos- 
Sphorus, or other deoxidizers to copper results in 
‘,i, deoxidized copper, which can be welded with the 

gas metal-arc, gas tungsten-arc, or carbon-arc 
processes with substantially improved results. The 
deoxidizing element ties up the oxygen content, 
inhibiting the formation of copper oxide at the grain 
boundaries. 

One form of deoxidized copper is known com- 
mercially as “oxygen-free.” This is copper that has 
been remelted and cast in a hydrogen atmosphere to 
remove oxygen. Oxygen-free copper contains no 
deoxidizing elements, the absence of which 
improves some of the mechanical properties, but 
makes the metal susceptible to internal oxidation at 
prolonged heating in air at elevated temperatures. 
Oxygen-free copper, thus, tends to pick up oxygen 
during welding, forming copper oxide. As a result, 
the welds are usually inferior in quality to those in 
deoxidized copper. For this reason, oxygen-free 
copper can be classed with electrolytic copper in 
summarizing its weldability - as done in Table 10-l. 

Only when using the carbon-arc process with its 
highly reducing atmosphere do welds in oxygen-free 
copper exhibit significant improvements in quality 
over welds in electrolytic copper. 

The affinity of copper for oxygen is only one of 
several characteristics that make welding difficult. 
Even though copper melts at a much lower tempera- 
ture than steel (1980OF versus 2775OF), it takes 
longer to melt a section of copper than an equiva- 
lent section of steel with the electric arc. This results 
from the high thermal conductivity of copper - 
about five times that of steel. When welding copper, 
the metal adjacent to the weld area draws away heat 
about as fast as it is introduced. Not until the 
adjacent metal is adequately heated does the spot 
being welded reach the melting point. The high 
thermal conductivity of copper, thus, usually makes 
preheating necessary when welding. 

Copper also has a higher coefficient of expan- 
sion than steel. This means that it expands more 
when heated and contracts more when cooled, 
accentuating the shrinkage and weld-cracking prob- 
lem that welding operators are accustomed to 
dealing with when welding steel. This problem is 
further heightened by the rapid decrease of the 
tensile strength of copper above 500OF. 

WELDABILITY OF COPPER ALLOYS 

There are numerous copper alloys designed for 
various mechanical, electrical, and architectural 
applications. The alloying elements used are lead, 
zinc, tin, nickel, aluminum, iron, and beryllium, in 
varying admixtures and percentages. All of the 
alloys are weldable, although not to the same degree 
of ease or success in respect to the quality of weld. 
The approximate compositions and properties of the 
six representative alloys commonly used in products 
fabricated by welding are listed in Table 10-2 - 
Properties of Copper and Copper Alloys, along with 
the properties of electrolytic and deoxidized copper. 
The weldabilities of these six alloys are summarized 
by chart fashion in Table 10-l and discussed in the 
following text. 



TABLE 10-l. APPLICABILITY OF FOUR WELDING PROCESSES TO COPPER AND ITS ALLOYS 

10.1-2 Welding Copper and Copper Alloys 

I Oxvsen-Frea or I I I I I , I 

Preheat Not required. 

OF UP to 900 UP to 900 400 to 500 500 to 700 Do not exceed 
400, up to ,150 

300 to 400 Not required. 
200 interpass. 

for the high-alumi. 
“urn grades. 

Gas Metal-Arc - DCRP 

Weld 
C4”Blif” 

Fair to poor Good Good Good Good 

EC&n-C best ECuAl-A2for 
color match. strength. 
ECuSi best ECuSi for ECuSi 

operation. best operation. 

up to 400 on :!A ~eq~~~~;o Not required. 

heavy sactions reduce zinc Do not exceed 

fuming. 200 interpaa 

Good Good 

Electrad 

Preheat 
OF 

Gas 

I 

Up to 1000, de- 
400for l/4 in. 

I 
On heavy sations 
only. Do not 
exceed 600. 

1 in 

Helium Helium 
Argon or 
argon-helium 
mixture. 

* 

: is Preferred 

IO” 
‘er 

I I I I 
Gas Tungsten-Arc OCSP except on Aluminum Bronze A( 

Weld 
quality 

Fair Good Fair Fair Good 

RCuSi-A or 
Rod if RCuSn-A for RCuSi-A or RCUSn-A 

RCuSi-A 
used strength RCu for RC”Sn-A 

RCUS”.C 
RCuALA2 

RCuSi-A 

best conductivity. RCuSi-A 

Common 
NWlti? 

Electrolytic 
Tough-Pitch 

COpper 

Deoxidized 
copper 

Red sras Muntz Metal Silicon Ebmzs Phosphor 
BW”le Cupro-nickel Aluminum Sronre 

Manual Covered Electrods - DCRP 

Weld Fair. Prefer gas 
Fair to poor 

Fair. Prefer gas 
“~etal-arc or gas Good 

Fair. Prefer gas 
quality Good metal-arc or gas Good Good 

tungsten-arc 
Ineta,-arc or gas 

t”ngstenarc t”ngnensrc 

EC&n-A or EC”Sn-A or 

Ilectrads EC~CSWA or ECliSn-A or EC&n-C EC”Srl.C 
or ECuAl-A2 or ECuAl-A2 

ECuSi ECSn-A ECuAM 
EC&n-C ECuSn-C ECuNi 

for higher for higher ECuALA ECuSn-C ECuAl- for 

strength. strength. 
higher strength. 

Preheat UP to 1000, de- UP to 1000. UP to 409, de- Not required. 
OF pending on depending on pending on up to 400 Da not exceed 

thickness. thickness. thickness. 200 interpass. 

Helium or mix- Argon 118 in. 

Gas ture of 75% and thinner. Argon or 

helium and 25% Helium over Argon Argon argon-helium 

argon l/8 in. mixture 

Helium 
Argon on thin 

I I 

Argon Argon 
sheet 

Carbon-Arc - DCSP 

I I I I 

Fair Fair Fair Fair Fair Fail 

RCuSi-A, 
RCuSn-c for us? an 

single pass 
RCuSi-A K&i-A RCuSn-A RCuNi ,. ECuAl-A2 as 

Cl”,“. filler rod. 

UP to 400 UP to 300 Not required. Usually not NOt required, On heavy sections 
required. only. 



Shielded Metal-Arc Process 10.1-3 

TABLE 10-Z. PROPERTIES OF COPPER AND COPPER ALLOYS 

’ 2 in. ,%m, I I I I I I 
Rockwell hardness 508 40F 608 40F 738 59F 808 8OF 938 608 948 438 858 408 838 748 

Electrical 
conductivity 68’F 101 85 37 28 7 13 4.6 14 
.^. . ^^, 

Thermal 
! ,conductivity 68’F 

&(Etu/sq frlftlhrl’f) 

h:. 
f&&j; 
&& 

226 196 92 69 21 36 17 44 

~~, 
‘?WEL~~NG COPPER AND ITS ALLOYS WITH 

@pNUAL COVERED ELECTRODES 

f 

~~~:,,~ ommercial arc welding of copper and its alloys 
;&with several exotic exceptions - is limited to the p, 

b&n ‘processes shown in Table 10-l. The shielded 
%iietal-arc process is the simplest to use and has @gj :>;:,, 
@$antaw over the tungsten-arc and carbon-arc 
~~~~ocesses. The heating cycle is relatively short, 
&wb,ich is desirable with some alloys. With plate over 
F!l/4 in. thick, preheating is usually necessary to get 
:~&@oper fusion. As indicated in Table 10-1, the best 
;:welds with the manual covered electrode are 
” obtained when welding the copper-zinc, copper-tin, 

and copper-nickel alloys. Full-strength joints are not 
possible on electrolytic, oxygen-free, or deoxidized 
copper. 

Electrode selection depends on the chemical 
composition of the base metal. Section 4.1 gives the 
AWS classifications and chemical-composition 
requirements of electrodes for welding copper and 
its alloys. The minimum specified tensile strengths 
for welds deposited by these electrodes are also 
listed in Section 4.1. 

Table 10-l gives the electrode classifications 
recommended for the metal and six alloys. Thus, 
from this table it can be seen that an ECuNi elec- 
trode would be chosen for welding cupro-nickel 
alloys and either an ECuSn-A, ECuSn-C, or 
ECuAl-A2 would give good results with the low-and 
high-zinc brasses (red brass and Muntz metal). 

Direct current, reverse polarity is used with most 
copper and copper-alloy covered electrodes. The 

welding operations differ from those of steel as 
necessitated by the marked differences in physical 
properties. In general, wider root openings and 
groove angles are required in the joint preparations, 
along with a greater amount of tack welding, higher 
preheat and interpass temperatures, and higher cur- 
rent densities. Figure 10-l shows the AWS- 
recommended edge preparations for light-gage and 
plate material. 

The preheat requirements are specified in Table 
10-l. With the exception noted for silicon bronze, 
phosphor bronze, and cupro-nickel, preheat and 
interpass ‘emperatures of 400°F or more are neces- 
sary to get adequate flow of molten metal. Joints 
are usually backed with the same material as the 
base metal, although carbon or copper backings may 

Id) rgo7 
5132 - 3jf$q E 

Fig. 10-l. Edge preparations commonly employed when designing 
copper and copper alloy joints for welding. Preparations (a). (bl and 
(cl are banally used for light-gage materials, while (d) and (e) may be 
used for heavier sections. 



be used with most of the alloys. By using a grooved 
backup of carbon or copper, a small bead may be 
formed on the underside of the joint. 

Although unsatisfactory for quality, full- 
strength joints in electrolytic copper, and producing 
only fair-quality welds in deoxidized copper, there 
are occasions when it is practical to weld these 
metals with the shielded metal-arc process, using 
ECuSn-A or ECuSn-C electrodes. A grooved backing 
strip of copper with a wide-angle groove ,should be 
used, with the welding done downhand. The largest 
diameter electrode possible for the plate thickness 
should be selected. A high current density is neces- 
sary to assure good metal flow and minimize slag 
entrapment. Weave or stringer beads may be used, 
depending on the width of the groove. Clamping of 
the joint should be moderate to minimize the 
possibility of weld cracking. 

Referring to Table 10-1, it can be seen that good 
results are obtained when welding the brasses (red 
brass and Muntz metal) by the shielded metal-arc 
process, using ECuSn-A, ECuSn-C, or ECuAl-AZ 
electrodes. The latter electrode is used when high 
tensile and fatigue strength and good corrosion 
resistance are requirements. The preheat and inter- 
pass temperatures should be not less than 400°F for 
red brass nor less than 500°F for Muntz metal. 
Backing strips of matching plate or copper should be 
used, and groove preparations should be wide to 
assure penetration and prevent slag inclusions. 

The zinc content of the brasses is a cause of 
welding difficulties. Welding temperatures tend to 
volatilize the zinc, leading to zinc oxide fumes that 
constitute health hazards unless the area is well 
ventilated. The zinc oxide fumes obscure vision and 
make fusion difficult by reducing the wetting prop- 
erties of the molten metal. Vaporization can cause 
excessive loss of zinc, changing the composition of 
the metal in the weld area, with resultant changes in 
physical and mechanical properties from that of the 
base metal. 

To give the best results and minimize zinc vola- 
tilization, all welding should be performed in the 
flat position with the largest size electrode practical. 
Playing the arc on a small puddle when using the 
ECuALA electrode and progressing slowly with a 
weaving motion minimizes the loss of zinc. The cur- 
rent should be on the high side of the range. With 
the ECuSn-A and ECuSn-C electrodes, currents on 
the high side of the range and fast welding speeds 
should be used with thin stringer beads. 

Although gas-shielded arc-welding processes are 
preferred for the silicon bronzes, welds of fair 

quality can be obtained with the ECuSi and 
ECuAlA manual metal-arc electrodes. The silicon 
bronzes have a lower thermal conductivity than 
other copper alloys, a factor facilitating welding 
ease. Because of this, the groove preparations can be 
similar to those used with steel. Square butt joints 
may be used in thicknesses up to 5/32 in., and 
material of greater thickness may be joined by single 
or double-V grooves with a 60° included angle. 

The silicon bronzes are hot-short and preheats, 
are undesirable. Care should be taken that interpass, 
temperatures do not exceed 2000F. The weld metal 
should be deposited rapidly in the form of stringer 
beads, with the current setting in the middle of the 
recommended range for the electrode size. Main- 
taining a short arc and a small puddle helps prevent 
overheating. It is preferable that the work be 
planned for downhand welding. 

The shielded metal-arc process usually gives 
better quality welds on the phosphor bronzes than 
any other arc-welding process. ECuSn-A and 
ECuSn-C electrodes are specified. Preheat and inter- 
pass temperatures up to 400°F and no lower than 
3000F are required to give adequate flow to the 
molten metal. Wide grooves facilitate washing the 
side walls. A backing strip is desirable, as is down- 
hand positioning, although out-of-position work is 
possible where necessitated by the shape or size of 
the weldment. 

A groove joint may be welded by depositing the 
fist two layers with a slight weaving technique, 
followed by thin stringer beads. The width of the 
preliminary weaves should be no more than twice 
the electrode diameter. This technique of depositing 
the weld metal facilitates the formation of a fine- 
gram, dense structure with the best as-welded 
mechanical properties. The coarse dendritic-grain 
structure that tends to characterize the phosphor 
bronzes can also be avoided when using stringer 
beads exclusively by exercising care in maintaining 
the interpass temperature in the 300°F to 400°F 
range. A postheat treatment of 900°F, with fast 
cooling, is recommended to give the deposit 
maximum ductility, when such may be desirable. 

Shielded metal-arc welding with the ECuNi elec- 
trode gives quality deposits with cupro-nickel alloys. 
The flux of the covering is designed to handle the 
highly refractory nickel oxides formed under the 
heat of the arc. Smooth weld deposits, free from 
slag or porosity, are possible with good workman- 
ship. Welding in the flat position is recommended, 
although welds can be made out-of-position. 

ECuAlA and ECuAl-B electrodes are used to 
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join commercial grades of aluminum bronze sheet 
and plate by the shielded metal-arc process. As 
noted in Table 10-1, the welds are rated fair in 
quality, compared to the good ratings by the gas- 
shielded processes. Welding is made difficult because 
of the highly refractive aluminum oxides formed, 
which must be removed by fluxing. A wide groove - 
with an included angle of 70° to 90° - should be 
used with heavier sections, together with a backup 
strip of the same materiai. A preheat and interpass 
temperature of 400°F is recommended for the low- 
aluminum grades and temperatures up to 1150°F, 
with postweld fan cooling, with aluminum bronzes 
of higher aluminum content. 

Welding techniques similar to those used with 
,,’ steel may be employed. Beads may be either weave 
2: or stringer. The deposits have exceptionally good 
#,hot strength and hot ductility, allowing much 
3@$Je +,,, way in bead thickness. Downhand welding is 
&recommended. An anneal at 1150oF, followed by 
pqg:,, ,&an cooling, is required as a postheat treatment for 
$&h& high-aluminum grades. 
~~:; 1 

1 
*q&,:, 
#&ELDING COPPER AND COPPER ALLOYS BY 
#@HE GAS METAL-ARC PROCESS t&j;::;; 
b&@ ,Copper and copper alloys may be weld& with 
g& ,, 

@he semiautomatic and fully automatic gas metal-arc 
@jprocess, using solid or stranded bare electrode wire 
g:@meeting the chemical compositions shown in Sec- 
‘!%ion 4.1 and helium or argon, or mixture thereof, as 
‘!::the shielding gas. The weld quality is especially good 
s~“*th the brasses and bronzes, with the exception of 

then phosphor bronzes, where the covered manual 
~“electrode gives superior mechanical properties in the 

deposited metal. Gas metal-arc welding also gives 
good welds when joining deoxidized copper. 

The obvious advantage of a semiautomatic or 
fully automatic process is the higher deposition rates 
obtainable by the mechanized feeding of the elec- 
trode to the arc. Other advantages are excellent weld 
appearance, good physical properties, uniform weld 
quality, dense deposits, low distortion, and low 
preheat and interpass temperature requirements. 

Gas metal-arc welding may be used to join elec- 
trolytic and oxygen-free copper, but the welds are 
rated only poor to fair in quality. Table 10-l shows 
the electrode types, preheat, and shielding gases 
recommended. The ECU and ECuSi electrode wires 
give good groove welds with various grades of deoxi- 
dized copper when the preparations are wide enough 
to permit proper manipulation. A 900 included 
angle should be used when plates are l/2 in. or more 

in thickness, and a preheat of 4000F is recommended 
for l/4-in. or thicker plate. Peening, followed by 
annealing, is frequently used to refine the weld grain 
structure. 

As Table 10-l indicates, ECuSn-C and ECuSi 
electrodes give good quality welds with the red 
brasses. The former produces deposits with the 
better color match; ECuSi gives better operating 
characteristics. The properties of the weld metal are 
similar. Helium is the preferred’ gas with the 
ECuSn-C electrode, and a preheat of 400°F is 
recommended when welding plate 3/16 in. or more 
in thickness. Argon may be used with the ECuSi 
electrode. Specifications frequently call for an 
included angle of 70° in heavier plate grooves 
welded with the ECuSn-C electrode and 60° in 
grooves welded with ECuSi wire. 

The higher-zinc alloys, as typified by Muntz 
metal, may be welded with ECuAl-A2 or ECuSi 
filler wires, using helium as the shielding gas. Pre- 
heating is not required, but is helpful in reducing 
zinc volatilization by making lower’welding currents 
practical. ECuAl-A2 wire gives welds with the 
better strength; ECuSi wire exhibits better welding 
characteristics. 

The gas metal-arc process is often preferred for 
the welding of silicon bronzes. It gives good quality 
welds when used with the ECuSi electrode and 
argon gas or a mixture of argon and helium. Preheat- 
ing is not required, and care should be taken to 
avoid overheating by welding rapidly. A small weld 
puddle should be maintained, with the weld progres- 
sing at a rate of about 8 in. per minute. The oxide 
film formed on the weld bead should be removed by 
wire brushing in multipass work. 

Only fair-quality welds can be expected with the 
gas metal-arc process when welding the phosphor 
bronzes with the electrodes, preheat ranges, and gas 
indicated in Table 10-l. These bronzes tend to be 
hot-short, and they are characterized by thermal 
conductivities greater than those of the silicon 
bronzes. Consequently, if the process is used with 
phosphor bronzes and wider groove preparations, 
higher current densities are required. The rate of 
travel must be rapid and the puddle kept small. 
Heavier sections require a preheat approaching 
400OF. 

The gas metal-arc process gives good results 
when welding the copper-nickel alloys - possibly 
the best welds of any applicable process. Either 
argon or a mixture of argon and helium may be used 
with the ECuNi electrode wire. Squambutt joints 
are used with light-gage sheet, and single or double- 
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y grooves with an included angle of 60° with plate 
material. Welding may be done out-of-position as 
well as in the preferred downhand positions. 

Good-quality welds are also obtained with gas 
metal-arc welding when joining the aluminum 

: bronzes. Here, also, out-of-position welding is prac- 
tical, although the best weld quality is attained in 
joints presented in the flat position. Table 10-l 
shows the electrode types and shielding gases recom- 
mended. Note that a preheat is not required, except 
for heavy sections. Stringer beads and small-to- 
moderate weave beads are considered desirable. 

WELDING COPPER AND COPPER ALLOYS BY 
THE GAS TUNGSTEN-ARC PROCESS 

Copper and its alloys can also be welded by the 
gas tungsten-arc process, in which the arc is between 
a nonconsumable tungsten electrode and the work, 
and the filler metal is obtained from a consumable 
rod fed into the arc. Welding is done using direct 
current, straight polarity, except in the case of weld- 
ing the aluminum bronzes, where AC current is 
preferred. 

The chemical composition of welding rods used 
with the process, and also with carbon-arc welding 
of copper and copper alloys, are specified by the 
AWS as shown in Section 4.1. Note that rods carry 
the initial “R” letter in the AWS classification to 
distinguish them from electrodes, which are denoted, ‘, 
by “E.” ‘The tensile-strength requirements for ;, 
deposits from the various classifications of welding,:: 
rods are also shown in Section 4.1. 

The gas tungsten-arc process gives dense, high-,: 
quality welds on deoxidized copper, silicon bronze, 
cupro-nickel, and aluminum bronze, and fair-quality 
welds on electrolytic and deoxidized copper, red : 
brass, Muntz metal, and phosphor bronze. Argon, 
helium, or a mixture of the inert gases are used for 
shielding, depending on the material welded. Wide 
grooves, with 60° to 90° included angles, are 
required for plate material for good performance, 
and root gaps are used to insure complete 
penetration. 

When welding copper, the performance require- 
ments of the weldment may dictate the selection of 
welding rod. Thus, if it is desirable to maintain good 
thermal or electrical conductivity at the joint, the 

GAS METAL-ARC WELDING OF COPPER 

l/8 -l/Z in. 

Electrode Class: ECU 
Position: Flat 
Polarity: DCRP 
Gas: Argon 50 dh 



RCurod would be selected when welding oxygen- 
free or, electrolytic copper. If strength is a more 
important consideration, the RCuSi-A or RCuSn-A 
,rod would be used. These latter rods are recom- 
,mended for use with deoxidized copper. Table 10-l 
shows the”~shielding gases that may be used. Note 
,:th,at:preheats up’to 1000° may be required to secure 
:$roRer fusion. The gas tungsten-arc process becomes 
,decre,asingly desirable as plate thickness increases 
;because of the need for high preheat and a 90° 
‘included angle for good welding performance. 
‘:i:,,“’ ‘Even though weld quality is rated only “fair,” 
ithe ,gas tungsten-arc process is used extensively in 
j::the fabrication and repair of the brasses. The 
&propriate rod classifications, shielding gases, and 
@reheats are shown in Table 10-l. Sheet brasses are 

frequently joined without an edge preparation or 
use of a filler rod by the fusing of the base metal. 
With thicker material, a 60° included angle is 
required, together with filer rod of appropriate 
diameter., 

The RCuSn-A welding rod ,gives a fair-quality 
weld by the process with the phosphor bronzes. In 
practice, the process is usually : limited to repair 
work on castings of such materials. Welding should 
be done as rapidly as possible, using a preheat up to 
4000F. Slow cooling is desirable, and hot peening is 
often used to refine the grain structure and reduce 
stress and distortion. 

Both the cupro-nickels and aluminum bronzes 
are readily welded with the gas tungsten-am process. 
RCuNi filler rod gives good-quality weld metal with 
the copper-nickel alloys, using argon as the shielding 
gas. No preheat is required. 

The process is highly recommended for the 
aluminum bronzes, on which it produces quality 
welds of excellent appearance. Light-gage sheet can 
be welded without filler rod; RCuAl-A2 rod should 
be chosen for plate joining; and RCuAl-B is typical 
of the filler rods recommended for the repair of 

hout a preheat. 
silicon bronzes are readily welded with the 

n-arc process. Good-quality welds are 
with RCuSi-A electrode. Direct current, 

polarity is preferred, although alternating 
may be used. Note from Table 10-l that a 
is not required and that interpass tempera- 

uld not exceed 200OF. Sheet material is 

GAS TUNGSTEN-ARC WELDING OF SILICOF 

TT :,: ‘: bolarity: DCSP 
1 p-Tmax 

c+ & -+ 

T= l/16”- l/8” 

Butt or Corner 

m 

1 BRONZE 

& 1116 - l/8” 
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castings. Preheats are required only with heavy sec- 
tions. Alternating current usually gives welds of 
highest quality, although direct current, straight 
polarity can be used in many applications. Argon is 
the preferred shielding gas. No special welding tech- 
niques, postweld peening, or heat treatments are 
normally required. 

WELDING COPPER AND COPPER ALLOYS BY 
THE CARBON-ARC PROCESS 

The carbon-arc process was formerly used exten- 
sively for the welding of copper and its alloys, but 
has been largely obsoleted by the gas-shielded and 
manual covered electrode processes. As noted by 
Table 10-1, it produces weld metal of good quality 
only in the case of deoxidized copi;c; ‘TIw reducing 
action of the carbon-arc process te:h+r to cause 
embrittlement in oxygen-bearing Cop;: ~:r:r. 

Process: GasTungnen.Arc 
Plate Material: Deoxidized Coppe 
Plate Thickness: ‘:“6 - l/4 
Passes: 1 
Rod Class: RCU 
Position: Flat 

Polarity: DCSP 

Joint 

Plate ThicknesT (in.) 
Rod Size 
Electrode Size 

current hlpl 
Gas lcfh) 
ArcSpeed Iin./min) 

Total Time (hrlft of weld) 

* Preheat 200% 
+ Preheat 3OO’F 

Carbon-arc welding procedures call for pointed .,y 
carbon electrodes in diameters from 5/32” to l/2” 
to carry the current and strike the arc. The carbon :; 
should be gripped about three inches from the arc to : 
prevent excessive burning away. Straight polarity is 
mandatory. The arc is generally played on the filler :;‘; 
metal rather than on the base metal, after bringin& 
the base metal up to preheat temperature. Joints in::: 
thin material can be fused together without the use:~ 
of a filler rod. 

Table 10-l shows the recommended filler rods’::; 
and preheat requirements - should there be reason ‘,“’ 
,for selection of this process. In most instances, how- ” 
ever; it is recommended that the gas-shielded or:“:- 
covered-electrode processes be used to avoid the 
difficulties or inferior welds that result from welding 
copper and copper alloys with the carbon-arc 
process. 

GAS TUNGSTEN-ARC WELDING OF COPPER 

I --Ii- Less than 0.1 T 

mtt or corner 
-1 I Fillet or Lap 

l/8 
3/32 
3/32 

175 - 225 
Argon 15 

‘I, 

3116’ 1/4t 
l/8 l/8 
118 l/8 

190 - 225 225 - 260 
Helium 30 Helium 30 

rn n 

118 
3/32 
3132 

200 - 250 
Argon 15 

n 

3/16” 
l/8 
l/8 

200 - 250 
Helium 30 
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Weld Ruality 

In production welding, the term “weld quality” 
Is relative. The application determines what is good 
ar bad. Generally, any weld is a good weld if it 
meets appearance requirements and will continue 
indefinitely to do the job for which it is intended. 
But a weld can be “too good.” This is the case when 
3 high degree of quality has been obtained at exces- 
sive production cost and the buyer is getting no 
discernible value from the extra expenditure. 
Insisting on any method of inspection that serves no 
Iunction is illogical as well as wasteful. 
$ ,,’ The first step, then, in assuring weld quality is to 
gcertain the degree required by the application. A 
&ndard should be established based on service 
needs. Engineering performance will be the main “f;;;:: 
cbnsideration in arriving at the standard, but appear- @*,?,, 
&:c,e may also be important. A safety factor must, 
@necessity, be built into the standard, but it should “~, <, 
&easonable. Once the standard has been set, it is 
the:: responsibility of everyone concerned with the 
@to see that it is followed. 
!#:~I:,, ,On the low side, the predetermined standard of 
&lity should never be compromised. On the high 
side, there is no objection to extra quality, providing 
it; has been obtained at no penalty in cost. If tests 
repeatedly show that the welds are exhibiting a 
degree of quality far greater than required by the 
standard, a cost reduction through modification of 
weldment design or procedures is possible. 

Frequently, the standards are preset by prevail- 
ing specifications or engineering and legal codes. 
Sometimes such standards are ultraconservative, but 
when they apply they must be honored. The engi- 
neer can do his company or the customer a service 
by pointing out unrealistic specifications and the 
opportunities for cost savings, but the specifications 
must be adhered to rigidly until revised. 

THE FIVE P’S THAT ASSURE QUALITY 

After the quality standard has been established, 
the most important step toward its achievement is 
the selection of the best process and procedures. By 
giving attention to five “P’s,” weld quality will come 
about almost automatically, reducing subsequent 

inspection to a routine checking and policing 
activity. The five P’s are: 

(1) Process Selection - the process must be 
right for the job. 

(2) Preparation - the joint configuration must 
be right and compatible with the welding 
process. 

(3) Procedures - to assure uniform results the 
procedures must be spelled out in detail and 
followed religiously during welding. 

(4) Pretesting - by full-scale mockups or simu- 
lated specimens the process and procedures 
are proved to give the desired standard of 
quality. 

(5) Personnel - qualified people must be 
assigned to the job. 

In view of the various automatic and semi- 
automatic processes available, process selection 
imposes a challenging decision. Of all the processes, 
manual welding is the most versatile, but economic 
considerations necessitate its being ruled out in 
favor of a partially or fully mechanized process 
wherever such is applicable. Process selection is tied 
up integrally with the fill, follow, freeze, and pene- 
tration needs of the joint. Each process has its 
advantages and limitations, and each introduces 
problems affecting joint preparation, welding pro- 
cedures, and operator training. The process that 
gives the correct balance between the needs of the 
joint in terms of fill, follow, freeze, and penetration 
is likely to be the one that gives optimum weld 
quality. 

Manual and submerged-arc welded joints enjoy a 
“prequalified” status. Gas metal-arc and flux-cored 
arc welded joints are also prequalified, but have 
strength’and thickness limitations. (See AWS Struc- 
tural Welding Code - Dl.l-72.) Deviations from 
these prequalified joints may be accomplished by 
running prequalification tests, sin.ce practically all 
codes state that “other welding processes and pro- 
cedures may be used, provided the contractor quali- 
fies them in accordance with the prescribed 
requirements.” 



Joint preparations are standardized and specified 
by applicable codes. The decision as to joint prep- 
aration is made by the designer rather than the fabri- 
cator, with the latter usually given the choice of 
what process and procedures to use to make the 
weld w-ith the prescribed preparation. Acceptable 
butt-joint preparations are nothing more than a 
compromise between the included angle of bevel 
and the root-spacing dimension. A large included 
angle will permit a smaller root spacing and, con- 
versely, a small included angle requires a larger root 
spacing. These and other factors are taken into 
consideration in prequalified joints. The joint detail 
influences process selection, electrode size, and 
welding position. The joint preparation, must be 
correct before welding is started, not only to meet 
specifications, but to give assurance of weld quality. 

Reliable welding procedures are developed 
through firsthand experience. They should be com- 
pletely detailed in advance of production work. A 
full-scale mockup of the joint, using the same type 
steel, sizes, and shapes that will be used on the job, 
should be made to test the procedures if such is 
possible. If a full-scale mockup is infeasible, a simu- 
lated setup should be used to produce specimens 
that can be destructively and nondestructively 
tested. By trial and error, all the procedure details 
for making an acceptable weld can be determined. 

Pretesting production-size or simulated produc- 

tion specimens also tests the process as well as the 
procedures. Once it has been ascertained that the 
procedures and the process give the desired quality, 
such test specimens can also be used as a final check 
on the qualifications of the operator. 

The closer the conditions of test approach 
conditions of service, the more meaningful the’: 
results. The ideal would be service life tests under 
slightly exaggerated conditions. Since this is usually ids 
impractical, simulated service tests are the next best ‘, 
choice. Specimen assemblies may be subjected to 
radiographic, ultrasonic, or other nondestructive 
inspection procedures to evaluate the weld quality. 
Or they may be prooftested or submitted to 
destructive tests to determine ultimate limits. 

By proper use of process-procedure ou,a!ification 
- backed up by convincing test evidence - final 
inspection takes on the nature of a q-~~ity control 
activity. This is desirable; the intent should be to 
make the welding so deadly precise in giving the 
desired quality that all subsequent inspection is for 
the detection of the unexpected and unexplained, 
rather than the explainable defects. 

Personnel qualification - the last of the five P’s 
- can be evaluated in a preliminary way by the AWS 
Operator Qualification Test and the contractor’s 
judgment. If a semiautomatic process is to be used, 
some experience with it is desirable, or the weldor 
may require training. As mentioned previously, the 
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Fig. 11-l. Each of these welding p:,cedures meets the Service requirements of the product and is therefore acceptable. If a low-cost 
W&I does the job, there isno coin; in demanding a standard of quality that has no value in the product. 
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‘>welding of test specimens with the selected process 
and procedures will affirm the ,operator’s capability. 

QUALITY VERSUS ACCEPTABILITY 

It is possible for a weld to be of “poor” quality 
by standards of inspection and judgement, yet per- 
form its job admirably. If that weld is produced at a 
fraction of the cost of a weld that would be rated 
high-quality, there is no logical reason for increasing 
the manufacturing cost to obtain the high-quality 
weld. Acceptability is, thus, a consideration that 
must be balanced against the concept of quality in 
order to control fabrication costs and the cost of the 
product to the buyer. There is no point in welding a 
bracket to the undercarriage of a farm machine with 
s precisely laid, X-ray-quality weld if all the bracket 
Su,pports is a lightweight dust shield and never in 
gervice will the weld be subject to view. If a weld of $;#@ :, 
&ferior appearance and strength can be made at a 
&ction of the cost that serves the function just as @& 
g$, it is acceptable and just as good for the 
ggpose. 
@ig:&The allowing of “acceptability” however, does @$j& 
@mean the toleration of sloppy or careless work. 
$)&the,, it means giving the joint what it needs by 
&most economical method at the best workman- 
&plikely to prevail under the circumstances. 
&The formed undercarriage channel shown at the 
‘top: of Fig. 11-1 is illustrative. Here, the strength 
‘$quirements are nominal and appearance require- 
$ents nonexistent. Intermittent welds are adequate, 
freedom from defects is unimportant, and weld 
jismg is not specified. The procedures selected give ‘:’ 

I v-600--w Procedure “A” 

5/32 & 3/16 E7018 
130 - 225 amps 

Back-gouged before 
welding second side 

(2.8 # elect./ftt 

Procedure “8” 

5/32 & 3/16 E7024 
225 - 325 amps 

No Back-gouging 

(1.62 # elect./ft) 

Weld Quality 11.7-3 ~” 

welds that satisfy requirements, yet these welds are 
imperfect by conventional standards. They are pro- 
duced at a very low unit cost - and no additional 
value would be realized if better welds were 
produced at a higher cost. 

Similarly, the welds on the liquid storage tank in 
Fig. 11-l have undercut and are not of best appear- 
ance. They are leakproof, however - and that, phrs 
minimal cost, is all the chicken farmer who pur- 
chases the tank to hold kerosene for supplying the 
heating equipment to a brood house is concerned 
about. On the other hand, the storage cabinet in Fig. 
11-l must have welds of good appearance. These are 
obtained at a slower welding speed and an increase 
in cost. 

Even in welds where strength is important some- 
thing less than perfection may be acceptable. The 
double-v weld developed by Procedure A in Fig. 
11-2 costs $5.30 per foot and meets code tests. A 
tensile specimen incorporating it fails in the base 
metal - proving that the weld is stronger than the 
metal it joins. But the weld developed by Procedure 
B at $1.78 per foot also gives a tensile specimen that 
fails in the base metal. It doesn’t meet code tests - 
yet there is no evidence to indicate that it should 
give lesser service than the more costly weld. 

SOME OBSERVATIONS ON WELD DEFECTS 

Much of what an inspector is required to pass 
judgment on does not resolve itself into a go or a 
no-go situation. Most X-ray inspection is based on 
standards that give the inspector a means of com- 
parison to serve as a basis for acceptance or rejection 

Typical Speed 

1.25 ftlhr 

$1.78/ft 

1. Clear X-Ray. no defects 

2. Face, root & side bends 
will meet code requirements 

3. ReducedSection Tensile 
tests fail in base metal. 

1. X-Ray shows lack of fusion 
& scattered porosity. 

2. Face & root bends O.K. 
side bend has l/8” 
defect before bending. 

3. Reduced-Section Tensl!e 
testsfail in base metal. 

Fig. II-Z. There is no point in paying $5.30 per foot for a weld when one produced at $1.78 a foot is stronger than the base metal - 
unless codes or specifications require the higher, but unusable. quality of the more expensive weld. 



and usually are not unrealistic in their demands. The 
quality demanded is obtainable. On the other hand, 
these specifications are not loose enough to permit 
defects that would likely lead to weld failure in 
service. 

Problems arise, however, when a demand is 
made for much clearer X-rays than the code 
requires. In some cases, inspectors have insisted that 
they want perfect X-rays regardless of what the code 
says. There is doubt that this attitude would prevail 
if these same people were aware of the facts illus- 
trated in Figs. 11-3 and 11-4. It is an established 
fact, and one worthy of inspection recognition, that 
scattered porosity well in excess of that permitted 
by some codes does not detract from the strength of 
the joint. 

The individual welding operator has a very great 
responsibility when X-ray quality is required. In 
addition to being certain he uses the prescribed 
procctlures capable of producing X-ray results, he 
must be meticulous in his efforts to make every 
bead as sound as possible. The ordinary effort is not 
good enough. Closer supervision and higher costs are 
natural consequences. It literally requires a change 
of attitude on the part of the weldor to convert 
from routine commercial welding to welding for 
X-ray quality. This has been confirmed through 
expensive experience, especially by contractors who 
occasionally contract for X-ray work. 

One defect an inspector is required to look for is 
undercutting. Generally this is not troublesome. It is 

Fig. 11-3. Weld 1 has considerable porosity, as shown by the radio- 
graph (inset). Weld 2 has no porosity. When the specimens were 
pulled. both broke in the plate at approximately 60,100 psi. !n each 
instance, the weld was stronger than the plate. despite the porosity in 
the one weld. 

ALL WELDS MACHINED FLUSH 

- - 
12.5% 18.8% 25% 31% 

%THRoAT REDUCTION 

Fig. 11-4. Weld samples made with progressive degrees of lack of 
fusion. All welds were machined flush before tensile testing. Weld 
failure finally occurred when the unpenetrated throat dimension 
reached 31% of the total joint throat. All specimens were made with 
l-in. plate. A-36 steel, and E1018 electrode. 

almost always prevalent to some degree on the verti- ~ 
cal leg of large horizontal fillets. But the mere fact 
of its existence someplace along the top edge of a 
5/16-in. or larger fillet does not mean that the weld 
is totally unacceptable. 

Undercut serves no useful purpose. Therefore, 
no reasonable effort should be spared to eliminate it 
or at least minimize it. The greatest control gener- 
ally lies within the area of procedure details or in , 
the ski1 of the individual weldor. But despite its 
undesirable nature, the presence of undercut, except , 
under fatigue loading, is not nearly as damaging as 
one might suspect, as illustrated by Fig. 11-5. Here 

‘6”’ plat&OO&2&2&5 

Reduction in plate 
section (in percentl 7.6% 9.6% 15.% 

Fig. 11-5. Samples were deliberately prepared to show the effect of 
undercut. All sampleswere pulled in tension under a static load. In all 
cases. failure occurred in the plate and not in the weld. 
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116 Sketch showing how undercut may occur on a welded cover 
ffect on the strength of the member. The 

“trolled to hold undercut to a minimum for 
and general appearance. but weld performance 

joint under static loading has not 
bviously, it does not make sense to 

y instances, undercut is so oriented that 
affect appearance and not weld perform- 
eld joining the cover plate and the flange 
in Fig. 11-6 is an example. Stiffeners 
the web of a beam provide another 

s weld. is almost certain to be made 

Fig. 11-7. In shop-fabrication. stiffeners are normally positioned hori- 
ZOntal during welding. Any undercut is in the stiffeners - not in the 
web - where it is no,t detrimental to weld performance. Yet. some 
inspection s~tandards demand 10fln~ elimination of undercut - a stipu- 
lation difficult to justify technically. but one that adds to fabrication 
cost. 

cut to occur in the stiffener and not the web. Under- 
cut would detract from appearance, but would not 
interfere with the stiffener’s performance. 

Another defect controlled by standards and 
sometimes questionable, is the weld crater. Any arc- 
welding process or procedure produces a weld 
crater. The ability to fihthis drater at the termi- 
nation of a weld varies considerably with the ,weld- 
ing current, weld size, and other factors. If these 
limitations are understood, and service requirements 
of the joint are considered, it should not be difficult 
to decide whether a crater must be filled. 

Most codes make a general statement regarding 
crater filling. The AWS Structural Code D1.L72 
states in paragraphs 8.15.1.3 and 9.25.1.3: “All 
craters shall be filled to the full cross section of the 
weld.” 

These two statements appear harmless enough 
and, in fact, present no problem on long continuous 
welds. In this case, the start of each weld fills the 
crater left by the previous weld - a technique that 
any weldor can easily master. The only crater 
requiring special attention would be the final one at 
the end of the joint. 

What happens on intermittent welds is entirely 
different. An example is the production of 5/16-in. 
fillet welds, each 3 in. long and spaced on 12-in. 
centers. A typical production welding procedure 
would specify the use of l/4-in. electrode. But any 
procedure that will efficiently produce a sound weld 
of the required size will most certainly develop a 
pronounced crater that is very difficult to eliminate. 

Strict adherence by the inspector to the code 
will require the weldor to change his procedure to 
one that is more conservative and calls for smaller- 
diameter electrodes, lower currents, slower travel 
speeds, or even changing to another electrode type 
having a slower deposition rate. An alternate 
approach would require the weldor to use a back- 
stepping method to fill the crater, which rarely 
produces a sound crater. In either case, the net 
result has a detrimental affect on weld speed and 
weld cost. 

Where intermittent welds are acceptable, it 
would be more logical to require that the weld 
length be the total length exclusive of the crater. 
Thus, if 6-in. welds are required, they should 
measure 6 in. plus the crater. Then, the inspector’s 
only concern with respect to craters would be to 
make sure they are free of cracks and undercut. 
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Inspection and Testing 

I Whatever the standard of quality, all welds 
‘should be inspected, even if the inspection involves 
‘Lno more than the weldor glancing back over his 
work after running a bead. Testing may also be 
?equired, even in relatively rough weldments -. such 
as leak-testing a container for liquids. 

Inspection d&ermines whether the prescribed 
Standard of c;uality has been met. This function may 
fbe the responsibility of the welding supervisor or 
/&reman, a special employee of the company doing 
8&e ‘welding, or a representative of the purchasing 
k$i&&ation. The formal welding inspector may 

l&y 

@$z,e a variety of duties. These may begin with inter- 
p-: : pzetation of drawings and specifications and follow 
e;;;:, each step to the analysis of test results. His opera- 
@&~ ‘are both productive and nonproductive - 
&&ending on where they are applied. 
@&I&pection after the job is finished is a policing 
~~~~~bn, rather than a productive function. Important 
r%!iit ,is to assure quality, it is a burden added to the ‘$;@ yy;, : 
“d?er-all production cost. No amount of after-the-job &a;,~.~~ 
.$Fspection will improve the weld; it merely tells 
;:what is acceptable and what must be reworked or 

Inspection as the job progresses is a different 
matter. It detects errors in practice and defects 
while correction is feasible. It prevents minor 
defects from piling up into major defects and 
leading to ultimate rejection. Inspection while weld 
quality is in the making and can he controlled may 
justifiably be looked upon as a productive phase of 
cost, rather than an overburden. 

Any program for assuring weld quality should, 
therefore, emphasize productive inspection and 
attempt to minimize the nonproductive type. This 
should he the guiding philosophy, even though its 
implementation may fall short. In most cases, such :f 
philosophy means that visual inspection will be the 
main method of ascertaining quality, since it is the 
one method that can be applied routinely while the 
job is in progress. 

VISUAL INSPECTION DURING THE WORK 

In a sense, everyone connected with the job, as 
well as the formal inspector, participates in visual 
inspection. A conscientious worker does not know- 
ingly pass on work in which he recognizes defects of 

Cracking - can be detected visually unless the cracks are internal or 
are very fine. It is usually associated with excessively high current, 
insufficient preheat, insufficient bevel angle and/or highly restrained 
joints. 

Surface Slag Inclusions - are usually 3ues to faulty technique. Im- 
proper electrode manipulation, improper electrode size or too steep a 
downhill angle are typical posslb8lltles. 

Fig. 11-S. Several types of defects 

Surface Porosity - is often caused by excesswe speed, rusty or dirty 
plate, wet electrode or flux. insufficient flux coverage, or critical 
arc-blow conditions. 

Undercut - results from poor p&xedural selections - may bedue to 
too large an electrode or excessive current. voltage, or arc speed. 

i that can be recognized visually 



his making. Nevertheless, it is usually desirable that 
someone be assigned responsibility for quality 
checking each operation. The tools for visual inspec- 
tion are ,simple ,- a pocket rule, a weld-size gage, a 
magnifying glass, and sometimes a straight edge and 
square for determining straightness, alignment, and 
perpendicularity. 

Visual inspection should begin ,before the first 
arc is struck. The materials should be examined to 
see’if they meet specifications for quality, type, size, 
cleanliness, and freedom from defects. Foreign 
matter - grease, paint, oil, oxide film, heavy scale - 
that could be detrimental to the weld should be 
removed. The pieces to be joined should be checked 
for straightness, flatness, and dimensions. Warped, 
bent, improperly cut, or damaged pieces should be 
ordered for repair or rejected. Alignment and fitup 
of parts and the fixturing should be scrutinized. 
Joint preparation should be checked. Often, little 
more than a passing glance is required in this prelim- 
inary inspection, but, despite its almost casual 
nature, such inspection can be a significant factor in 
weld quality. 

Inspection prior to welding also includes verifi- 
cation that the correct process and procedures are to 
be employed - that the electrode type and size and 
the equipment settings for voltage and amperage are 
as specified - and that provisions are made for the 
required preheat or postheat. 

Assuming the preliminary requirements are in 
good order, the most productive inspection will take 
place while the weldment is being fabricated. Exami- 
nation of a weld bead and the end crater may reveal 
quality deficiencies such as cracks, inadequate 
penetration, and gas and slag inclusions to a compe- 
tent inspector. Figure 11-8 shows several types of 
defects that can be recognized visually. 

On simple welds, inspection of a specimen at the 
beginning of the operation and periodically as the 
work progresses may be adequate. When more than 

Fig. 11-9. The root pass in a multipass groove weld is especially sus. 
ceptible to cracking because of the high shrinkage stresses. 

a b 

I I I I 
d e 

Fig. 1 l-10. The concave bead shape in (a) and lbi is partly responsible : 
for the cracks. Groove welds are also prone to undercut along the 
edges, 14. which can trap slag when the next pass is made. Slag: 

‘trapping can also be cawed by a convex bead when there is too littler 
space between the edges of the bead and the side of the joint Id). The: 
correct bead hape is illustrated in W. These defects stioutd beg 
corrected before welding progresses. 

one layer of filler metal is deposited, however, it 
may be desirable to inspect each layer before a 
subsequent layer is placed. 

The root pass in a multipass weld is the most 
critical one from the standpoint of weld soundness. 
It is especially susceptible to cracking (Fig. 11-g), 
and, because it tends to solidify quickly, is prone to 
trap gas and slag. Subsequent passes are subject to a 
variety of weld defect-creating conditions that result 
from the shape of the weld bead or change in the 
configuration of the joint (Fig. 11-10). These can be 
visually detected by the weldor and repair cost mini- 
mized if the problem is corrected before welding 
progresses. 

A workmanship standard, constructed for the 
specific purpose, can be helpful both to the weldor 
and the inspector in visually appraising the produc- 
tion weld during the stages of its formation. Repre- 
sentative workmanship standards are shown in Fig., 
11-11. 

Visual inspection at an early stage of the fabrica- 
tion will also detect underwelding and overwelding. 
Underwelding (Fig. 11-12) is in violation of specifi- 
cations and cannot be tolerated. Overwelding should 
be of as much concern to the purchaser’s inspector 
as to those members of the shop responsible for 
monitoring costs, since it is a major cause of distor- 
tion. Usually the designer has specified a weld size 
approaching the limit possible in good practice. The 
weldor - perhaps wanting to make certain that the I 



Fig. 11-l 1. Mockup welds constructed es workmanship standards. Such mockups serve a variety of useful purposes. They are helpful 
To the weldor and the inspector in visually appraising the production weld during the steges of its formation. In addition. they give a 
check on the welding procedures before the procedures are put to work on the production floor. and they provide assemblies on 
which non-destructive tests can be made. or from which destructive test specimens can be taken. to assure that the proceduresgive 

‘, the required weld quality. 

$t is strong enough, or having been criticized for 
%,king undersize welds - takes it upon himself to 
d l/16 in. to a l/4-in. fillet. Since the weld metal 
posited increases as the square of the size, the 
@-in. increase in leg size increases the amount of 
;jd’,,metal deposited 56’%, and has the same effect 
i!shrinkage stress and cost. Figure 11-12 illustrates 
&v overwelding gives this exponential increase. 

Sti,AL INSPECTION AFTER WELDING 

:yisual inspection after the weldment has been 
mpleted is also useful in evaluating quality, even if 
zrasonic, radiographic, or other methods are to be 

employed. Here, as with visual inspection as welding 
progresses, silxface flaws such as cracks, porosity, 
and unfilled craters can be detected, and may be of 
such consequence that repairs are required or the 
work is rejected without use of subsequent inspec- 
tion procedures. There is no point in submitting an 
obviovsly bad weld to sophisticated inspection 
methods. 

Dimensional variations from tolerances, war- 
page, and faults in appearance are detected visually 
at this stage. The extent and continuity of the weld, 
its size, and the length of segments in intermittent 
welds can be readily measured or noted. 

Welds must be cleaned of slag to make inspec- 
tion for surface flaws possible. A glass with ~a magni- 

Measuring the 
malter of two 
legs gives a true 
indication of 
fillet size. 

t 

“A” I “9” 

Fig. 11-12. Underwelding is a violation of specifications and cannot be tolerated, whereas overwelding is costly and serves no useful purpose. 
If 5116.in. fillet welds were specified in “A”, these welds would be undersize. If l/4-in. fillet welds were specified, these welds would be 
overwelded. If l/16-in were added to both legs, as in “6”. the weld volume would increase 56% and increase the cost of welding. 



Magnifying Glass 

Weld-size gauge 

RADIO- 
GRAPHIC 

Commercial X-ray 
or gamma units, 
made especially 
for inspecting 
welds, castings. 
and forgings. 

Film and process- 
ing facilities. 

Fluoroscopic 
viewing equipment. 

MAGNETIC- Special commercial 
PARTICLE equipment. 

Magnetic powders 
-dry orwet form; 
may be fluorescent 
for viwing under 
ultraviolet light. 

LIQUID- Commercial kits, 
PENETRANT containing fluo- 

rescent or dye 
penetrants and 
developers. 

Application equip- 
ment for the 
developer. 

A source of ultra- 
violet light - if fluo- 

/ reemethod is 

ULTRASONIC Special commercial 
equipment, either 
of the pulse-echo 
or transmission 
type. 

Standard reference 
patterns for inter- 
pretation of RF or 
video patterns. 

TABLE 1 l-l. Reference Guide to Major Methods for 
the Nondestructive Testing of Welds 

ENABLES 
DETECTION OF 

3urface flaws 7 
xacks, porunitv, 
unfilled crateis, 
ilag inclusions. 

Narpage, “nder- 
Nelding, over- 
Nelding. poorly 
formed beads, 
misalignments, 
improper fitup. 

Interior macro- 
topic flaws - 
cracks. porosity, 
olow holes. non- 
metallic inclusions. 
incomplete r00t 
penetration, 
undercutting, 
icicles, and 
burnthrough. 

Excellent for 
detecting surface 
discontinuities - 
especially surface 
cracks. 

Surface cracks 
not readily visible 
to the unaided eve. 

Excellent for 
locating teaks 
in weldments. 

Surface and sub- 
surface flaws, 
including those 
too small to be 
detected by other 
methods. 
Especially for 
detecting subsurface 
lamination-like 
defects. 

ADVANTAGES 

AW cost 

:an be applied 
vhilework is in 
xocess, permitting 
:orrection of 

jives indication of 
“correct procedures. 

Nhen the indications 
we recorded on film, 
lives a permanent 
‘ecord. 

Nhen viewed on a 
~luoroscopic 
Lcreen, a IOW-Cost 
nethod of internal 
nspectton. 

jimpler to use 
:han radiographic 
nspection. 

‘ermits controlled 
iensitivitv. 

3elativelv low- 
:ost method. 

%pplicable to mag- 
letic, nonmagnetic 
naterids. 

iasy to “se. 

Low cost 

Very sensitive. 

Permits probing 
of joints in- 
accessible to 
radiography. 

LIMITATIONS 

\pplicable to 
urface defects 
IWllV. 

‘rovides no 
,ermanent record 

ihould always be the 
lrimarv method of 
nspection. no matter 
vhat other techniques 
re required. 

s the only “productive” 
:vpe of inspection. 
s the necessary function 
>f everyone who in any way 
mntributes to the making 
>f the weld. 

lequires skill in 
hoosing angles of 
xposure. opera- 
in9 equipment, a 
werpreting indi- 
ations. 

F 
c 
e 
t 
it 
c 

F 

I: 
b 
ia 

<-ray inspection is 
,equired by many codes 
Ind specifications. 

Jsefui in qualification 
If weldorsand welding 
mxesses. 

lequires Safety 
irecautions. 
IO* generally suiti 
ale for fillet-weld 
2spection. 

3ecause of cost, its use 
:houid be limited to those 
weas where other methods 
uill not provide the 
assurance required. 

wplicable to 
erromagnetic 
uterial* only. 

.f 
f8 
n 

F 
il 
il 
r 
it 

c 
r, 

C 
a 

C 
e 

lequires skill in 
nterpretation of 
ndications and 
ecognition of 
‘relevant patterns 

ilongated defects par- 
dlel to the magnetic 
‘ield may not give 
xsttcm; for this 
‘eascm the field should 
,e applied from two 
lirections at or near 
,lght angles to each 
,ther. 

Iifficult to use or 
oush surfaces. 

hly surface defe< 
,re detectable. 

:annot be used 
ffectivelv on hot 

assemblies. 

n thin-walled vessels, 
vill reveal leaks not 
lrdinarilv located by 
lsu.4 air tests. 

Irrelevant surface 
conditions (smoke, slag) 
may give misleading 
indications. 

Requires high de< Pulse-echo equipment 
of skill in inter- is highly developed 
preting pulse- for weld inspection 
echo patterns. purposes. 

Permanent recorc 
not readily obtain 

The transmission-type 
equipment simplifies 
pattern interpretation 
where it is applicable. 

REMARKS 

,, 
-, 



fication of up to 10 diameters is helpful in detecting 
‘fine cracks and other defects. Shotblasting should 
not be used in preparing the weld for examination, 
since the peening action may seal fine cracks and 
make them invisible. 

The objective of visual inspection at this stage is 
not only to seek defects not permissible under the 
quality standard, but also to give clues to what may 

,,be amiss in the entire fabrication process. If the 
inspector has a sound knowledge of the,welding, he 
can read much from what he sees Thus, the 
presence of excessive porosity and sl.ag inclusions 

,, may be a tip-off to the fact that the current is not 
adequate, no matter what the dial readings may be. 

;; Subsequent tests will also give clues to faults in 
:I equipment or procedures, but the information 
iiyacquired through visual examination permits correc- 

be made before the results from compli- 
tests are available. 

HER INSPECTION METHODS 

;&ly the surface defects in welds are visible to 
ei eye, and the specifications or applicable codes 

require that the internal portion of the weld 
he adjacent metal zones also be examined. 
onally, the application may require assurance 
e chemical composition of the weld metal has 
anged beyond specified limits. Thus, other 
tion methods capable of gathering such 

m&ion may be necessary. 

se methods may be destructive or nondes- 
@r,uctive. l;&~:, ,, Destructive methods, obviously, cannot 
i$;::apply to production fabrication, other than for the 
$sting-to-destruction of prototypes, “first units,” or 
-:sparsely selected samples. In large weldments - 
;Ybuilding framing, for example - their use would be 
-‘out of the question, but in an airframe component a 

periodic test-to-destruction may be regarded as 
essential to assurance of quality. 

Nondestructive methods of testing welds include 
radiographic, ultrasonic, magnetic-particle, and 
penetrant techniques. Prooftesting is a mechanical 
method of determining whether the weld and other 
parts of the fabrication will withstand certain 
stresses encountered in service. 

Chemical and metallographic methods of inspec- 
tion may be completely nondestructive or destruc- 
tive in a very minor way and to a reparable extent. 
If a sample for chemical or metallographic analysis is 
taken from a run-out portion of the weld bead, 
there is no damage; if a core drill is used to remove 
the sample from the weld proper, a hole results that 

must be repaired. 
Table 11-l is a condensed reference guide to the 

use of various nondestructive inspection methods on 
steel weldments, and Table 11-Z shows a simplified 
scheme for determining the inspection method 
recommended for fillet and butt joints. 

It should be noted that nondestructive proof of 
the existence of a flaw does not measure its influ- 
ence on the serviceability of the product. Only 
destructive tests have the potential for giving such 
information. Presumably, the specification or code 
requiring the nondestructive test is based on a cor- 
relation between the flaw and some characteristic 
affecting service. If such correlations have not ‘)een 
established, the nondestructive test may well give 
nothing more than someone’s opinion as to what is 
good or bad. 

The tendency in all matters pertaining to welded 
structures is to overdo factors affecting strength and 
safety, which means that flaws unlikely to influence 
serviceability may be the cause for rejection of the 
weld. In highly critical engineering structures, this 
overly cautious approach is justifiable, but in less 
critical applications some relaxation in the demands 
for flawless welds may be in order. Both laboratory 
destructive tests of segments of fabricated structures 
and tests-to-destruction of whole units where size 
and cost permit are useful in determining how much 
significance should be attributed to nondestructively 
revealed flaws. Also the judgments of skilled and 
experienced interpreters of nondestructive data may 
be invaluable when a correlation between the flaw 
and serviceability has not been established. 

TABLE 11-2. Inspection Methods for 

Fillet and Butt Joints 

RECOM 

TYPE OF DEFECT 

Undersize Weld 

Surface Porosity 

Internal Porosity 

Undercut 

Cracks 

Lack of Penetration 

Slag lnClUSio”s 

NDED INSPECTlO, 

FILLET.lOlNTs 

Visual ,I, 

OR: 

BUTT JOINTS 

“iS”Sl 

Destr”cti”e 

“iS”d 

M~g”etiC.P~,tiClL? 
Dye-Penetranf 
Visual 
Destructive (2) 

Visual 

Visual 

Radiographic 

Visual 

Magnetic-Particle 
op.Penetrant 
Visual 
Ultrasonic 
Radiographic (3) 

Oertructive 
Ultrasonic 

Oertructive 
Ultrasonic 

Radiographic 
Ultrasonic 

Radiographic 
ultrasonic 

,I, “se fillet sager. 
,2) DeBfrYCtiVe felfwill reveal wbsurface craesr. 
(3, Radiographic inrpec*ion has its limitations in revealing 

crack-type defect% 



If, however, the code or specification demands 
that a weld be rejected or repaired because of a 
discovered f&v, that code or specification must be 
followed. 

RADIOGRAPHIC INSPECTION 

Radiographic inspection is one of the most 
widely used techniques for showing the presence 
and nature of macroscopic d(..fects and other discon- 
tinuities in the interior of welds. This test method is 
based on the ability of X-rays and gamma rays to 
penetrate metal and other opaque materials and pro- 
duce an image on sensitized film or on a fluorescent 
screen, The term “X-ray quaiity,” widely used to 
imply high quality in welds, arises from the 
inspection method. 

X-rays, which have a wavelength l/10,000 that 
of visible light, are produced by high-voltage gen- 
erators. The depth to which the opaque material can 
be penetrated depends on the power of the gener- 
ator. Portable units rated up to 2,000 kilovolts are 
available and used in weld inspection. The higher- 
power machines, operating between 1,000 and 
2,000 kilovolts, will penetrate from five to nine 
inches of steel. 

Gamma rays are produced by the atomic disinte- 
gration of radioisotopes. They are similar to X-rays, 
except the wavelength is usually shorter than those 
X-rays produced with lower-voltage equipment. 
X-rays generated at 1,000 kilovolts or higher, for all 
practical purposes, appear to be identical to the 
gamma rays produced by radioisotopes. While the 
short wave lengths of gamma rays allow penetration 
to considerable depth, exposure times required to 
get an interpretable picture are usually many times 
longer than with X-rays, because of the lower inten- 
sity of the radiation. The level of radiation is dir- 
ectly proportional to the amount of the 
radioisotope used. 

When X-rays or gamma rays are directed at a 
section of a weldment, not all of the radiation gets 
through the metal and to the film placed behind it. 
Some is absorbed, and the denser or thicker the 
metal, the greater the absorption. Should there be a 
cavity in the weld interior, such as a blow-hole or 
internal crack, the radiation will have less ~metal to 
pass through than in a sound weld. Consequently, 
there will be less absorption in the defective area 
and a greater amount of radiation striking the film. 
After development, the defect will show up in its 
shape and size as a black or darker area on the film. 

The image picture is called a radiograph. Radio- 

Fig. 11-13. Top photograph. an X-ray image intensifier used to 
inspect the linear welds in a pipe 40.ft. long. The pipe diameter can be 
up to approximately 36-i”. rn diameter. The operator is seated in his 
radiation-shielded. air-conditioned cabin and views the pipe as it 
passes at speeds up to 40.ft. per minute. 

Center photograph, a portable 160.KV Andrex unit being used in 
the field to radiograph a circumferential butt weld on a natural gas 
line. The pwver for the unit is supplied from a generator mounted on 
a truck. 

Bottom photograph. a mobile Cobalt-60 unit being used to 
radiograph circu.mfnrential welds in Sectionsof special pipes. The unit 
requires no power and can hold up to 5 curies of Cobalt 60. 



graphs made with X-rays are referred to as exo- 
graph+;, those made with gamma rays, as 
@nmi+graphs. 

Radiographic equipment typical of that used for 
inspection purposes in production welding is shown 
in, Fig. 11-13. These commercially available units 
require careful, following of instructions ,’ for their 
brdjx$: us& ” P&sons kespqnsible for ‘radiographic 
inspection ‘shtigld, make, thems&es thoroughly 
fainiJiar ‘with the, equipment, reading carefully the 
,$&ifa&+r&‘s liter&tie and giving due attention to 
recommended usage, details of operation, applicable 
films;, and safety precautions. An understanding of 
@iriciples of X-ray generation, radioisotope decay, 
,&cd, film sensitization and development should be 
acquired ‘by the professional inspector or radio- 
,graphic technician and will be helpful in his work. 
2:;: In the shop or field use of radiographic equip- 
$&?I$ ,‘the parameters affecting the reliability and 
@erpretative value of the image are sharpness and 
contrast. Radiographic methods should give a “sensi- 
p@@,>, : 
twltj” of at least 2%. The term sensitivity is used to p&y;:::, 
f$@~, enote the least percentage of difference in weld 
Qnckness that can be detected visually on a radio- &@fiz;:,:,, :~ 
gg@?., :The ability of an obserwr to detect such a 
@;$p+ difference depends on the sharpness of 
@&$~,e ,of the image and its contrast with the back- 
@$md:‘Thus, if a fine crack is to be observable as a #y@~:>“’ ,,, 
:crack; Its image must be outlined enough to give a &&@ ,, ,,_ 
r.ec,ogmzable form and must so contrast with the 
~~~~~pund that no question arises as to the 
;pTasence of a discontinuity. 
&?$ can be easily seen that a radiograph could be 

Fig. 11-14. Penetrameters,. such as these. are tools that the X-rav 
technician uses in his tradel The lead letters and numbersare used tb 
permanently identify the X-ray picture. Penetrameters. available in 
various thicknesses. are matched tb the thickness of the material being 
examined and establish the sensitivity of the X-ray picture. 

Fig. 11-15. Placement of a penetrameter alongside the weld before 
subjecting to the X-ray source gives assurance that the 2% sensitivity 
required for detecting flaws is obtained. The shadow of the pene- 
tram&w on the developed film is positive proof that a 2% or less 
th.ckness registers, since it adds 2% or less to the thickness of metal 
panetrated by the radiation. The lead thickness identification number 
ora the penetrameter will stand out plainly on the film, since lead is 
highly impermeable to X-rays. The holes in the penetrameter have 
diamaters of .08T, .02T. and .04T to evaluate film contrast and 
definition. 

so much off in sharpness and contrast that it would 
fail to reveal a defect. To be sure that this doesn’t 
happen, a gage known as a penetrameter is used on 
the side of the weld away from the film. Figure 
11-14 shows typical penetrameters. An ASME Boiler 
Code Penetrameter is a thin strip of metal with the 
same absorption characteristics as the .weld metal. 
When a weld is to be X-rayed, a penetrameter with a 
thickness equal or less than 2% of the weld thickness 
is selected (see Fig. 11-15). A lead numeral at one 
end shows the thickness of weld for which the pene- 
tramet.er is to be used. For reference purposes, three 
holes are drilled in the face of the gage, the 
diameters of which are multiples of the pene- 
trameter thickness. The appearance of the image of 
the penetrameter on the radiographic film tells the 
observer whether he has the minimum of 2% sensi- 
tivity and adequate sharpness and contrast for 
meaningful interpretation. In the hands of a skilled 
inspector, use of the penetrameter also gives other 
items of information. Sharp image delineation gives 
assurance that the radiographic procedure is correct. 
The presence of a penetrameter image is also evi- 
dence that can be presented at any time later to 
prove that the weld was radiographed properly. 



Porosity is shown as rounded shadows of varying size and density, 
occurring singly, in clusters. or randomly scattered. 

Nonmetallic Inclusions are usually indicated by elongated shadows of 
irregular shape, occurring singly, in a linear distribution, or scattered 
randomly. 

Cracks appear as fine. dark lines, which may be straight or wandering. 

Incomplete Fusion gives dark shadows. usually of elongated shape. 

TABLE 11-3. Radiographs of Weld Defects 

Incomplete Root Penetration is usually indicated as a straight, de.4 
continuous or intermittent line, often at the center of the weld. 

; l 
)( 

I \ 
\ 

: \ 

Undercutting shows up as a dark. linear shadow of wavy contou 
occurring adjacent to the edge of the weld. This defect is us~all 

detected visually, but its correct identification on the radiograph i 
needed to prevent misinterpretation as another type of defect. 

icicles and Burnthrough give indi~vidual light circular indications 
darkened areas of elongated or rounded contour that may I 

-surrounded by fight rings. 



Fig. 11-16. Typical arrangements of X-ray source and film in radiography of welds. The angle of exposure and the 
geometry of the weld influence interpretation of the 
pipe welds. Of the several welds shown above, fillet welds 

negative. Note that multiple exposure may be necessary for 
are the most difficult to x-Cay and the most difficult to interpret. 

(b,J 

Crosssection 

I I_ 

I i 2% loss in 
section 

Fig. 11-17. Because a radiographic film accumutafes all indications of 
defects occurring throughout a weld in one plane. !is interpretation 
can be deceptive. The radiographic patterns here look bad, bu; ii a 
slice, such as Wtf, is examined it is seen that it contains only a few 
small defects. Final judge of acceptance. in any case. is the standard 
to which the weldment is made. These standards vary with plate 
thickness. 

Radiographs show a variety of weld defects. 
Some of the most common ones are illustrated by 
the reproduced radiographs in Table 11-3. 

An inspector’s ability to recognize defects and 
identify them is largely a matter of experience. 
Film-handling marks and streaks, fog, and spots 
caused by errors in the film-developing procedure 
complicate identification. Surface defects will also 
show on the film and must be recognized. 

The angle of exposure has an influence on the 

radiograph. Some typical arrangements for 
radiography of welds are shown in Fig. 11-16. 

An X-ray picture of the interior of a weld may 
be viewed on a fluorescent screen as well as on 
developed film. This makes possible rapid, low-cost 
inspection, but definition is poorer. 

A radiograph compresses into one plane all the 
indications of defects that occur throughout the 
weld. Thus, the radiograph tends to give an exag- 
gerated impression of scattered types of defects, 
such as porosity or inclusions. Unless allowance is 
made for this fact, particularly on thick plates, a 
weld that is entirely adequate for its function could 
be ruled defective. 

In Fig. 11-17(a), the volume LWt contains a 
number of distributed particles or spots of porosity. 
On the radiographic film, these appear to exist in a 
single plane - which could be interpreted as evi- 
dence of an excessive number of particles or voids in 



CIRCULAR MAGNETIZATION 

OPEN MAGNET 
PARTIALLY CLOSED 

MAGNET 

1. 2. 
An open magnet has two poles: 
North and South. The magnetic 

Bend the ends of the open 

field between the two poles will 
magnet until they almost touch 
and the magnetic field between 

attract and hold a nail. the poles will hold iron powder. 

COMPLETELYCLOSED 
CRACKED MAGNET 

MAGNET 

3. 

0 0 
4. - 

Bend the magnet until its com- 
pfetely closed and fuse the ends. 

A crack part way through the 

Now the magnet will not attract 
magnet will cause polarity and a 

or hold iron powder because 
magnetic field ai the crack, 
which will hold iron powder and 

there is no polarity and the build up an indication of the 
magnetic field is in a circle in- crack. THIS IS THE PRINCI- 
side the ring. THIS IS CIRCU- PLE OF MAGNAFLUX INDI- 
LAR MAGNETIZATION. CATIONS BY MEANS OF CIR- 

CULAR MAGNETIZATION. 

Photo lxxm.?sy of Magnaflux corporarion 

Fig. 11-18. A discontinuity. ruch as a crack. in a completely closed 
magnet cau%S Polaritv and the development of a magnetic field. 
which will hold iron powder and give an indication of the 
discontinuity. 

some section of the volume. When the slice Wtf, 
however, is cut from the volume, it is seen that it 
contains only three spots. -4ny failure due to an 
applied force would have to occur in some finite 
section. The three tiny particles or voids in this 
sample are unlikely to predetermine or accelerate 
failure. Thus, the radiographic picture of this condi- 
tion is misleading. 

Figure 11-17(b) is another illustration of the 
same effect. Because the streaks throughout the 
member are accumulated on the radiographic film, 
one might gain the impression that they constitute a 
sizeable proportion of the material. But when a sec- 
tion is removed and viewed from a different direc- 
tion, it is seen that the streaks take up only a minute 
percentage of the cross section. 

Radiography is useful in the qualification of 
weldors. The individual’s ability to produce welds 

conforming to specification requirements is readily 
determined by an examination of welds produced 
on test plates. The procedure is also useful in eval 
uating processes proposed for a particular applica. 
tion. When radiography is required by the specifi 
cations governing the welding, written procedurer 
for radiography are usually included. In this way, 
the purchaser exercises control over the inspectioa 
and specifies exactly what is wanted to meet hir 
requirements. 

Since radiation from X-ray machines or radio, 
isotope sources can be damaging to body tissue 
when the exposure is excessive, safety precaution: 
must be taken. The American Standard Safety Codt 
for the Industrial Use of X-rays should be consulted 
for this purpose. 

MAGNETIC-PARTICLE INSPECTION 

Magnetic-particle inspection is a method oj 
locating and defining discontinuities in magnetic 
materials. It is excellent for detecting surface defect: 
in welds, revealing discontinuities that are too fint 
to be seen with the naked eye. With special equip 
ment, it can also be used to detect defects that are 
close to the surface. Figure 11-18 gives a simpk 
explanation of the principles of magnetic-partich 
testing. Circular magnetization results frorr 
longitudinal current transmission. 

When using this method for weld inspection 
probes are usually placed on each side of the area tc 

Transverse crack 
will nat~shmw 

Longitudinal 
crack will show 

Magnetic lines 
of force 

Fig. 11-19. When a current is passed through the workpiece, thl 
magnetic lines of force are at right angles to the current, and discw 
tinuities that are angled against the lines of force will create tf 
diversion needed to produce magnetic poles on the surface. Under tt- 
illustrated arrangement. a transverse crack would not give an ind 
cation. but by changing the position of the probes 90 degrees it woul 
be at right angle to the lines of force and would show. 



Longitudinal cracks 
will not show 

of force 
,’ 
: Fig. 11-20. When the magnetic flux is produced with a solenoid coil, 
G~the lines of force are parallel and longitudinal. A longitudinal crack 
$;will not show, but a iransverse crack or one angled against the lines of 
@i,fQrCe will produce an indication. f& 
a& ,‘~,, 
f&f, 

&e inspected and a high amperage passed through 
@he workpiece. A magnetic flux is produced at right 
@&igles to the flow of current, which may be repre- 
g,r~;~ : 

#**sented, as in Fig. 11-19, by circular lines of force f&g;: ; 
~~v.$hin the workpiece. When these lines of force 
discounter a discontinuity, such as a longitudinal 
~&rack, they are diverted and leak through the surface 
&ut into the air, creating magnetic poles or points of 
l@attraction. A magnetic powder dusted onto the sur- 
:~!,face will thus cling to the leakage area more 
,::tenaciously than elsewhere, forming an indication of 
‘the discontinuity. 

-’ A workpiece can also be magnetized by putting 
it inside a solenoid. In this case, the magnetic lines 
of force are longitudinal and parallel with the work- 
piece. Transverse cracks show up under this arrange- 
ment. Figure 11-20 makes clear why the disconti- 
nuity must be angled against the magnetic lines of 
force for an indication to be developed. If the 
discontinuity is parallel to the lines of force, the 
diversion needed to break through the surface and 
create poles will not occur. 

The magnetic-particle inspection method is 
much simpler to use than radiographic inspection, 
but has its limitations. It is applicable to ferro- 
magnetic materials only. It cannot be used with 
austenitic steels. A joint between a base metal and a 
weld metal of different magnetic characteristics will 
create magnetic discontinuities, which may produce 
indications interpretable as unsoundness even 
though the joint is entirely sound. On the other 
hand, a true defect can be obscured by the powder 
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clinging over the harmless magnetic discontinuity. 
The sensitivity of the method lessens with decrease 
in size of the defect. Sensitivity is less with round 
forms, such as gas pockets, and best with elongated 
forms, such as cracks. 

To have external leakage, the magnetic field 
must be distorted sufficiently. Fine, elongated dis- 
continuities, such as hairline cracks, seams, or inclu- 
sions, that are “strung” parallel with the magnetic 
field will not distort it sufficiently to develop leak- 
age. Thus, no indication will result. By changing the 
direction of the field, however, the indications, can 
be developed. To be certain that discontinuities are 
detected, it is advisable to apply the field from two 
directions, preferably at right angles to each other. 

Pieces to be inspected must be clean and dry. 
Wire-brushing or sand-blasting are satisfactory 
methods for cleaning welds. Surface roughness 
decreases the sensitivity, tends to distort the 
magnetic field, and interferes mechanically with 
formation of the powder pattern. 

The shape, sharpness of outline, and width and 
height to which the particles have built up are feat- 
ures used for identifying discontinuities. When 
unusual patterns are produced, other test methods 
may be required to establish identity. Once a 
pattern has been interpreted by correlating it with 
the identification established by other methods, the 
interpretation can be applied to similar indications 
on other parts. Representative indications are shown 
in Fig. 11-21. 

Since a powder pattern results from various 
types of discontinuities in the magnetic field, it is 
easy to mistake an irrelevan~~~~ionforadefkct; 
As noted previously, a change in the magnetic 
characteristics of materials can create an irrelevant 
indication in the area of the interface. A change in 
section or a hole drilled in the part will tend to 
produce indications that have no significance in 
respect to weld soundness. These patterns are 
usually readily recognized for what they represent 
by their shapes and locations in the part. Abrupt 
changes in magnetic properties may occur at the 
edge of the heat-affected zone. The pattern will be 
fuzzy and diffused, running along the base metal 
close to the edge of the weld. It resembles the 
pattern caused by undercutting, a difference being 
that the particles are much less adherent. If a part is 
heat-treated or stress-relieved before subjecting to 
inspection, the magnetic characteristics of the heat- 
affected zone are restored and no indications will 
appear. 

In the shop use of magnetic-particle inspection, 



Surface Cracks give powder patterns that are sharply 
defined, tightly held, and usually built up heavily. The 
deeper the crack, the heavier the buildup of powder. 

Subsurface Cracks produce a less sharply defined, fuzzy 
pattern. The powder is also less tightly adherent. 

Crater Cracks may give a single line, running in almost any 
direction, or a pattern of lines. The pattern is small and 
occurs near the end of the weld. 

/ 

Subsurface Porosity gives weak, poorly defined patterns, as 
do Slag Inclusions. 

Fig. 11.21. Typical powder patterns and their interpretation in terms Of weld defects. 

judgment as to the significance of patterns can be 
guided by rules or standards based on experience or 
laboratory tests. Assuming that the inspector has 
ruled out the possibility of a false indication and has 
properly identified the indicated defect, he must 
then decide whether to pass or reject the part or 
require its repair. All defects do not affect the 
integrity of the part in service. Thus, slag inclusions 
and porosity may have no bearing on the service- 
ability of the weld. Surface cracks revealed by 
magnetic-particle inspection, however, should be 
considered potential stress raisers or focal points for 
fatigue and corrosion. 

The equipment for magnetic-particle inspection 
is relatively simple (Fig. 11-22). Commercial units, 
portable and stationary, provide for nearly every 
situation where the method is applicable. The manu- 
facturer’s instructions and recommendations for use 
of the equipment should be read carefully and thor- 
oughly understood. The units may provide magneti- 
zation by direct, alternating, or rectified currents, or 
combinations thereof. Portable equipment, making 
use of electromagnets and permanent magnets, is 
also available. 

Direct or rectified current is required for deep 
penetration. Alternating current magnetizes the sur- 
face only, and thus is limited to surface inspection. 
Full-wave, three-phase rectified current produces 
results comparable to those produced by battery 
direct current. Half-wave, single-phase rectified cur- 
rent gives maximum sensitivity. High amperage, low 
voltage is normally used in all magnetic-particle 
testing to limit arcing or burning on the test piece. 

Magnetic powders may be applied either by the 
dry or wet methods. Dry powder is dusted uni- 
formly over the work with a spray gun, dusting bag, 
or atomizer. The finely divided magnetic particles 
are coated to give them greater mobility and are 
available in gray, black, and red colors. It is desirable 
that the particles impinge on the surface at low 
velocity and with just enough residual force after 
impact to move them to possible sites of leakage. 
Excess powder is removed with a light stream of air. 

In the wet method, very fine red or black par- 
ticles are suspended in water or light petroleum 
distillate. Powders for liquid suspension come from 

ecking the fillet welds joining connection plates to a 
large box column with a portable magnetic-particle inspection unit. 



the manufacturer in either paste or dry form, pre- 
pared for use in water or oil baths. After the suspen- 
sion has been mad, - in accordance with the 
manufacturer’s instructions - it is flowed or sprayed 
onto the surface to be inspected, or the piece may 
be dipped into the liquid. The wet method is more 
,sensitive than the dry method since extremely fine 
particles may be used; this enables detection of 
exceedingly fine defects. Red particles improve visi- 
bility on dark surfaces. When the particle coating is 
a dye that fluoresces under ultraviolet light, sensi- 
tivity is further increased. Fluorescent powders are 
excellent for locating discontinuities in corners, key- 
ways, splines, deep holes, and similar locations. 

The techniques for creating a magnetic field in 
workpieces of various sizes and shapes, the sequence 

,;‘of operations in magnetizing and applying magnetic 
,;$particles, adjustment of current to bring out desired 
&sults, the practical modes for orienting magnetic 
&&lds to produce or better delineate indications - 
&$ are important to the successful use of this inspec- 
&on method. The equipment manufacturers’ litera- @,: ,, 
&ure and various ASTM and other specifications *q 
@@ch as ASTM E-109 “Method for Dry Powder 
&&7netic-Pa~icle Inspection” and ASTM E-138 
#&Iethod for Wet Magnetic-Particle Inspection”) 
&should be consulted for operational details. f@$ 
&:; Magnetic-particle inspection is applied to many 
&&es of weldments in production practice. The 
&y-powder method is especially popular for heavy 
::weldments. Many steel weldments in aircraft manu- 
‘,fac@re are inspected by the wet method, using 

“?dtiect current. Airframe parts are subjected to 
fatigue conditions, which means that surface cracks 
cannot be tolerated. Since these weldments are rela- 
tively thin, magnetic-particle inspection will usually 
detect subsurface defects as well as show up the 
finest surface cracks. 

LIQUID-PENETRANT INSPECTION 

Liquid-penetrant inspection is a nondestructive 
method for locating surface cracks and pinholes that 
are not visible to the naked eye. It is a favored tech- 
nique for locating leaks in welds, and it can be 
applied where magnetic-particle inspection is useless, 
such as with austenitic steels or nonferrous metals. 
Two types of penetrant inspection are used - fluor- 
escent and dye - which define the penetrating 
substance. 

With fluorescent-penetrant inspection, a highly 
fluorescent liquid with good penetrating qualities is 
applied to the surface of the part to be examined. 
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Capillary action draws the liquid into the surface 
openings. The excess liquid is then removed from 
the part, a so-called “developer” is used to draw the 
penetrant to the surface, and the resulting indication 
is viewed by ultraviolet (black) light. The high con- 
trast between the fluorescent material and the back- 
ground makes possible the detection of minute 
traces of penetrant. 

Since penetration of minute openings is 
involved, the part to be inspected must be thor- 
oughly clean and dry. Any foreign matter could 
close the openings leading to false conclusions. The 
penetrant is applied by dipping, spraying, or brush- 
ing. Time must be allowed for absorption of the 
material into the discontinuities - up to an hour or 
more in very exacting work. 

When penetration is complete - or assumed to 
be adequate in accordance with testing specifica- 
tions - the excess material is removed from the sur- 
face. If the penetrant is designed for water wash, a 
low-pressure water spray is used. Some commercial 
penet.rant systems, however, require a solvent wash 
or wbat is called a “post emulsifier.” With the latter, 
an emulsifier is applied to the part and allowed to 
remain on it for one to four minutes before the 
water spray. The instructions for use of emulsifiers 
and for the washing ope:ation must be followed 
closely, since it is necessary that only excess 
penetrant be removed. 

After the wash, the parts are dried if a dry 
developer is to be used. Hot air may be used to 
accelerate drying. A dry developer is applied with a 
powder gun, spray bulb, or by dipping the part into 
the powder. The developer draws the penetrant 
from the defects, making it accessible for viewing by 
ultraviolet light. If only large discontinuities are 
sought, a developer may not be required to make 
the indications visible. If a wet developer is to be 
used, drying of the part after removal of excess 
penetrant is not required. Wet developer is applied 
in the form of a colloidal water suspension by dip- 
ping or spraying, after which the part is dried by hot 
air. 

Under ultraviolet light, the indications fluoresce 
brilliantly. The extent and depth of the discontinu- 
ity can be gaged by the width and length of the 
indication and the amount of penetrant bleeding to 
the surface. The darker the room in which viewing is 
done, the more brilliant the fluorescence and more 
easily very small indications are observed. 

Dye-penetrant inspection is similar to fluores- 
cent-penetrant inspection except that dyes visible 
under ordinary light are used. By eliminating the 
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Fig. 11-23. This hair-line intermittent crack typifies the type of weld 
defect for which dyepenetram inspection techniques are particularly 
suited. 

need for ultraviolet light, greater portability in 
equipment is achieved. 

Liquid-penetrant inspection is widely used for 
leak detection. A common procedure is to apply 
fluorescent material to one side of a joint by brush- 
ing or spraying, allow adequate time for capillary 
action, and then view the other side of the joint 
with ultraviolet light. Dry developer may be used on 
the side being inspected to intensify the indications. 
In thin-walled vessels, this technique will show up 
leaks that are not ordinarily located by the usual air 
test with pressures of 5 to 20 psi. The sensitivity of 
the leak test decreases, however, when the wall 
thickness is over l/4-in. 

Penetrant inspection is also widely used in the 
inspection of large and small weldments for cracks 
and porosity when the materials are nonmagnetic. It 
must be remembered that only surface defects are 
revealed by this method. Figure 11-23 shows a 
typical defect indication using dye penetrant. 

ULTRASONIC INSPECTION 

Ultrasonic inspection is a supersensitive method 
of detecting, locating, and measuring both surface 
and subsurface defects in metals. Flaws that cannot 
be discovered by other methods, and even cracks 
small enough to be termed microseparations, may be 
detected. In the practical inspection of welds, the 
sensitivity of the process is often. curbed by design- 
ing or setting the equipment to give a response 
equivalent to a sensitivity of 2% of the metal thick- 
ness, thus giving results comparable with those 
obtained in radiographic inspection. . 

Ultrasonic inspection is based on the fact that a 
discontinuity or density change will act as a reflec- 
tor for high frequency vibrations propagated 
through the metal. The searching unit of the pulse- 
echo type ultrasonic equipment contains a crystal of 

quartz (or other piezoelectric material). When a volt- 
age is applied, the crystal vibrates rapidly, and 
imparts mechanical vibrations of the same frequency 
into materials it contacts. 

When an ultrasonic probe is held against metal, 
the vibrational waves are propagated through the 
material until a discontinuity or change of density is 
reached. At these points, some of the vibrational 
energy is ref!ected back. If, in the meantime, the 
current that caused the vibration has been shut off, 
the quartz crystal can now act as a receiver to pick 
up the reflected energy. The reflected vibration 
causes pressure on the quartz crystal, which results 
in the generation of an electric current. Fed to a 
cathode-ray tube, this current produces vertical 
deflections in the horizontal base line. The pattern 
on the face of the tube is thus a representation of 
the reflected signal - and of the defect. The cycle of 
transmitting and receiving is repeated at a rate of 60 
to 1,000 times per second. 

Two types of cathode-ray-tube presentation are 
available - radio frequency (RF) and video. Most 
commercial units present the video pattern, 
although many inspectors believe RF provides more 
useful information on flaw identification. Figure 
11-24 shows the video patterns produced on the 
cathode ray tube by different types of defects. It 
can be readily seen that expertness in interpretation 
of the deviations from the horizontal oscilloscope 
line is required, and a similar degree of expertness is 
needed for operation of the equipment. Interpreta- 
tions are based on standard patterns made from 
reference plates, which are prepared in accordance 
with procedures approved by the ASTM, ASME, and 
AWS (Dl.l-72, Section 6, Part III). 

Pulse-echo ultrasonic equipment is available in 
compact form for field use. Figure 11-25 shows a 
battery-powered portable unit. In addition to the 
greater sensitivity over radiographic equipment, 
ultrasonic inspection enables the probing of joints 
that are inaccessible to radiographic methods and is 
more dependable in locating all flaws. Operational 
costs are also less. 

Another type of ultrasonic inspection equip- 
ment gives what is similar to a “television picture” 
of the defect. Although not as popular as pulse-echo 
equipment, it is believed to have the potential for 
simplifying pattern interpretation where applicable, 
since the pattern is essentially a plane image. With 
this type of equipment, the ultrasonic energy from a 
generator is transmitted through the specimen, 
much as X-rays are transmitted in radiographic 
inspection. The transmitted energy impinges on a 
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Angie 
probe 

L! 
(a) A simple example of normal probe application. Depth 
of flaw can be easily determined. 

fb) Normal probe detection of lack of penetration in a 
fillet. If the side shown is inaccessible, an angle probe must 
be used. 

fc) Angle probe detection of lack of penetration in a lap 
weld. This technique can be modified successfully for fillet 
and butt welds. 

(d) Typical response at a plane reflector to angle probe 
when angle of incidence is changed. Contrast this with (e). 

(e) Typical response of a spherical reflector to angle probe 
when angle of incidence is changed. 

Fig. 11-24. Video patterns produced on the cathode~ray tube by different types of defects. 

piezolectric target, producing varying potentials on 
its face that are characteristics of the flaws in the 
specimen. The target is scanned with an electron 
beam, which is modulated by the varying surface 
potentials. This enables the development of a pic- 
ture - a representation of the flaw - on a 
monitoring screen. 

CHEMICAL AND METALLOGRAPHIC 
EXAMINATION 

Chemical analysis is not usually required in 
routine weld inspection. When a certain chemistry is 
specified for the weld metal, it is known beforehand 
and becomes an important consideration during pro- 
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bcwcolumn welds with a portable ultra- 
of this a&&y with radiographic techniques 
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cedure qualification. If trouble is encountered in 
producing acceptable welds, chemical analysis may 

‘i ‘, help reveal the source and suggest changes in pro- 
>‘,’ cedure to eliminate the difficulty. The AWS elec- 
;~, ,, trode identification system (letter, number, and 

,,, suffix) designates the chemistry of the electrode 
used. Thus, chemical analysis of the deposited weld 
metal is a verification procedure rather than an 
inspection method. A specification, however, may 
require that a sample be taken from the weld and 
submitted for analysis. 

Metallographic tests are more frequently 
required by specifications. They are helpful in deter- 
mining the distribution of nonmetallic inclusions, 
the grain structure in the weld and fusion zone, and 
the extent and structure of the heat-affected zone. 
The tests may involve visual examination, in which 
case macro-specimens are etched to bring out the 
structure and are examined by the unaided eye or 
with a magnifying glass. If microscopic examination 
is required, the specimens are etched by standard 
procedures for examination at high magnifications. 

Samples for either metallographic or chemical 
analysis may be taken without destroying the weld 
by trepanning or core drilling. After the sample has 
been taken, the hole or cut is repaired by rewelding. 

MECHANICAL TESTING 

Mechanical testing includes prooftesting and 
testing-to-destruction. Prooftesting involves applying 

a load or pressure equal to or greater than that 
expected in service but not great enough to damage 
the product. It is a method of assuring that the 
product is serviceably sound at the time of the test, 
and it may be required by the specifications for all 
the production units. Destructive testing, obviously, 
is applied only to specimens, usually prototypes or 
samples taken from production in some predeter- 
mined statistical sequence. 

Prooftesting is common with welded vessels. The 
test may be run for tightness of the enclosure, in 
which case the working pressure will likely be used. 
If the test is run to confirm strength or safety, the 
test pressure will usually exceed working pressure. 
Judgment enters into specifying the pressure 
intended to reveal defects that later may cause fail- 
ure in service. Usually, some multiple of the design 
value is selected. The passing of a prooftest in which 
the weldment is subjected to pressures several times 
those of normal service does not mean that working 
pressures of that magnitude can be used. Experience 
indicates that failures can occur later at much lower 
pressures as a result of fatigue, corrosion, or stress 
raisers. 

To avoid damage to the weldment, a prooftest 
must always be run at something less than the yield 
strength of the weakest component. It is usually 
desirable to limit the pressure or force to 75% of the 
calculated yield point. Sometimes the combination 
of residual stresses with the prooftest stress may 
cause some local yielding without damage. The test, 
in fact, may act as a stress-relief operation to a 
limited extent. 

Air, water, oil, and gases may be used to supply 
the pressure when prooftesting a vessel. Leaks are 
shown by pressure drops or detected visually. Light- 
viscosity oil will penetrate leaks that will not pass 
water, and air will leak where oil will not. On a clean 
weld, leaking oil or water is easily observed. Air or 
gas pressure will show a drop if a leak exists. Soap 
solution, spread over a weld, will reveal the presence 
of a leak by bubble formation. 

Destructive testing gives an absolute measure of 
the strength of the sample tested. Assuming that 
materials and the method of fabrication are uni- 
form, it is reasonable to infer that the sample is 
representative of all the units. Periodic testing of 
specimens tend to lend validity to this inference, 
providing the results are similar. Usually the destruc- 
tive force is applied in a way that simulates service 
conditions. 

Any testing procedure based on sampling may 
permit defective work to get through inspection. 
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Weight must be given to the penalty resulting there- 
from. When safety is an important consideration, 
destructive techniques with samples do not give 
assurance of the quality needed. On the other hand, 
when safety is not a factor and the unit cost of the 
product is low, destructive testing with samples may 
be more economical and informative than 
nondestructive testing. 

SPOT CHECKING AND OTHER TESTS 

If quality control, rather than the screening out 
of parts with defects, is the main objective, spot 

” checking may be employed. Any applicable inspec- 
,:: tion method might be used in spot checking, but in 
;:, ; shop practice the term usually alludes to the 
~~~~ “sectioning” _ $::& taking of samples for metallographic 
&study and tensile, impact, or other mechanical tests. 
@@A small circular sample is removed with a hole saw es:&*,:,: @z,* 
&or trepanning tool for metallographic etching, or a “ig#& 
&&oat-shaped specimen taken with a special machine, 
p:, ,, &using a hemispherical saw, for mechanical tests. 
Y$#?:~,<,,,,, &,;, *awhile it is necessary to repair the weld, the 

&dsi,: ,:~ “<procedure is classed as nondestructive. 
#&~,~,~~ Spot checking by sectioning gives an indication 
~~~~f”the average quality. Since relatively inexpensive 
#$,quipment is required and the testing techniques are 
&hose standard to all metallurgical laboratories, it is 
~;:~&ne of the cheaper methods for controlling, even 
@bough not assuring, quality, 

,,, 

. 

. 

ti 

. 

. 
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Hydrostatic testing is a method for determining 
the tightness of welds in fabricated vessels. It differs 
from prooftesting in that the pressure built up 
within the test vessel is usually only moderately 
greater than the external pressure. Various liquids 
and gases are used which, when escaping in minute 
amounts, are easily detected by chemical or physical 
means. Thus, the vessel may be pressurized-with 
chlorine gas, and a halogen-sensitive leak detector 
used to spot a leak so small that only l/100 of an 
ounce of the gas could pass through the.opening in a 
year. Or helium gas may be used in connection with 
a commercial mass-spectrometer helium-leak 
detector capable of detecting one part of helium in 
200,000 parts of air. 

Hardness tests may also be called for by the 
specifications governing the welding. Hardness 
measurements give an indication of the approximate 
tensile strengths of metals and will show whether or 
not the base and weld-metal strengths are correctly 
matched. (See the Reference Data Section fcr a 
table relating Rockwell hardness numbers to tensile 
strength.) 

Hardness data also give indications of the metal- 
lurgical effects of the welding process on the weld 
metal and heat-affected zones. Limitations are often 
placed on hardness, since it reflects the ductility of 
the joint and to some extent its’ ability to resist 
impact loads. Hardness measurements, as other 
mechanical properties, are usually made by the 
laboratory rather than by inspection personnel. 

SOME POINTS TO REMEMBER 
ABOUT WELD INSPECTION 

Visual inspection tells most. 
Everyone can participate in it. 

Radiographic inspection permits looking into 
the weld for defects that fall within the sensi- 
tivity range of the process. It provides a 
permanent record of the results. 

Magnetic-particle inspection is outstanding for 
detecting surface cracks and is used to advan- 
tage on heavy weldments and assemblies. 

Dye-penetrant is easy to use in detecting 
surface cracks. Its indications are readily 
interpreted. 

Ultrasonic inspection is excellent for detec- 
ting subsurface discontinuities, but requires 
expert interpretation. 
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Various codes and specifications require that the 
,’ welding procedures for a job be proved to give satis- 
‘;,,factory welds by prescribed tests. In addition, the 
~?governing code or specification may demand that 
~:,the welders and welding-machine operators be 
I’proved by tests as qualified for the job. All such 

to as wekling qualification tests. 
y code-writing body may prescribe 

ng qualification tests, most codes and 
tions concerned with welded steel struc- 
‘the United States incorporate the welding 

ests of the American Welding Society, 
Society of Mechanical Engineers, or 

rican Petroleum Institute in their specifi- 
hus, the American Association of State 

y Officials in its specifications for highway 
incorporates the AWS welding qualification 

procedures and personnel, as those qualifi- 
s are given in the AWS Structural Welding 

ny other code-writing organizations, 
ivate companies, industrial groups, or 

agencies, also refer to AWS, ASME, or 
ions for welding qualification tests. 

:i;?‘:~,I~,, AWS tests are most widely recognized, but are 
:;:;not universally applicable. In certain types of work, 
([other qualification tests may be required. Thecon- 
‘tractor doing the welding must make certain that 

the qualification of procedures and personnel he 
uses meet the requirements of the governing code. 

There are three different qualification tests: 

1. A test to qualify the welding procedure to 
be used for a specific welding project. 

2. A test of the welding proficiency of the 
operator with hand-held welding equipment 
(the stick-electrode holder or the semi- 
automatic welding gun). This is referred to 
as weldor qualification. 

3. A test of the proficiency of the operator 
with fully automatic welding equipment - 
referred to as welding operator qualification. 

In the following text, these tests are described in 
a condensed form - with the intent to give the 

‘11.3-l ” 

Welding Qualification Tests 

reader a concept of what is involved. Before qualifi- 
cation tests are attempted, a copy of the applicable 
code or specification should be obtained and 
studied. 

AWS QUALIFICATION TESTS FOR BUILDINGS 
AND BRIDGES 

The AWS Structural Welding Code is a source of 
information on qualifying procedures, weldors, and 
welding operators for the welding associated with 
building and bridge construction. Copies may be 
obtained from the American Welding Society, Inc., 
2501 N.W. 7th Street, Maimi, Florida, 33125. 

Procedure Qualification 
The welding procedures for work done in accor- 

dance with the AWS Structural Welding Code must 
be “qualified” before fabrication can begin, except 
when the procedures are prequalified. Prequalified 
procedures are those that conform to Section 2 - 
Design, Section 3 - Workmanship, and Section 4 - 
Technique, of the Code. In many instances, the con- 
tractor will find that procedures he intends to use 
with the specified joints are already prequalified - 
in which case no procedure qualification tests will 
be needed. 

However, if the contractor wishes to deviate 
from these requirements, he must qualify the pro- 
cedure. If the building commissioner or engineers 
accept evidence of previous qualification, the testing 
can be waived. 

The procedure qualification tests with fillet and 
groove welds are illustrated and described in Figs. 
11-26 and 11-27. 

For steels having a specified yield point oi 
50,000 psi or less, qualification on any one also 
qualifies for all, or for any combination of the 
others (5.5.1.1) having a minimum specified yield 
point equal to or less than that of the base metal 
used in the test. If the steel has a specified yield 

* Parenthetical references are to paragraphs in the AWS Structural 
Welding Code. 



Two test welds shall be made for 
each position to be used; one 
with the maximum size single 

and one with the 
minimum size multiple pass fillet 
weld to be used. (5.10.3) 

Welding positions 

Flat 1F Horizontal 2F 

Overhead 4F 

Vertical 3F 

Macroetch Test - The fillet weld shall conform to the quality requirements of 8.15,9.25, 10.17, whichever is applicable. 
They shall show fusion to the root, but not necessarily beyond the root, and shall be free from cracks. Convexity and 
concavity shall not exceed the limits of 3.6.1. Both legs of weld shall be equal to within l/9” (5.12.1.3) 

Fig. 11.26. Details of the AWS procedure qualification tests continued in Fig. 11.27. 

point in excess of 50,000 psi, the procedure qualifi- 
‘, cation test on this steel will only qualify this partic- 

ular steel. grade, or type, and the same specified 
yield point. A reduction in yield point because of an 
increase in thickness of the particular steel is per- 
mitted. For example, a procedure qualified with 

‘:, l-in-thick lOO,OOO-psi yield steel also qualifies for 
3-in-thick 90,000-psi yield steel of the same ASTM 
specification (5.5.1.3). 

Qualification on either A242, A441, A534 Gr. 
A, A572 Gr. 50, A588, API 5LX Gr. 42, or ABS Gr. 
AH, DH or EH will also qualify for any of these 
combinations of them or with other approved steels 
having lower specified yield points. (5.5.1.2) 

If a steel having a specified yield point in excess 
of 50,000 psi is qualified to be welded to a steel 
having a specified yield point of 50,000 psi or less, it 
is qualified to be welded to any other of the steels 
having a specified yield point of 50,000 psi or less 
(5.5.1.4). 

The procedure qualification for groove welds 
joining mat,erial over 3/4-in.-thick states that the test 
plate shall be the same thickness as the material but 
need not exceed 1 in. Should the application in 
question involve 7/B-in.-thick material, the logical 
recommendation for procedure qualification would 
still call for l-in.-thick plate, since the test is no 

more difficult than 7/B-in., and passing it would giv 
“unlimited” qualification. Should l-in. test plate 
not be available, however, the qualification test ca 
be performed on any thickness greater than 1-h 
and still give unlimited qualification. 

A test joint for partial-penetration groove welt 
shall be made for each type of joint and weld pos 
tion, except that the depth of groove does not ha! 
to exceed 1 in. A macroetched cross section of tl 
completed joint shall be made to show that th 
designated effective throat thickness is obtained an 
shall conform to the requirements of the Procedui 
Specification (5.10.2). The test plates for groo! 
welds with gas metal-arc, flux-cored arc, electroslal 
and electrogas welding shall be radiographically ( 
ultrasonically tested. (5.10.1.1) (5.12.1.5) 

When required by filler-metal specification 
applicable to the weld metal being tested, test spec 
mens may he aged at 2000 to 220oF for 48 f 
hours (5.10.4). 

Weldor Qualification 
Manual-electrode and semiautomatic weldo 

must be qualified for work covered by the AU 
Structural Welding Code. The requirements are al: 
sometimes used by individual companies or specif 
agencies to prove the skill of welding operators. 



roove Welds - Plate 

iualifies for material up to 
Qurj!ifies for material over 

Joint details and welding pro-~ 

procedures being qualified.(5.7) 

Make 318” test plate for each position 

Weldmg positions 

For material over 374” thick a test weld shall be made 
in material of the maximum thickness, but need not 
exceed 1”. 

Flat 1G Horizontal 2G Vertical 3G Overhead 4G 

Reduced Section Tensile Face and Root Bend 
These edges may be flame-cut and 

Remove weld reinforcement and 
backing strip, if any, flush with surface 

Reduced section machined 
preferably by milling 

Side Bend 

1 /t 6, max radius 

on corners 

Tensile strength shall not be less than 
the minimum specified tensile strength 
of the base metal used. 
(may break in the weld) 

w = 1.1/Z” if t SE 1” 
w c 1” if t > 1” 

If flame-cut, machine at least 
378” l/8” from edge 71 

I I: : ,I 
7 , __--- I-“7 ---- -1 

w = t 5 1.112” 0 

YP 

50 ksi & under 

55 to 90 ksi 

over 90 ksi 

cut along this edge when t exceeds l-112”. edge may be 
flame-cut and may or may not be machined. 

A _ NOTE: For plates over l-112” thick, cut specimens ,into a minimum 
l-1/2” number of approximately equal strips not exceeding l-1/2! in width. 

2 I, 

2.1/2” 
Bend specimen passes if crack or other opening does not exceed l/8” 
after bending through an angle of 180 . Cracks at corners are not 
considered. (5.12.1.2) 

Fig. 11-27. Details of the AWS procedure qualification tests (continued from Fig. 1 l-26). 



Limited thickness will qualify for groove welds in material not over 3/4” thickness and fillet welds on material of 

n 

unlimited thickness. 

: I 
I I / 11 l/2” II II 

‘7 
Remove weld reinforcement and backing strip 

u u 

flush with surface 

1 , I1 D 

l-6” min. --I -L 3/8 ‘--- l/16” max radius 
on corners 

Direction of Backing bar is at least 3/8” x 1”. If radiography is used 
then use at least a 3/8” x 3” backing bar. 

These edges may be flame cut and may or may 
t be machined 2 1 

Bend specimen passes if any crack or open defect does not exceed l/8” after bending through an angle of 
180°. Cracks at corners are not considered. 
Radiographic inspection of test plate may be used instead of guided bend test. (5.3.2) 

Fig. 11-28. Detailsof the AWS weldor qualification tests Icontinued in Fig. 11.291. 

;c,,,,,, 
il ,,, 

,:,::,, A weldor is qualified for any of the approved 
_$ ‘, steels if he qualifies on any one of them. For manual 
;:;,;;; shielded metal-arc welding the proper electrode 
:‘:: 1 classification must be used. (5.1’7.1.3) 
:,.~, With manual shielded metal-arc welding, qualifi- 
:i,; :Gcation with any of the following electrodes will 
‘, 1:: ,qualify for any electrode having the same or lower 

group designation, where XX represents the strength 
level of the electrode - 60, 70, 80, 90, 100, 110, 
and 120. (5.1’7.1.3) 

A weldor qualified with an approved combina- 
tion of electrode and shielding medium is also quali- 
fied for any other approved combination of 
electrode and shielding medium for the same semi- 
automatic process as used in the qualification test 
(5.17.1.4). 

The types of joints and welding positions quali- 

fied with each test are indicated in the followin 
table: 

POSITION AND TYPE OF WELD QUALIFIED 

Unlimited* & Limited** 
Test Position Thickness Test Fillet Weld Tests*“* 

Overhead OH F&OH F.H&OH F.H&OH 
groove fillet fillet 

Vertical V F,H&V F,H&V F,H&V 
groove fillet fillet 

Horizontal H F&H F&H F & H fillet 

Flat F 
I groove 1 fillet 1 
1 F groove I F & H 1 Ffitlet 

I fillet 

* aualifier for groove and fillet welds on material Of untimite 
fhicknesr. 

Figures 11-28 and 11-29 detail the qualification 
tests. The weldor making and passing a procedurl 
qualification test is also qualified for that proces 
and test position for plates of thicknesses equal tc 
or less than the thickness of the test plate welded. II 

the case of l-in. or over in thickness, he will b 
qualified for all thicknesses. 

A weldor could, thus, achieve unlimited qualif: 
cation - would be qualified for making any typ 



Unlimited thickness will qualify for groove or fillet welds in unlimited thickness 

Direction of 

Backing bar is at least 3/8” x 1”. If radiography 
is used then use a 3/8” x 3” backing bar. 

‘m 

If flame cut, machine at 
least l/8” from edges Guided side bend test 

%6” Max radius 
on corners 

‘2 side bend specimens 

iin. 

&$j,& 
“@> 

: ~, 

&*,.;; 
&,; ,, 

Bend specimen passes if any crack or other open defect 
@:;:, ,,:,: does not exceed l/8” after bending through an angle at 

180°. Cracks at corners are not considered. 
Radiographic inspection of test plate may be used instead 
of guided bend test. (5.3.2) 

,,:, 

Fillet Welds will qualify for unlimited thickness of material. 

Option 1 

5/16” fillet weld 

Visual inspection - a reasonably uniform appearance; free 
of overlap, cracks and excessive undercut; no surface 
porosity. 

Fillet weld Next the 5” section is broken with the root of the weld in 
tension. The broken section of the weld shall show com- 
plete penetration into the root of the joint and fusion into 
the plate. No inclusion or porosity larger than 3/32”. Sum 
of greatest dimension of all inclusions and porosity shall 
not exceed 3/8” in the 5” length. If plates are bent upon 
themselves without weld breaking, will pass. 

specimen 
interior face 

Macroetch test - shall show fusion to the root but no1 
nacassarily beyond root and no cracks. Convexity and Con- 
cavity shall not exceed 1116”. Legs are equal to within l/6” 

(Continued on next page.) 

Fii. lJ-29. Detailsof the AWS weldor qualification tests kontinued from Fig. 1 l-28). 



Figure 11-29. Continued 

Fillet welds -Option 2 

,/4” allowed for cuts 

maxmum size 
single pass fillet 
wld ‘; 3%” 

Backing bar is 318” x 2 
If radioaraohv is used 

These edges may be flame cut and may or may 

“Of be myyyy--lf. ,,2” 

Remove weld reinforcementsand backing strip l/16” max radius 

flush with surface. 

I 1: : 

L-.--about 1 1”~T3/8” 

Flame cutting may be used for removal of most of the 
backing provided the last l/E” thickness is removed by ‘,’ i 
machining or grinding. 

_ 
then use a 3/L?’ x 3” backing bar. ’ 

Bend specimen passes if any crack or other opening does 

Radiographic inspection of test plate may be used instead not exceed l/8” after bending through an angle of 180°. 
of guided bend test. (5.3.2) Cracks at corners are not considered. 

weld, in any welding position, on any thickness of 
plate, on any of the approved weldable steels - by 
performing satisfactorily with just two weld test 
plates. Involved would be two groove welds having 
the prescribed bevel angle and root opening and 
joining l-in-thick material of any of the twelve 
weldable types, using an EXX15, 16, or 18 elec- 
trode. One weld would be made vertical and the 
other overhead. Radiographic inspection would 
eliminate any machining and bending. If no over- 

,’ head welding will be required on the job, just one 
test plate in the vertical positic? could be made. 

Weldor qualification tests remain in effect 
‘, indefinitely (5.30) unless: 

1. The weldor does not work with the welding 
process for which he is qualified for a period 
exceeding six months. In this case a requali- 
fication test is required on 3/S-in.-thick 
plate. 

2. There is specific reason to question hk 
ability. 

If a weldor fails his test, he may retest (5.29) a( 
follows: 

1. An immediate retest shall consist of two tesl 
welds of each type he failed, and all tesl 
specimens must pass. 

2. A retest can be made if the weldor has had 
further training or practice. In this case, s 
complete retest shall be made. 

Welding Operator Qualification 
Qualification of the man who operates auto 

matic welding equipment is covered in Part IV o: 
Section 5. Here, also, the operator is qualified tc 
weld any of the approved steels if he qualifies or 
any one of them (5.33.1.1). An operator qualifiec 
for any approved combination of electrode am 

AWS Welding Operator Qualification Tests. 
If flame cut. machine at l/16” max radius 
least 118” from edges on corners 

I ~- 7,R”_ / I I 

-7 YP 

& under 

90 ksi 
RemOve weld-reinforcement and backing 

i// strip flush with surface 

Side bend 

r .: $ I:,, 

v 7 
Bend SPacimen Passes if any crack or other 

Radiographic inspection of test Plate 
may ba used instead of guided bend fast 

opening does not exceed 118” after bending (5.37.1). Will qualify for plate of un- 
3/8” x l-l /2” backing bar - if mdiography is through an angle of 1800. Cracks at corners limited thickness with groove and fillet 
used. use at least a 3/8” x 3” backino bar. are 639.1) not considered. wlds. II 

Fi9.11~30. Details of the AWS welding operator qualification tests. 
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0 
s 318 

5 l/4 
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@ vinimum clearance allowed between edges of porosity or fusion type defects - 
Inches, or between the defect and the end of groove welded joint carrying primary 
tensile stress. (Larger of adjacent defects governs.) 

Fig. 11-31. Graphic representation of the defect limitationsallowed by the AWS Building Code 
in a groove weld carrying primary tensile stress. 

elding medium is also approved for any other &:~ 
ntoved combination of electrode and shielding 

ium for the same process as used in the qualifi- 
;i@n’ test (5.33.1.2). Qualification with multiple 

&ides also covers single electrodes (5.33.1.3). f&j@& 
g8;%::, ~,gure 11-30 describes the test. The welding pro- 
F&rre shall be the same as that specified by the 
,_:~,$cedure Specification (5.36). The welding oper- 
it,ormaking and passing a procedure qualification 
,.&rs ~also qualified for that process and test posi- 
Ionfor plates of thicknesses equal to or less than 
;he thickness of the test plate welded. In the case of 
1 in. or over in thickness, he will be qualified for all 

ickness. (5.34.3) ;h: 

?a .Jdiographic Examination of Welds 
Radiographic examination of test plates for 

veldor and welding operator qualification may he 
lsed in place of the guided bend test. Radiographic 
examination, in addition to being more fair (in that 
t gives a more positive appraisal of the weld), could 
Mly reduce the cost of qualification tests to but 
10% of what they were before revision of the speci- 
5cations in 1969 by eliminating the machining of 
zest specimens. Furthermore, this option permits a 
weldor to be tested in the morning and put to work 
n the afternoon, avoiding the time delays that have 
frustrated employers and employees alike. 

The AWS Structural Code standards for radio- 

I 
I4 

graphic weld inspection are applicable to the exami- 
nation of qualification welds by radiography. 
Section 8 - Building (8.15) specifies that porosity 
or fusion-type defects less than 3/32 in. in their 
greatest dimension are acceptable if the sum of the 
greatest dimension, when scattered, does not exceed 
3/8 in. in any linear inch of weld. Larger porosity of 
fusion defects are acceptable when: 

1. The greatest dimension of the defect does 
not exceed 2/3t (t = joint or weld throat in 
inches) or 314 in., and: 

2. The sum of the greatest dimension of defects 
in line does not exceed (t) in a length of 
(6t), or the space between each pair of adja- 
cent defects exceeds three times the greatest 
dimension of the larger defects. When the 
length of weld being examined is less than 
(6t), the permissible sum of the greatest 
dimension of all such defects shall be 
proportionately less than (t), and: 

3. The defect does not lie closer than three 
times its greatest dimension to the end of a 
groove-welded joint carrying primary tensile 
stress. 

Pipiug porosity is acceptable if the sum of”thf 
diameters does not exceed 3/S in. in any linear inch 
of weld nor 3/4 in. in any 12-in. length of weld. 

Figure 11-31 illustrates graphically these limi- 
tations in a groove-welded joint carrying primary 
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Fig. 11.32. Acceptable defectsallowed by the AWS Building Code in a I-in:thick joint. 

tensile stress. weld shall not be less than the mirdmun 
Figures 11-32(a) and (b) illustrate acceptable clearance allowed (C) in Fig. 11-33 for the 

defects in a l-in-thick joint, according to the AWS size of defect under examination. Thi 
Section 8 - Building. In (a) are shown defect sizes limitations given by Fig. 11-33 for ,,t 
and minimum spacings that would be acceptable on l-l/2-in. joint or weld-throat thickness shg 
a 1” plate. Since tie minimum spacings are not apply to all joints or weld throats of great6 
violated, it is possible for the sum of the defects to thickness. 
exceed 1 in. (t) in any 6-in. (6t) length. In (b), the 

~,,~~” 

sum of the defects is less than 1 in. (t) in a 6-in. (6t) 
2. Independent of the above requirements, thi 

length; hence the minimum spacings may be 
sum of the greatest dimensions of porositi 

violated. 
and fusion-type defects less than l/16 in. ir 

Section 9 - Bridge would be applicable to the 
greatest dimension shall not exceed 3/8 in. ir 

examination of qualification welds when the job 
any linear inch of weld. 

pertains to a highway or railway bridge. It (9.25) 3. The frequency of piping porosity in fill< 

specifies that regardless of the method of inspection welds shall not exceed one in each fo,u 

welds shall have no cracks, and, shall have no other inches of length, and the maximum diametei 

defects exceeding the following limits in size or shall not exceed 3132 in. For fillet welds,:or 

frequency of occurrence: web stiffeners the sum of diameters of l$$ 

1. The greatest dimension of any porosity or 
ing porosity shall not exceed 318 in. ,pe 

fusion-type defect that is l/16 in. or larger 
linear inch of weld, nor 3/4 in. per footo! 
weld. 

in greatest dimension shall not exceed the 
size of defect (B) in Fig. 11-33 for the effec- 
tive throat thickness or weld size involved. 
The distance from any porosity or fusion- HOW TO PASS OUALIFICATION TESTS ‘;,m 

type defect described above to another such While the AWS tests are designed to separate 
defect, to an edge, or to any intersecting capable weldors from amateurs, many professional 

,,i,:’ 
,,, ,, ,, ,, -i,,~;,~,,,,-I;,:, ::,:-ii;~: :(f 1,: :-iy,:; ,,, 



1. To determine the maximum size of defect 

-l/4 - 
permitted in any joint or weld throat thickness: 

Project (A) horizontally to (B) 

2. To determine the minimum clearance allowed 

l- 
between edges of defects of any size: 

Project (B) vertically to (Cl 

J 
I/ 

@ Minimum clearance allowed between edges of porosity or fusion type defects -- 
inches (Larger of adjacent defects governs.) 

Fig. 11-33. Weld defect limitations of the AWS Bridge Specifications. 

‘2 

@$ors have failed for reasons not related to their 
@Iding ability. The 1972 Code minimizes such pos- &p i . 
&h.ltles by making the test a more positive demon- 
@@tin of weld quality and welding skill. However, 
@@still possible to fail the test because of poor 
;@+quality, improperly prepared samples, or incor- 
$gt,:‘,interpretation of the results. This is exasper- 
&g: to the weldor and expensive to his employer. 
$t& everyone’s advantage to see that the tests are 
tincproperly so the results are an accurate measure 
&welding ability. 
‘: ,Before taking a test., one should make certain 
hat he has selected the test details that will qualify 
or the type steel, plate thickness, joint, and welding 
losition to be used. (See Figs. 11-26 through 
.l-30.) Then, the strength of the plate should be 
hecked. Face and root bend tests are designed so 
both plate and weld stretch during the test. If the 
Ilate has strength substantially higher than the weld 
netal (and this is possible with steel purchased as 
nild steel), the plate will not stretch sufficiently, 
hereby forcing the weld metal to stretch beyond its 
rield and crack. 

As indicated previously, one vertical and one 
overhead test plate can qualify a manual-electrode 
jr semiautomatic weldor for unlimited welding 
mder the AWS Code. Since it permits using the 
veldor throughout the shop without restrictions, 
nost testing is done in these two positions. 

For unlimited manual-electrode qualification, 
low-hydrogen electrode (usually E7018) is required. 
EXXlO or EXXll electrodes are also frequently 
used, but do not qualify the weldor to weld with 
low-hydrogen electrodes. Low-hydrogen electrodes 
require different techniques than EXXlO or EXXll, 
and weldors should be trained with low-hydrogen 
techniques before testing, even if they are expert 
EXXlO weldors. 

Critical to passing any 3f the tests is getting 
good penetration and sound weld metal in the root 
passes. To get good penetration, generally it is best 
to use the highest current one can handle within the 
recommended range for the electrode. Electrode 
data tables should be consulted for current ranges 
for electrodes. 

Many operators worry too much about appear- 
ance on the first beads. Appearance means nothing 
to the testing machine. But poor penetration and 
unsound weld metal cause most failures. 

When manual electrode welding, vertical welds 
should be made with the vertical-up technique. For 
gas metal-arc or flux-cored arc welding, vertical 
welds can be made either in the vertical-up or 
vertical-down direction. However, the weldor must 
use the same direction on the job as he used on the 
qualification test. 

No preheat or postheat treatment is necessary or 
permissible to pass the test. It is, however, helpful to 



Fig. 11-34. Grinding marks must parallel specimen edges. Otherwise, 
they may have a notch effect that could cause failure. 

keep the plates hot during welding, and allow them 
to cool slowly after completion. Interpass tempera- 
tures of 300-400°F are ideal and can usually be 
maintained by operating at a normal pace. Never 
quench the plates in cold water or accelerate the 
cooling rate in any other way. 

Poor specimen preparation can cause sound weld 
metal to fail. Specimen size, location, and prepara- 
tion are specified for each test. Even a slight nick 
across the sample may open up under the severe 

” bending stress of the test, causing failure. Therefore, 
always grind or machine lengthwise on the speci- 

‘, men, as indicated in Fig. 11-34. Always grind or 
machine both faces of the specimen until the entire 
bend area is even, leaving no indentations or 
irregular spots. 

Remove all reinforcement. This is part of the 
test requirement and, more important to the weldor, 
failure to do so can cause failure of a good weld (see 
Fig. 11-35). Be sure the edges are rounded to a 
smooth l/16-in. radius. This can quickly be done 
with a file and is good insurance against failure 
caused by cracks starting at the sharp corner. 

Root 

0 
Face 

r-l 
Fig. 11-35. If weld reinforcement is not removed. stretching is 
concentrated in two places and failure results. 

When grinding specimens, do not water-quenc 
them when they are hot. Quenching may create tin 
surface cracks that become larger during the hen 
test. 

The jig for testing weld specimens is shown i 
Fig. 11-36(a). Note that three plunger diameters ar 
required,, ‘with, ,the ,larger diameter used for th 
higher strength; steels in recognition ,of their low6 
ductility. Alternate ,test jigs ,, are’ shown in ,Fij 
11-36(b) and (c). 

NOTE: 9” refers to specimen thickness 
“t” for AWS test is 3/S” 
“t” for API Std. 1104 is tabulated wall thickness of pipe 

AWS TEST API Std. ,104 
Jig Dimensionr For Mild Steel For All 

Min. Yield Strength-pri Pipe Grader 

50,000 6 55.90,000 eo.000 & 
under owr 

Radius of plunger RA 3/4 1 l-114 t -3/4 

Radius of die FIB l-3/16 l-7/16 l-11/16 Z-5/16 

‘MinimumSpecified 

Fig. 11-36. la) Jig for guided bend test used to qualify operators 
work done under AWS and API specifications. (b) Alternate rol 
equipped test jig for bottom ejection. (c) Alternate wrap-around 1 
jig. 



PREQUALIFIED JOINTS -MANUAL METAL-ARC WELDING 
COMPLETE PENETRATION 

LINQLE 
wmd.d From one Side 
“sing BPCLiq Strip, 

t=$Moi. 

DOUSLE 
IWelded frwn Bath Sides 
“Iha somor Bar, 

7 
PREQUALIFIED JOINTS -MANUAL METAL-ARC WELDING 

PARTIAL PENETRATION 

VEE 

BEVEL 

ae;ld 
I LJ 
I E-W single 

/ B-P3 double 
c-p* 

\“I 

I 

Li-’ 
El-P4 single Tc-PL single 
B-P5 do&k TC-PSdouble 

B-P8 single 
B-P9double 

TC-PBsing,e 
TC-PSdouble 

I E-P6 sing!@ C-P6 w 
B-P7double 

Fig. 11-37. AWS prequalified joints for the manual metal-arc welding process. 
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PREQUAUFIEI 
GAS METAL-ARC AND FLUX-CC 

COMPLETE PENETRATION 

I-LZ-GF Single 
I-us-GF Double * 

C-LZ-GF 

TGUBGF 

t =“r l/m 
* B-118 118 
B-WGF Single 
B-UI-GF Double 

C-UG-GF 

l-w 
/OR ’ .’ 7 I,8 ,A 

bJ!ik 
:..I 2 

l/8 ‘D 318 O-1,8 - 
D 

B-UB-GF Single”’ 
;.U8eGF Sing,e.s B-US-GF Double++ 

:-Ma-GF Double*: 

042.GF C-UZ.GF LlMlTATlONS FOR JOINTS 

G-UCGF **’ TC-Ma-GF ** 

* The ure of double joint prepam 
tionr shall preferably be limited 10 
he metal chickneu Of 6/V 0, 
larger. 

** The AXiS of die member may be 
inclined at a” angle of 450 to 900 
apm~;f”rPd trm the vertical 

‘*- Bridge *peLific.tio”. 
limit* the u*e ot these joints to the 
horizontal Posifio”. 

1. Gouge roots of ioinfs without backing before welding other side. 
2. see 2.13.2 for allowable Yariafio” of dimensions and 33.4 for Work- 

manship tolera”ce6. 
3. If fillet W81dB are “red to reinforce groove weld. in tee and sorlwr 

iointr. they shall be equal to T/4 but not more than 318 in.; w.mve 
welds in tee and corner joint* for bridges rhall be reinforced with fillet 
welds equal to T14 but not more than 3,* in. 

)J 
)RE 

QINTS 
iD ARC WELDING 

PARTIAL PENETRATION 

inpIe T >W” 

lO”blP T3.1W 

-I 

GicqiFJ 

J$p” 

c4.W~ OF Tingle :. 

$Jj 

() TC-PCGF lingk :. 
B-P5 GF dolrble 1‘ IC-PS-GF dO”b!C :* 

nOID T 2 3,c 
l”bb T 21-w zoo 

CMi”Y 

B-PG.GF single .* C-PG-GF single f. 
W7.GF double *- 

n&T 1 3,4- 
ouble T z l-l/4 

o$!jTJMi” tpild $$j 

B-R-W single f* TW8~GF single ** 
B-PS-GF double”. TC.WGF double ff 

NOTES: 

* Effective throat = D for welds made in flat or 
horizontal position or II -118” for welds made in 
vertical or overhead porition. - 

“* Minimum effective throat = J T/6 ~~ 

** AWS bridge spec allows partial penetration groove 
welds only in corner joints. 

Fig. 11-39. AWS prequalified joints for the gas metalLaw and flux-cored arc we!ding processes. 
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4WwS PREQUALIFIED JOINTS 

In the discussion of procedure qualification, 
nention was made of prequalified joints and pro- 

:edures. These are the joints and procedures recog- 
lized and approved by AWS specifications as 
rpplicable to the welding of structural members in 
buildings and bridges. Figures 11-37, 38, and 39 
Illustrate prequalified joints, and Fig. 11-40 the 
procedures for welding such joints. 

When the work involves these joints and welding 
procedures, the AWS Structural Welding Code does 
not require procedure qualification tests. 

AWS QUALIFICATION TESTS FOR PIPING AND 
T,vBlNG 

AR-1 is the highest level of qualifica- 
by AR-2 and AR-3. The differences 

of tests and the acceptance 

Typical applications for the three levels are as 
follows: 

AR-1 - This level applies to systems where the 
highest degree of weld quality is required. Use of the 
AR-l level of quality is intended to provide the con- 
fidence required for pipelines that may be found in 
nuclear-energy, space, high-pressure, high- 
temperature, chemical, or gas systems. 

Some contract specifications may have require. 
ments even more stringent than those required by 
AR-l. In such cases the qualification must comply 

with AR-l, plus the additional tests, inspection 
methods, and acceptance standards required by the 
contract specifications. 

AR-2 - This level applies to systems where a 
high degree of weld quality is required. Use of the 
AR-2 level of quality ls intended to provide the 
confidence necessary for some lines that may be 
found in nuclear-energy, steam, water, petroleum, 
gas, or chemical systems. 

AR-3 - This level applies to systems where a 
nominal degree of weld quality is required. Use of 
the AR-3 level of quality is intended to provide the 
confidence adequate for lines such as low-pressure 
heating, air-conditioning, and sanitary water. 

The standard provides for qualification with 
groove and fillet welds. Procedure and weldor quali- 
fication with groove welds automatically qualifies 
for fillet welds. However, if fillet welds alone are 
required for the specific job, the welding procedure 
and weldor can be qualified for fillet welds only. 

AR-1 Welding Procedure Qualification 
Table 11-4 shows the welds and tests required 

for AR-1 procedure qualification. The test positions 
are shown in Fig. 11-41. 

The notes (a) through (k) for Table 11-4 are 
important to use of the table. They are too volumi- 
nous for inclusion in the table, itself, and, in lieu of 
this customary arrangement, are presented here in 
the text. The applicable notes to the table state 
that: 

(a) The pipe sizes in the table may not be 
appropriate for the job-size pipe to be 
welded. In such instances, actual job-size 
pipe may be substituted. 

(b) For pipe having a wall thickness less than 
0.063 in., individual qualification is required 
for each thickness by visual, penetrant, 
X-ray, and tensile tests. 

(c) The maximum thickness qualified using the 
oxyacetylene process is the thickness of the 
base metal of the sample weld. (This note is 
not applicable to arc welding.) 

(d) Procedures qualified prior to issuance of 
AWS D10.9 may be updated by performing 
any additional tests required by the 
standard. 

(e) For pipe used at low temperature, impact 
tests may be required. The purchaser and 
fabricator should agree in advance on the 
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11.3-16 Quality Control 

TABLE 1 I-4. AR-1 Level of Welding Procedure Oualification 

Nolcl: See TexT’IrAR 1 Welding Proceeure aualitiratlon”, for explanation 0‘ ,a/ through ik, 

type and number of test specimens, areas 
from which the specimens are to be taken, 
testing temperature, and the acceptance 
requirements. 

IG POSlTlON 50 POSlTlON 
Pipe hori*Onfal rolled 
Weld flat Lf159 

Pipe horizontal fixed I+159 
Weld flat. “WfiCd. overhead 

~--fJg)z: q$jpjG; 

Rorate pipe and deposit 
Weld at or near the Iq2 Pipe Shall not be 

rotated during welding 

The limits of qualification in a given position are shown 
below: 

1. Qualification in the 1G position qualifies only for 
this position. 

2. Qualification in the 2G position qualifies for welding 
in the 1G and 2G positions only. 

3. Qualification in the 5G position qualifies for welding 
in the 1G and 5G positions only. 

4. Qualification in both the 2G and 5G positions 
qualifies for welding in all positions. 

5. Qualification in the 6G position qualifies for welding 
in all positions, because it includes elements of those 
positions. 

6. Qualification in a position other than the four stand- 
ard positions described above is valid only for that 
position (plus or minus 15 degrees). 

Fig. 11-41. Test positions used in qualifying procedures for welding 
pipe and tubing under AWS 010.9. 
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(f) Visual inspection before welding shall deter 
mine that the proper base metal is used am 
the fitup is proper. 

Visual inspection during welding shal 
include determining that the proper fille 
metal is used and inspection for cracks 
undercut, porosity, incomplete fusion, am 
proper cleaning between passes. 

Visual inspection after welding and hea 
treatment, if any, shall determine that ths 
weld is free from cracks, surface porosity 
and unfilled craters, and that the weld face i 
at least flush with the outside surface of th 
pipe. The weld reinforcement shall no 
exceed the following: 

The root of the weld shall show no evidence c 
of cracks or incomplete fusion. A concaves 
root surface is permitted providing the weld’ 
throat is equal to or greater than the base:, 
metal and the concavity or convexity of the’ 

(g) Penetrant inspection is required only if this 
type of examination is used in production. 
Each sample weld shall be examined by 
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1142. Fixturo u~d for the tensile testing of smalldiameter and 
ivaIl &a. 

liquid penetrant in accordance with A-2 or 
B-3 of ASTM E165,. The weld shall be 
inspected at the completion of welding, 
including any postheating. Dry-powder 
magnetic-particle inspection in accordance 
with ASTM El09 may be used in lieu of 
liquid-penetrant inspection. 

(h) Radiographic inspection is required for all 
,“’ welds of the AR-1 level. For specific tech- 

niques and acceptance requirements, see 
AWS D10.9. 

(i) For l/2-in. pipe and all thin-wall pipe, the 
entire joint is tested in tension. Remove the 
weld reinforcement until it is flush with the 
base metal. Measure the outside dieter 
and the wall thickness before testing, and 

Top Of pipe for 56 an* 
/6G ~osifio”. 

/Y 
/_ 6” mi” , 

Machine ma rni”inl”rn z.rImunt 
needed to obtain plane parat,. 
faces Iwe, me ,,z- wide 
reduced ssction. 

1143. Method of weoaring tensile soximens from Z-in. oioe for 
?dure qualification tests. 

calculate the pipe cross section. Test the 
pipe in tension using a fixture as shown in 
Fig. 11-42. 

From the 2-in. sample welds, two tensile 
specimens are cut from one sample weld and 
prepared as in Fig. 11-43. 

From the 5 and S-in. sample welds, tensile 
specimens are prepared as in Fig. 11-44. 

The tensile test specimens may fail in the 
base metal, heat-affected zone, or in the 
weld metal, and are acceptable if the tensile 
strength is equal to or greater than the 
minimum specified for the plate. 

(j) From 2-m. sample welds, four bend speci- 
mens are cut from one sample weld and are 
prepared as in Fig. 11-45. From 5 and g-in. 
sample welds, bend specimens are cut and 
prepared as in Fig. 11-44. Side bends may be 
used for wall thicknesses over 3/8 in. 

Bend specimens are tested in a guided-bend 
jig or a wrap-around jig, as shown in Fig. 
11-46. 

When using the guided-bend jig, the speci- 
men shall he placed on the die with the weld 
at mid-span. Face-bend specimens shall be 
placed with the face of the weld directed 
toward the gap; root-bend specimens shall be 
placed with the root of the weld directed 
toward the gap, and side-bend specimens 
with the surface having the greatest defects, 
if any, toward the gap. 

The plunger shall force the specimen into 
the die until the specimen becomes U-shaped 
and a l/8-in.-diameter wire cannot be in- 
serted between the die and the specimen. 
The weld and heat-affected zones shall be 
centered and completely within the bent 
portion of the specimen after testing. 

When using the wrap-around jig, the speci- 
men shall be firmly clamped on one end so 
that there is no sliding of the specimen dur- 
ing the bending operation. The weld and 
heat-affected zones shall be completely in 
the bent portion of the specimen after test- 
ing. Test specimens shall be removed from 
the jig when the outer roll has been moved 
180° from the starting point. 

In order to pass the test, the bent specimens 
shall have no cracks or other open defects 
exceeding l/g-in. measured in any direction 



PIPE WALL OVER 3/S” 

TENSILE SPEClMEN ALTERNATE TENSILE SPEClMEN FOR PIPE WALL 3,4”AND OVER 

Rsclius a,, 

- 9” Awrox. ___I com*rs 118” max. 
-A 

ROOT SEND 
SPEClMEN 

Nola: Weld reinforcement and backing, 
if any, *hall ba mmw*d flush with the 
surface of the specimen. Cut surfsa 
*as be smwm an.3 parallel. 

FACE SEND 
SPECIMEN 

Radius *ll 
corners 118” max. 

t- -‘-- 
9” Approx. ~~.~ .,.._ -7 m,r3,8s, ” 

I I , 
’ r 

.czi 

r 

Malerial w bs nmov** when If DxVSen C”f “of Ierr fhan 118” 
., be machine., from edger. 

g..“‘:: w:n-T:: z., . . . ..--.... .._ _. ~~~-~~~ 

* 

IhaIl 

SIDE BENO SPECIMEN 
IFor pipe WW3,8” thick, 

Fig. 1144. Method of preparing test specimens from 5 and 8-r pipe for procedure qualification tests 



Fig. 11.45. Method of preparing bend specimens from 2.in. pipe for procedure qualification tests. 

SCHEMATIC VIEW OF 
WRAP AROVND JIG Sample Thickness and Jig Dimensions 

Sample Radius of Radius of 
Thickness, Bend. Die, 

8 Material in. “B,” in. “D ” in , . 

Steel 
O&8 

3.113 t 4.113 t + 1116 
314 l-1 132 

0.375 l-114 l-11116 

Fig. 1146. Jigs for the bend tests in procedure qualification. For metals other than steel. see AWS D10.9. Table 4 

c, I~, _ 
;;: ,,: on the convex surface of the specimen, 
I;;;, ; except that cracks occurring at the corners 
,:!,“; shall not be considered unless there is defi- 
,,:,:, nite evidence that they resuh from slag 

inclusions or other internal defects. 

: (k) For more ductile materials, a higher sensi- 
tivit.y to bending may be required. Any 
changes in the bend test should be agreed 
upon in advance between the purchaser and 
the fabricator. 

M-1 Weldor Qualification 
The welding positions for weldor qualification 

re the same as for procedure qualification (Fig. 
.l-41). 

The sample welds and the tests required are 
shown in Table 11-5. The notes to this table are as 
follows: 

(a) The same as Note (a) under AR-1 procedure 
qualification. 

(b) The same as Note (c) under AR-l procedure 
qualification. 

(c) Weldors qualified prior to the issuance of 
Standard AWS D10.9 may be updated by 
performing any additional tests required by 
the standard. 

(d) The same as Note (f) under AR-1 procedure 
qualification, with the exception that - 

Burring or grinding may be used on stops 
and starts and to remove local defects from 

TABLE 11-5. AR-1 Level of Weldor Qualification 

Pipe or Tube IL., 
Pipe sire ,a, Pips 0, v&II Thidmes 

0‘ Sample weld sire Qualified 

I----/ 
aluali‘ied, kl. 

Min. Mar. 

z- Sch. I 

, 

‘,,” ‘,, ,: 



SPECiMENS FOR 1G AND 26 POSITIONS 

Face bend 

a 

+,- 

Side 

Root bend 

~ 

+ 
PIPE WALL 3/w AND UNDER 

Side bend 

bend 

P,PE WALL OVER 318” 

Fig. 11-47. Location of bend specimens for the 1G and 2G positions 
in weldor qualification tests. 

bead to bead, but dressing of the completed 
sample weld is limited to removing local 
defects appearing on the outer surface of the 
weld reinforcement. Repair of any root 
defect is prohibited. 

The weldor qualification test may be termi- 
nated at any stage of the testing whenever it 
becomes apparent to the supervisor conduc- 
ting the test that the weldor (a) is not fol- 
lowing the welding procedure or (2) does 

SPECIMENS FOR 5G and 6G POSITIONS 

PIPE WALL 3/a- AND UNDER Top of pipe for so 
450 and SG P05ifiO”5 

Side bend 

* 

Sick bend 
/ 

/I ‘\ 

Side bend Side bend 

PIPE WALL OVER 3/w 

Fig. 11-48. Location of bend specimens for the 5G anal 6G positions 
in weldor qualification tests. 

not have the skill required to produce 
satisfactory results. 

(e) Radiographic inspection is required by all 
weldor qualification tests for AR-1 level. For 
specific techniques and acceptance require- 
ments, see AWS D10.9. Radiographic inspec: 
tion shall not be used to locate sound di 
defective areas and thereafter make destr&i 
tive tests to qualify or disqualify a weldor. 

(f) For 1G and 2G positions, remove two speck; 
mens at ratdom approximately 1800 apart, 
as shown in Fig. 11-47. 

For the 5G and 6G positions, remove four 
specimens as shown in Fig. 11-48. 

Machine all bend specimens as shown in Fig. 
11-49. 

The bend jigs (Fig. ll-46), methods of test- 
ing, and the acceptance requirements are the 
same as note (j) to Table 11-4, in reference 
to procedure qualification. 

AR-2 Welding Procedure Qualification 
The qualifying welding positions for the AR-2 

level of procedure qualification are the same as 
shown in Fig. 11-41. The sample welds and tests 
required are given in Table 11-6. Note that a major 
difference from the tests for AR-1 procedure qualifi- 
cation is that~ radiography tests are optional. The 
applicable notes are: 

(a) The same as Note (a) under AR-1 procedure 
qualification. 

(b) The same as Note (c) under AR-1 procedure 
qualification. 

(c) The same as Note (d) under AR-l procedure 
qualification. 

(d) The same as Note (f) under AR-l procedure 
qualification, except that an undercut not 
exceeding l/32-in. is permissible on visual 
inspection and that a maximum root surface 
.convexity l/16-in. greater than with AR-1 
procedures is permitted with 2-in., 5-in., and 
g-in. pipe. 

The applicable restrictions are as follows: 



the 5” and 8” sample welds, machine the specimens as shown below: 

ample welds, machine the specimens as shown below: 

Radius all corners 118” max. 

ra’! 
1” 

Weiding Qualification Tests 1’1.3-21 

I 

bp 9” App,ox. -4 corners 118” max. 
-A 

Note: Weld reinforcement and backing. 
if any, shall be removed flu& with the 
surface Of the specimen. Cut surfacer 
shall be smooth and Parallel 

FACE BEND Material to be removed 
SPEC’MEN r for clem-YP. 3/w, r Pipe we,, 

+t.-.-..~-.---.-!.! ______________ ]=;I: 
Radius all 
cc.r”em 118” max. 7 

Material to be removed when \i If caygo” CW, not !BII than 118” 
pipe wall exceeds l-1/2” shall be machined from edger. 

SIDE BEND SPECIMEN 
(~0, pipe 0~.3r 318” thick) 

-- 

Fig. 1 l-49. Bend specimens for weldor qtialification 

TABLE 11-6. AR-2 Level of Welding Procedure Qualification 



TABLE 117. AR-2 Level of Weldor Oualification 

(e) Required only if production welds are to be 
radiographically inspected. 

(f) The same as Note (i) under AR-1 procedure 
qualification. 

(g) The same as Note (j) under AR-l procedure 
qualification. 

AR-2 Weldor Qualification 
$;, The qualifying positions are those in Fig. 11-41 ::;, 
;:j;:: and the samples and tests required are shown in 
& :,, Table 11-7. 

The notes to this table are as follows: 

(a) The same as Note (a) under AR-l procedure 
qualification. 

(b) The same as Note (c) under AR-l procedure 
qualification. 

(c) The same as Note (c) under AR-1 weldor 
qualification. 

(d) The same as Note (d) under AR-l weldor 
qualification. 

(e) Radiography tests are optional and are made 
in accordance with the techniques and 
acceptance requirements described in AWS 
D10.9. 

(f) The same as Note (j) under AR-1 procedure 

qualification. 

(g) Radiographic inspection may be used : 
place of the bend tests if the productic 
welds require radiography. 

AR-3 Welding Procedure Qualification 
The qualifying positions are as shown in Fig. 

11-41. The sample welds and tests required are given 
in Table 11-8. 

The applicable notes are: 

(a) The same as note (a) under AR-l procedure 
qualification. 

(b) The same as Note (c) under AR-1 procedure 
qualification. 

(c) The same as Note (f) under AR-1 procedure 
qualification, except that an undercut not 
exceeding l/32-in. is permissible and the 
concavity or convexity of the root surface 
may not exceed the following: 

Maximum Maximum 
Sample Weld Root-Surface RoorSurface 

Pipe Size Concavity, in. Sonvexity, in. 

l/2” Sch. 40 1132 l/l6 
2” Sch. 40 1116 118 
5” Sch. 40 1116 118 

TABLE 1 I-8. AR-3 Level of Welding Procedure Qualification 

LIMITED TO PIPE UP TO AND lNCL”D,NG 10” DIAMETER AN0 3/8” WALL THlCKNESS 

SAMPLE WELDS 

Wall Thicknerr 3/8”and Under 
TESTS REWIRED 

Pipa OrTube ,b, Number ot 
Pipe Sire of Pipe or Tube Wall Thickness, tt, 

Sample Weld 
7 

Sample Welds Visual w Prersure Cd, 
Size (lualified 

MacrmtNEt”re ie, 
ouali‘ied per Position Inspection fh”d NO. of Specimens 

Min. Max. No. of Tests 

l/Z” Sch. 40 1.1/2”cl”d Under l/16” 2 t 1 Yes 1 0 

2” Sch. 40 1” Through 4” l/Zf 2t 1 Yes 1 0 

5”Sch. 40 ,a) 4-112” Through 10” l/2 f 3/8” 1 Ye5 0 4 

Notes: see Texf I”AR.3 Welding Procedure o”alific.tio”“, ‘0, explanation Of ,a) through ,e,. 



$P&“# 

WiZG A&,, ,j 

Fig. 11.50. The pressure bend test used in AR-3 procedure qualification. 

(d) Prepare one sample weld for each position to 
be qualified for the l/2-in. Schedule 40 and 
2-in. Schedule 40 pipe as shown in Fig. 
11-50. Fill with water at city pressure (25 
psig minimum) and close the valve. Bend 
around a 12-in.-diameter mandrel as shown. 

pi;;;; The weld is acceptable if there are no leaks 
2zj- after a 30° bend. ,>& 
f&;~(e) s 
g& 

ec ion, polish, and etch the 5-in. Schedule t’ 

pJ,& & ,:, 
40 specimen as shown in Fig. 11-51. The 

@;, etched sections shall show no cracks, inade- 
~$~;;>;I: : ,$a,;>,,, quate penetration, or incomplete fusion. 
~;.~:~;~ ::, && Concavity shall not exceed l/16 in., and the 

accumu!ated slag and porosity shall not 
exceed l/S in. from root to face of the weld. 

$sj~? In lieu of this test, the 5-m. weld sample may be 
;&ested by preparing four bend samples as shown in 
,Fig.,ll-45, except the sample width shall be l-1/2 in. 
:,$ide. Bend two face and two root specimens with a 
fixture shown in Fig. 11-46, with “t” equal to 0.375 
inThe weld is acceptable if none of the specimens 
undergo complete failure. 

Pig. 11-61. Specimen for macrostructure examination as permitted in 
AR-3 procedure qualification. 

AR-3 Weldor Qualification 
The qualifying welding positions are as shown in 

Fig. 11-41. The sample welds and tests are shown in 
Table 11-9. 

The notes are: 

(a) The same as Note (a) under AR-1 procedure 
qualification. 

(b) The same as Note (c) under AR-1 procedure 
qualification. ,.~ .-’ 

(c) The same as Note (c) under AR-1 weldor 
qualification. 

(d) The same as Note (d) urder AR-1 weldor 
qualification. 

(e) The same as Note (d) under AR-3 procedure 
qualification, except that the 1/2-m. 
Schedule 40 sample is omitted. 

(f) The same as Note (e) under AR-3 procedure 
qualification. 

Procedure and Weldor Qualification for Fillet Welds 
As mentioned earlier, welding procedure qualifi- 

cation and weldor qualification using groove welds 
automatically qualifies the procedure or the weldor 
for fillet welds. However, if only fillet welds are 
required in production, the welding procedure and 
the weldor can be qualified for fillet welds only. The 
sample welds, tests, and acceptance requirements are 
the same for both procedure and weldor 
qualification. 

A pipe assembly is prepared as shown in Fig. 
11-52. Test welds are made as shown in Fig. 11-53 
to qualify for all positions. Weld No. 1 is completed 
with the axis of the assembly in the horizontal 
position and without rotation. Weld No. 2 is com- 
pleted with axis of the assembly in the vertical 
position and without rotation. 



TABLE 11-9. AR-3 Level of Weldor Qualification 

SAMPLE WELDS TESTS RECIUIRED ON SAMPLE WELDS ,c, 
v 
‘,! 

Pipe or Tube ,b, Number of Prermre ,el 
Pipe size ,a, Pipe 0, Tube was Thickness 

Macrortmctun ,f, 
Sample Welds Visual Id Band, 

! 

of sample Weld Size Qualified Qualified, Ill. 
Examination, : 

pr msaicm Inrpectio” Nunhe. of Sample No. of Etched :: 

Mi”. Max. Welds Tested swcim=4 i 

2” Sch. 40 Through 4” ,063 ,375 1 Yes 1 0 
: 1 

,:.; 2~ 

5” Sch. 40 4-l/2 Through 10” .I87 ,375 1 Yes 0 4 
,,) ,,+: 
is ,,, ~,;,>a 

Notes: see Text (“AR-3 Weldor clualificafio”“, ‘0, “xplanation Of ,a, fn,O”gh (f,. 
-,;:>, 

,,,, Pipe assembly longitudinal section 

Fig. 11-52. The pipe assembly used for qualifying procedures and 
_: welders for fillet welds. 

,‘) : 

‘:,,, 
,,:, 

Each sample joint must be inspected prior to 
welding to a8sure the material is correct, the parts 
are clean, and the end preparation and fitup are 
correct. During welding, inspection is made to assure 
the proper filler metal is used and for cracks, lack of 
fusion, surface roughness, and poor crater condi- 
tions. After welding, and heat treating if any, the 
weld is inspected for surface defects. 

This test may be terminated at any stage of the 
testing whenever it becomes apparent to the super- 

Weld No. 2 
(Position SF) 

Full fillet weld completely 
around fhk encl. Weld EM, 
be performed in this pmifion 
WithoUt rotation. /,- 

srep A Pipe axis horiz. i 

Fig. 11-53. Positions for the fillet-weld qualification tests. 

visor conducting the test that (1) the weldor is not 
following the welding procedure or (2) the weldoi 
does not have the necessary skill to product 
satisfactory results. 

The test assembly is then cut into eight 
3/4-in-wide specimens, as shown in Fig. 11-54. Each 
specimen must have an acceptable or desirable 
profile, as illustrated in Fig. 11-55. 

Each specimen is fractured in a vise, as shown in 
Fig. 11-54. The fractured surface must show no 
evidence of cracks, incomplete fusion, or inadequate 
penetration at the root of the weld. 

ASME BOILER AND PRESSURE VESSEL CODE 
QUALIFICATIONS 

Section IX of the Boiler and Pressure Vessel 
Code of the American Society of Mechanical Engi- 
neers provides for qualification tests of procedures 
and personnel for welding under that code. The 
following is a condensed and incomplete description 

fracture r.. ’ -- 
MethDd Of 

IF “.J : “I i 

Fig. 11-54. The sampling technique and vise-fracturing method fo 
examining fillet welds. 
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A& 

Desirable fillet weld profiler 

CO”“eXit”, c, 
shall not exceed 

0.1s + 0.03 inch. 

Acceptable fillet weld profile 

ml 
Insufficient encerrive Excerrive Overlap lnsufficiont 

throat COnYeXit” undercut 1-2 

:,‘,,‘, 
Defective fillet weld Profiles 

?;Z; 

@. 11-65. The profile standards that sectioned fillet welds must 
@?et in qualification testing. 
$@ 
gfg;;; 
@>,, 

Weld profiles 

@these qualifications. The condensation does not &:,: 
&gver qualification tests for steels of 85,000 psi or 
$@re and for quenched and tempered steels. Before 
&king tests, a copy of the complete code should be 

the American Society of Mechanical 
Order Department, United Engineering 

345 East 47th Street, New York, N.Y. 

&l$y Procedure Qualification, ASME Code 
:!F-ji“Procedure qualification tests are prescribed for 
welds in pipe and in plate. 

Welding Qualification Tees ts 11.3-25 

Throat of weld 

Flat position 1 F of test 
for fillet weld 

Of 
t**t trx fillet weld 

Axis of weld 

“Brtical plJ*itilJn SF Of Overhead POIitio” 4F Of 
test ‘W fillet weld lest for fillet w*,cl 

Fig. 11-57. Test positions for fillet welds in plate. 

Procedure qualification for groove welds ih pipe 
requires one test assembly be welded for each 
position shown in Fig. 11-56. 

In position lG, the pipe axis is horizontal, and 
the pipe is rotated during welding. Weld metal is 
deposited from above (flat welding). 

In position 2G, the pipe axis is vertical, and the 
pipe is not rotated (horizontal welding). 

In position 5G, the pipe axis is horizontal, and 
the pipe is not rotated (a combination of flat, ver- 
tical, and overhead welding). 

Test position 4G Test position 5G 

:,; 

,,,,1 
_ :: 

1:; 
:; ,,: 

: : 

Fig. 11.56. Qualifying test positions for groove welds in pipe and plate. 



Thickness t of 
Test Plate or 

TABLE II-IO. Procedure Qualification. Type, Number of Test 
Specimens, and Range of Thickness Qualified 

NOfer: See’Text l”Welding Procedure (l”a,ificatio”, ASME Code”1 far explanation of (1, through (6,. 

TABLE 11-11. Procedure Qualification. Type, Number of Tests 
Specimens, and Range of Thickness Qualified 

Range of Type and Number of Tests Required 
Thickness t of Thickness 
Test Plate (in.1 (lualified lin.1 

Longitudinal Bend Tests (51 
Tension 

Min.(sl Max. (13.6) 
Face Bend Root Bend 

1/16to3/8 l/l6 2t 2 2 2 

over 318 3/16 2f 2 2 2 

Notes.: see Text ,“Weldi”g PrOced”re aualificatio”. ASME Cc&?“) for explanation Of (1) 
thrclugh (6) 

Face bend Epecime” 
--------.- _ ----- ----.~-L7~r---zz--~~- 

Root bend specimen 
--------__------------ ----------- ---- ------ 

Face bend IPWi”l-3” 
---------.- - ---- ------_=_=--~z-~-z~ 

Reduced Eecfio” fensib rpecimen 
--------__ ._ --------_-XL _-LrL.=-Lrl- 

okcard this piece 

Discard this piece 

-_------ -- 
Side bend 

------ 

Reduced section tensile specimen 

-------- 

Side bend 
_------ _____ ---z-L--- ----- 

Reduced section W”.ik specimen 

------- 

For plate l/16 to 3/4 in. thick. For plate over 3/4 in. thick. May be used also for thicknesses 
fro117 316 to 314 in. 

Fig. 11-58. Method of taking tesi specimens from plate for procedure qualification. 



,, 
Welding Qualification Tests 11.3-27 

in horizontal fixed 

Reduced .eCtio” 

For pipe 1116 to 314 in. in wall thickness. 

Reduced IaxiO” 

For pipe over 314 in. in wall thickness. May be used also for 
thicknesses from 3/8 to 3/4 in. 

Fig. 11-59. Method of taking test specimens from pipe for procedure qualification. 

Qualification in the horizontal, vertical, or over- 
aead position also qualifies for the flat position. 
Qualification in the horizontal fixed position, 5G, 
qualifies for flat, vertical, and overhead positions. 
Qualification in the horizontal, vertical, and over- 
@ad positions qualifies for all positions. 
~~ Procedure qualification on pipe also qualifies for 
Plate, but not vice versa. 
~, Procedure qualification for groove welds in plate 
requires one test assembly to be welded for each 
position. Qualifying positions are shown in Fig. 
11-56. 

In position lG, the plate is in the horizontal 
plane and weld metal is deposited from above (flat 
welding). 

In position 2G, the plate is in the vertical plane 
with the axis of the weld horizontal (horizontal 
welding). 

In position 3G, the plate is in the vertical plane 
and the axis of the weld is vertical (vertical welding). 

In position 4G, the plate is in the horizontal 
plane and weld metal is deposited from underneath 
(overhead welding). 

Groove weld tests qualify the welding procedure 
for use with both groove and fillet welds. 

Procedure qualification for fillet welds requires 
one test assembly in each of the positions shown in 
Fig. 11-57. 

Qualification in the horizontal, vertical, or over- 
head position qualifies also for the flat position. 
Qualification in the horizontal, vertical, and 
overhead positions qualifies for all positions. 

Preparation of the Test Joint. The base material, 
filler metal, and the welding procedure for the test 

joint must comply with the job specification. The 
base material may be either plate or pipe (see Table 
11-10). The recommended pipe size is 5 in. in 
diameter and 3/8 in. in the wall thickness, although 
larger pipe may be used. Smaller pipe size (job size) 
may be used, but in such cases the procedure must 
be qualified for thicknesses between l/2 and two 
times the wall thickness of the test pipe, but not 
over 314 in. 

The type and number of test specimens for pro- 
cedure qualification are shown in Table 11-10 and 
Table 11-11. Also shown is the range of thickness 
that is qualified for use in construction by a given 
thickness of test plate or pipe used in making the 
qualification. Test specimens are to be removed as 
shown in Fig. 11-58 or Fig. 11-73 for plate and Fig. 
11-59 for pipe. 

Weld reinforcement shall be machined 
fi”h With bare metal 

-al-- -I 

W = 1-112” +O.Ot”, if tdoer 

w=1”+0.01 ift 
exceeds 1.’ ’ 

Fig. 11-60. Reduced-section tensile specimen from plate, 



Machine the “i”im”m mlO”nt 
needed to obtain Plan0 Paral!ei 
faces over the WA” wide 

/1 I 

0” ferrous material 

reduced section these edges may 

I 
2”R be flame C”t 

I lo- I 7 

~~r~~~~] c -4 
This section machined. 
preferably by milling 

Fig. 11.61. Reduced-section tensile specimen from pipe. 

The notes to Tables 11-10 and 11-11 are essen- 
tial to the use of the tables. The applicable notes 
are: 

(1) The maximum thickness qualified in gas welding 
is the thickness of the test plate or pipe. 

(2) The maximum thickness qualified for pipe 
smaller than 5 in. is two times the thickness of 
the pipe but not more than 3/4-in. 

(3) For submerged-arc welding and gas metal-arc 
welding, the thickness limitation for production 
welding, based on plate thickness t, shall be as 
follows: 

(a) For single-pass welding with no backing strip 
or against a metal or ceramic (flux) backing, 
the maximum thickness welded in produc- 

tion shall not exceed the thickness of the I 
test plate or pipe. 

(b) If the test plate is welded by a procedure? 
involving one pass from each side, the maxi- 
mum thickness that may be welded in 
production shall be 2t, where 2t shall not, 
exceed 2 in. If sections heavier than 2 in. are,:; ~, 
to be welded in production, a separate test::/ 
plate shall be prepared with the thickness;:; 
not less than the thickness to be used in 
production. 

~: 

(c) For multiple-pass welding, the thickness,: 
limitations in Tables 11-10 and 11-11 apply. ,; 

(4) Either face and root bends or side bends may be ’ 
used for thicknesses from 3/S to 314 in. 

(5) Longitudinal bend tests may be used in lieu of 
transverse bend tests in Table 11-10 only for ‘: 
testing material combinations differing markedly 
in physical bending properties between (a) the 
two base materials or (b) the weld metal and 
base materials. (See Fig. 11-73 for weld test 
plate.) 

(6) For quenched and tempered steels (tensile’ 
strength 95,000 psi or higher) of thicknesses less 
than 5/S in., the thickness of the test plate or 
pipe is the minimum thickness qualified. For 
test plates or pipe receiving a postweld heat 

A-Length reduced section 
D-Diameter 
R-Radiusof fillet 
B-Length of end section 
C-Diameter of end section 

1-3;s. apprlx 1-118, approx 718. approx 112. approx 
314 112 I 3/s II4 I 

NOTES: 
2. “se maxim”m diameter specimen ,a,, (b), tc,, or ,d, that can be c”t from the section. 
2. Weld should be in center of reduced rection. 
3. Where only a single specimen is required the center of the specimen should be midway between the 

surfacer. 
4. Reduced section “A” should not be less than width of wefd plus two “U.” 
5. The ends may be of any shape to fit the holders of the testing machine in such a way that the load is 

applied axially. 

Fig. 11-62. Alternate reduced-section tensile specimen. 



‘, 9 1.4 D 
\ 

I 20 
D min 

A-. $r 1 : --- 

ISI 
“--Jaws of 

testing machine 

fi@ig. 11-63. Full-section tensile specimen for small-diameter pipe. 
j;t:y;,‘, 

&treatment in which the lower critical tempera- 
&&ne is exceeded, the maximum thickness quali- 
@fied is the thickness of the test plate or pipe. 
~~~:Tension Tests: Reduced-section tension-test 
,/&cimens shall conform to Fig. 11-60 for plate and 
$g; 11-61 for pipe of all wall thicknesses having an 
‘$&de diameter greater than 3 in. Tension test 
inecimens conforming to Fig. 11-62 may be used for 
;h&%nesses to and including l-1/4 in. Over l-l!4 in. 
n$tiple specimens shall be cut through the full 
thickness of the weld with the centers parallel to the 
naterial surface and not over 1 in. apart. 

-~,q’p 

t T-l 

I !! -ft’(P’ate) 
Wipe) 

L---__--_-LC -------- 2 5-i 
Face bend *pecimm* - Plate and pipe 

> 3/s 3/a 1 

Cut along thb line whsn t exceeds 1-112; 
Edge may be Flame.Cut and may or may 
not be Machined. 

Note: For Plater over l-112 in. thick. cut Specimen 
info apprc~ximately equal Strips b*twee* 314 in. and 
l-l/Z I”. wide and mot Bach strip. 

Fig. 11.64. Transverse side bend specimens. pipe and plate. 

Tensile specimens conforming to Fig. 11-63 may 
be used for testing pipe or tube witb an outside 
diameter 3 in. or less. 

Tensile Strength Requirements: The tensile 
strength must not be less than: 

(1) The minimum specified for the base material, or 
(2) The minimum specified for the weaker of the 

two, if materials of different specified minimum 
tensile strengths are used, or 

(3) The minimum specified for the weld metal 
where the weld metal has lower room-tempera- 
ture strength than the base metal. 

If the specimen breaks in the base metal, the test 
shall be accepted if the tensile strength is not more 
than 5% below the minimum specified for the base 
metal. 

Guided Bend Tests: Transverse side bend speci- 
mens shall conform to the dimensions shown in Fig. 
11-64. 

+ R -,tl6: msx 6” “,in-d 

‘“‘q-J 
+ 

-~,q-J’~~ 

, + T c--------v~ --------- ‘;7 c--------v~ --------- ‘;7 
I I \I \I 5-I 5-I 

(P,ate) (P,ate) 

Root bend rp.cimenr - Plate and pipe 

Note: Weld reinforcemsnt and backing *trip 0, baiking ring. if 
any, shall be rsmovad flush Wifh fhe rutface Of the specimen. If a 
recesed ring is ured, this surface of the specimen may be 
machined to a depth not exceeding the depth of fhe recess to 
remove the ring. excqx tllar in rueI7 case5 the fhkk”SI Of the 
finished specimen *hall be that specified above. 

Fig. 11.65. Transverse root and face bend specimens. pipe and plate. 



Note: Weld reinforcament and backing *trip, if any. Shall be 
removed flush with me *"rface Of the specimen. If a recessed 
*trip is "red fhk rurface of the rpecimen may be machined to 
a d.wfh not exceeding the depth Of me r*cess to remDYe me 
*trip. except that in *U&I cases the fhickner* of the finirhsd 
specimen shall be that specified above. 

Fig. 11-66. Longitudinal root and face bend specimens. 

Transverse root and face bend specimens shall 
conform to the dimensions shown in Fig. 11-65. 

Longitudinal root and face bend specimens shall 
conform to the dimensions shown in Fig. 11-66. 
This type of specimen is used only for testing 
material combinations differing markedly in 

‘,,, physical bending properties. 

The guided-bend specimens shall be bent in test 
jii that are substantially in accordance with Figs. 
11-67.11-68, and 11-69. 

Tapped hoi* to suit Hardeoad dkrf. l-112” ..%a 
Mting mathine may be *“bsti*“**d kr 

jig ohoutderr \ 

Fig. 11-67. Guide&bend test jig 

NOTES: 1. Either hardened and greased Ihouldem 0‘ hardened roller* fret rotate *hall be uraci. 
2. The rhaulderr or rollerr *hall have a minimum bearing surface c 

in. for placement of the specimen. The rollers *hall be high em 
above the bottom of fhe irg 50 mat fh rpecimenr Will clear 
ro11*r5 when the ram is in the low parifion. 

3. The ram shall be fitted with *n appropriate bare and provis 
made for attachment fo the testing machine, and *hall be de% 
to minimize deflection and miralignment. The ram to be used \n 
the roller jig shall be of identical dimension* to the ram shawl 
Fig! 1 l-67. 

4. If desired. eithe: the rollers or the roller *uppOrt* may be m 
adjustable in then horizontal direction so that *pecimenS of t th 
new may be tested on the *am* jig. 

5. The roller wpport~ *hall b* fitted with an appropriate t 
designed fo safeguard againrr deflection or miralignment 
equipped with mean* for maintaining the rollers centered. n 
point and aligned with respect to the ram. 

Fig. 11.68. Roller-equipped guided-bend jig for bottom ejection 
test specimen. 

When using jigs in accordance with Figs. ll- 
or 11-68, the side of the specimen turned towi 
the gap shall be the face for fare bends, root 1 
root bends, and the side with greater defects, if aI 
for side bends. The specimen shall be forced into I 
die until the curvature of the specimen is such tha 
I@-in.-diameter wire cannot be inserted betwt 
the die and the specimen. 

When using the roller-type jig, Fig. 11-68, 1 
specimen shall be bottom-ejected. When using 1 
wrap-around jig, Fig. 11-69, the side of the specilr 
toward the roller shall be face for face bends, r( 
for root bends, and the side with the greater defet 
if any, for the ai& knds. 

Bend Test Kequiremenls: After bending, 
specimen shall have no cracks or other open defe 
exceeding l/8 in. measured in any direction on 
convex surface. Cracks on the corners of the spy 
men shall not 1 2 considered unless there is evidel 
of slag inclusiotls or other internal defects. 



@ :‘, 
gpwis: 

;& oimr~nrtonr not rhown are tie option of the d-lane,. The 
~~so,,tia: consideration b to have adsqua- rigidity M that the iig 

r’partr wit8 nor r;pring. 
j&, s,,dn,m shall be firmly clamped on one end so that them is 
+- aiidirg of the specimen during the bending owrado”. The weld 
@ng heai-ah&ted zone in the case of ~ansveme weld bend SPBC~- 
i,~ mns shei, be c~mpkfe~y within the bent pwtion of the specimen 

m *hall be removed from the jig when the outer roll 
wmd 180 degrees from the *taming point. 

Fig. 11.69. Wrap-around guided-bend jig. 

the w&i thickness of the tube or pipe is less 
$ii 318 in.; or the diameter-to-thickness ratio does 
% ermit p*!@;.;:: ,P t.he preparation of a full-size rectangular 

#guided-bend specimen, the I-1/24n.-wide standard 
#@$$ specimen shown in Fig. 11-65 may be replaced 
#?g$“three subsj~;e specimens having a width of 3/6 in. 
j<;i:::: :: 
j$:;;$ +, whichever js less. The weld reinforcement and 
i:@&king ring shall be removed flush with the pipe or 
::: : ,’ 

procedure qualification shall coriform to Fig. 11-70. 
The weld shall not contain any visible cracks. The 
specimen shall be cut transversely in five sections 
approximately 2 in. long, and one face of each sec- 
tion shall be smoothed and etched with a suitable 
etchant to give a clear definition of the structure. 
Visual examination shall show: 
(1) Complete fusion at the root and no cracks. 

(2) Not more than l/8 in. difference in the length of 
the legs of the fillet. 

-. 

Type of 
Joint 

GiOO”t? 

r 

: 

TABLE I l-12. Weldor Qualification. Type, Number of Test 
Specimens, and Ranges of Thickness Qualified 

Thickness t of 
Type and Number of Tests 

Tc.! PIat* or Range of Thickness 
Required (11 

Pipe As Welded of Material Qualified Transverse Band Tests (5) 

iii. !3! by Test Plate, in. Side Face mot T 

Min. Max. ,2.3) Bend Bend Bend Joint 

1/16103i8 I 
i”CI”SW.~ 1116 21 1 1 

_---. - - 
Groove (4) Over 3ia Lwt 

less than 3/4 3/16 21 1 1 
_- __--- 

Groove (4) Over 3:8 but 
less tlban 3/4 3/16 2f 2 

S,OO”e 3/4 and 0”s 3/16 Max to be 
welded 2 (41 

Fillet See Fig. 11-72 All thicknesses 1 
iI 

NofeB: see Text (“Weldor Qualification, ASME Code”) for explanation of (I! through (4,. 

“T” nmximum thic*ner* of bare material in the vessel at point of 
welding 0, 1”. whiCke”e, is smaller. 

Metro test: The ‘iltet shall ,how fu,io” at the root 01 the weld but 
not “ecma,,,y beyond the ,.,ot. The weld metal and heat-affected 
*on* Iha,, be tree Of C,(lCk,. Both ,sgr Of the wet *hall be ewal to 
within l/6 inch. 

Fig. 11-70. Fillet-weld soundness test for procedure qualitication~ 

tube surface, and the corners may be provided with 
a radius not to exceed 1/3t. / 

Fillet Weld Tests: Fillet-wel$. ‘test specimens for 



,,, ,,, 
11.3-32 Quality Control 

TABLE 11-13. Weklor Qualification. Type, Number of Tea 
Specimens, and Sanges of Thickness Qualified 15 1 

Type of 
Joint 

GVMW 

Thickness t of Type and Number of 

Test Plate or Range of Thickness Tests Required 

Pipe As Welded of Material Qualified Longitudinal Bend Tests 
in. bv Test Plate, in. F%X 

Min. 1 
Root T 

Max. C?l Bend Bend Joint 

111610 3/a I I I 
inclusive 1116 2t 1 1 

Groove over 3/B 3116 2t 1 1 

Fillet See Ftg. It-72 All thicknesses 1 
. .~^~ 

Notes: See Text ~‘V,&,Or ~“difiC,SiO”.. ASME C&e”, f.,, explanation of (2, fh,O”gh (5). 

Weldor Qualification, ASME Code follows: 
Weldor qualification (called “performance quali- 

fication” in t.he ASME code) is to demonstrate that 
a welclor can make sound welds when using a previ- 
ously qualified procedure. The code provides that 
the weldor who prepares the welding procedure 
qualification test specimens meeting the require- 
ments of the code is thereby qualified without 
further testing. 

(1) A total of four specimens are required to qualif: 
for position 5G. 

Weldor qualification tests are made on groove 
we!ds or on fillet welds. Weldors qualified on groove 
welds are automatically qualified for fillet welds in 
all thicknesses. Weldors qualified on fillet welds only 
are qualified to make fillet welds only. 

All the requirements for welding positions for 
procedure qualification also apply to weldor qualifi- 
cation. 

The type, number of test specimens, and the 
ranges of thickness qualified are given in Tables 
11-12 and 11-13. The notes to these tables are as 

(2) The maximum thickness qualified in gas weldin; 
is the thickness of the test plate or pipe. 

(3) The base material may consist of either plate o 
pipe. The minimum nominal diameter of 5 in. i 
recommended for pipe used as base material. 

(4) Either face and root bends or side bends may b8 
used for thicknesses from 318 to 314 in. 

(5) Longitudinal bend tests may be used in lieu o 
the transverse bend tests in Table 11-12 only fo 
testing material combinations differing marked11 
in physical bending properties between (a) th 
two base materials or (b) the weld metal ant 
base materials. See Fig. 11-73 for the weld tes 
plate. 

L Suggerted size of ring or *trip $n l-l/4 t 

2t- 37-“20 max 

&xi? f max but not 
3 greater than 118” 

Fig. 11-71. Butt joints for weldor qualification tests. with and 
without backing strip. 

FILLET WELD SOUNDNESS TEST 
FOR WELDOR QUALIFICATION 

FRACTURE TEST: Ma:~imum permirrible defects such as *lag, non- 
fusion, efc. - 20% or :: in. Evidence of cracking of fillet shall con- 
*fifute grounds for reie,.tian. 

MACRO l-ES-r: The fillet shall ShDW furion to tile rc.c.t of the we,, 
hut not necessarily beyond the root. Convexity and/or concavity 0 
fhe fillet shall not exceed 1116 in. Both legs of the fillet shall ba eqw 
to within 1116 in. 

Fig. 11-72. Fillet-weld specimen for weldor qualification test 



‘!,:,;- ” The base material for the test specimens may be 
either plate or pipe. The minimum nominal diameter 
dff5 in. is recommended for pipe used as base 
material. 

The dimensions of the welding groove for the 
test joint used in making weldor qualification tests, 
on double-welded butt joints and single-welded butt 

joints with backing strip, shall be the same as those 
for procedure qualification, or shall be as shown in 
Fig. 11-71. 

Qualification on a single-welded plate with a 
backing strip shall also qualify for pipe with a back- 
ing strip and vice versa in positions 1G and 2G only 
(Fig. 11-56). 

Qualification on a single-welded plate without a 
backing strip shah also qualify for single-welded pipe 
without a backing strip and vice versa in positions 
1G and 2G only. 

Qualification on double-welded plate shall also 
qualify for double-welded pipe and vice versa in 
positions 1G and 2G only. 

For all other positions qualification on pipe shall 
qualify for plate but not vice versa. 

Test Specimens: Test welds made in plate - the 
type and number of bend test specimens specified in 
Tables 11-12 and 11-13 -may be removed from the 
test plate in any order, but in a manner similar to 
that shown in Figs. ll-58,11-59, and 11-73. 

For test welds made in pipe in positions 1G or 
2G, specimens shall be removed as shown for bend 
specimens in Fig. 11-59, at approximately 90° 
apart, omitting the tension specimens. For test 
welds made on a pipe in position 5G, specimens 
shall be removed in accordance with Fig. 11-59, and 
all four specimens shah pass the test. 

All bend specimens shall be machined, tested, 
and meet the same test requirements as the pro- 
cedure qualification tests. 

Fillet-Weld Tests: Dimensions and preparation 
of the fillet-weld test specimens shall conform to the 
requirements of Fig. 11-72. The test specimen shall 
contain no visible cracks. The specimen shall be cut 
transversely to provide a center section 10 in. long 
and two end sections each approximately 1 in. long. 

TABLE 11-14. Type and Number of Butt-Weld Test 
Specimens for Procedure Qualification Test 

Number of Specimens 

1 Nick 1 Root 1 Face Si 
pipe Size, Outside Tensile Break 8and 1 Bend 1 Br 

Diameter - In. Wall Thickness - l/2 In. and UI.--~ 
Under 2-3/8 0 2 2 0 0 
Z-3/8 to 4-l/2 inclusive 0 2 2 0 0 4 
Over 4-l/2 to 12.3/4 inclusive 2 2 2 2 0 8 
Over 12.3/4 4 4 4 4 0 16 

Wall Thickness-Over l/2 In. 
4-112 and smaller 0 2 0 0 2 4 
Over 4-l/2 to 12-314 inclusive 2 2 0 0 4 8 
Over 12.3/4 4 4 0 0 8 16 

. one nick-break an.3 one root bend Ipecime” from each Of two test Weld*. or for pipe l-5/16 
in. and smaller, one f”ll pipe section tensile specimen. 
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Face bend or side bend 

Roof bend or side bend 

Tensile section 

over 4.112” to 1 Z-34” inc. 

TOO Of pipe _ 

Face bend or ride bend 

Tensile Section 

Tenrile IeCti.3” ROc.f bend or *icle bend 

Face bend or rid* bend 

Face bend or side bend 

Tenrile **ction Tensile section 

Face bend or ride bend 

At ttw compa”“‘r opfion. the location. may be rofmed 45 degrees 
counterclockwise or they may be equally spaced around the pipe 
except wecimens Shdf not i”C,“dB the lon&!it”dinal weld. AISO. at 
the company’s option. additional specimens may be taken. 

Fig. 11-74. Location of butt-weld test specimens for API procedure qualification tests 



TABLE 1 l-15. Type and Number of Butt-Weld Test 
Specimens for Weldor Qualification Test 

and for Destructive Testing of Production Welds 
- ~~~ 

Number of Specimens 

Nick Root Face Side 
Pipe Size. Outside Tensile** Break Bend Bend Send Total 

Ciameter - In. Wall thickness - 112 In. and Under 

Under Z-3/8 0 2 2 0 0 ‘I* 
2.316 fo 41/2 inclusive 0 2 2 0 0 4 

Over 4-l/2 to 12.3/4 inclusive 2 2 2 0 0 6 
Over 12-314 4 4 2 2 0 12 

I Wall Thickness - Over 112 In. 

4-l/2 and smaller 
Over 4li2 to 12-314 inclusive 
Over 12.3/4 

* Obtain from two wekir. 0, one full pipe section tensile *pecimen to, pipe l-6/16 in. 

an* smaller. 

* * the tensile fess ma” be omitted, in which case the rpecimenr designated for fhis ~6% shall be 
LUbjeCted to the nick4weak test. 

1.’ 

:g,,,, 
z;:,, Specimen may be madline or oxvwn C”C 

Uf,, Edger *ha,, be parallel and smooth. 

Opdonal nick break test specimen 
for automatic and *emiautomatic 

NICK BREAK TEST SPECIMEN 

Fig. 11-75. How tensile and nick-break specimens of butt welds are 
prepared for API procedure qualification tests. 

The stem of the lO-in. center section shall be 
!ocated laterally in such a way that the root of the 
weld is in tension. The load shall be applied until the 
specimen fractures or bends flat upon itself. In order 
to pass the test - 

(1) The specimen shall not fracture; or 
(2) If it fractures, the fractured surface shall show 

no evidence of cracks or incomplete fusion, and 
the sum of the lengths of the inclusions and gas 
pockets shall not exceed 2 in. 

One of the end sections shall be smoothed and 
etched with a suitable etchant to give a clear defini- 
tion of the structure of the weld metal. In order to 
pass the test - 

(1) The section shall show complete fusion at the 
root and no cracks; 

(2) The weld shall not have a concavity or convexity 
greater than l/16 in.; and 

(3) There shall be not more than l/16 in. difference 
in the lengths of the legs of the fillet. 

API QUALIFICATION TESTS FOR PIPELINE 
WELDING 

The American Petroleum Institute (API) sets 
specifications for welding procedures and personnel 
employed on pipeline welding in its “Standard for 
Welding Pipelines and Related Facilities” (API 
Standard 1104). The standard is available from the 
American Petroleum Institute, 1271 Avenue of the 
Americas, New York, N.Y. 10020. The following is 
a highly condensed resume of the portions of the 



standard pertaining to procedure and weldor 
qualification. 

API Qualification of Welding Procedures 
Prior to the start of production welding, a 

procedure specification must be established and 
qualified to demonstrate that welds having suitable 
mechanica! properties and that soundness will result 
from the procedure. The quality of the weld is 
determined by destructive testing. 

Table 11-14 shows the type and number of 
butt-weld test specimens required for procedure 
qualification, and Figs. 11-74, 11-75, and 11-76 
shows how specimens are taken and prepared for 
testing. Fig. 11-77 shows the jig used for guided 
bend tests. 

In the tensile test, the tensile strength of the 
weld, including the fusion zone, shall be equal to or 
greater than the minimum specified tensile strength 
of the pipe material. 

In the nick-break test, the exposed surfaces of 
‘, each specimen shall show complete penetration and 
;,j:: fusion and no more than six gas pockets per sq. in. 
:~,’ of surface area, with the greatest dimension not to 

:,;:,, ;$;,,, exceed l/16 in. Slag inclusions shall not be more 
& than l/32 in. in depth nor l/8 in. or one-half the 
i;::, nominal wall thickness in length, whichever is 
,F;:;~: shorter, and there shall be at least l/2 in. of sound 
:,::, ,_, 

is 
I 1~ I : 
i Specimen* may be machine C”t t,l l/2 

I II/ 
61 Ic&th Of 

Id 

inch width or the” may be oxygen C”f r t 1 specimen 
i 

et 
to apprmimatel” s/4 inch wide an.3 Wall thicknerr LlS 

g- 
1e 

then 1,s inch rsmwed by machining 
or grinding. Cut rurfaces Shall be 
WnoOth and PBralle,. 

SlOE BEND TESTSPEClMEN 
Fig. 1 l-76. How root-bend, face-bend. and side-bend specimens are 
prepared. 

The purpose of the weldor qualification tests 
to determine the ability of weldors to make sour 
welds using a previously qualified procedure. Fill1 
welds are evaluated by destructive tests. Butt well 
may be tested by destructive tests or by radio 
raphy. API Standard 1104 prescribes ti 
radiographic standards of acceptability. 

Table 11-15 gives the type and number of but 

Radius Of Plunger A = l-3,4 incher 

RadiUs Of cue B = 2-S/16 inetler 
Widfh Of die c = 2 incller 

Fig. 11-77. Jig for theAPI guided bend tests 

weld metal between adjacent inclusions. 
The bend tests shall be considered acceptable : if 

no crack or other defect exceeding l/8 in. or one ?- 
half the nominal wall thickness, whichever : :- IU 
smaller, in any direction is present in the weld c n 
between the weld and the fusion zone after bendinl 5 
Cracks which originate along the edges of the spec ,i- 
men during testing, and which are less than l/4 il 

‘d measured in any direction, shall not be considere 
unless defects are observed. 

The type and number of fillet-weld test spec :i- 
mens for procedure qualification are as follows: 

Pipe ;;;, OD Number of 
Soecimens I 

Under Z-3/8 4 (Obtain from 2 welds) 
Z-3/8 to 12-314 inclusive 4 
Over 12.3/4 6 

Id The methods of taking and preparing fillet-we] 
specimens are illustrated in Figs. 11-78 and ll-7! 3. 

tt The test requirements are similar to those for bu 
welds. 

API Qualification of Weldors 

;t- 



For joints under 2-3/W cut nick 
break rpecimenr from me *ame 
ge”,eral location but remow two 

*-s/8” to ,2-3/w inclusive rpecimens from each Of two t*** 
welds. 

Note: Af the option Of die c*mllany additional rpecimenr may be taken. 

Fig. 11-78. Method of taking nick-break fillet-weld test specimens for API procedure and weldor qualifications. 

specimens for weldor qualification testing, and I- 
F&j. li-80 shows how specimens are to be take<. 
iii::‘;Tensile test requirements are the same as for 
:procedure qualification, except that if the specimen 
,$l@ld break in the weld, it must meet the nick- 
,break test requirements. The nick-break test require- 
,ments are the same as for procedure qualification. 

The bend test requirements are also the same as 
for procedure qualification. Welds on high-test pipe 
(API Std. 5LX) may not bend the full U shape. 
These shall be considered acceptable if the speci- 
mens that crack are hroken apart and the exposed 
surfaces meet the nick-break test requirements. 

Fillet-weld specimens are cut, from each test 
weld. If the test weld is a complete circumferential 
weld, the locations from which the specimens are to 
be removed are as shown in Fig. 11-78. If the test 
weld consists of segments of pipe nipples, an 
approximately eqtial number of specimens must be 
removed from each segment. The specimens should 
be air-cooled to ambient temperature before testing. 

The preparation of the fillet-weld test speci- 
mens, the testing procedures, and the test require- 
ments are the same as for procedure qualification. 

==i!GF+ 
=q\ 

I \ \ 

t 

May be machine-cut or oxygen-cut. 

-I- 
Specimens should be at least 2 in. long and one 
in. wide. 
Specimens may be hacksaw-notched in the weld. 

t- 

I 
1 T -Wall thickness 

Fig. 1 l-79. Preparation of fillet-weld specimens. 
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TOP Of PiW 

@ 

Nick break 

““de, 

.’ * 
*-3/B- 

Root bend - 

. . ..-.. L.,” ..s.. 
thicknerr i. over 112’. 

w Nick break 
! 

TOP Of pipe 

Roof bend 
me cirl. I..“.+ 1, 

At the company’* option, the location* may be rotsted 45 dsgreer 
counterclockwise or they may be *qually spaced around the pipe 
eXC*Ptrpecimenr shall not include the longitudinal weld. AIKB, at 
the commnv’s option. additional rpecimsnr may be taken. 

LOCATION OF TEST SPECIMENS - BUTT WELD 
WELOOR QUALIFICATION TEST 

Fig. 11-80. How butt-weld test specimens are to be taken for API weldor qualification tests 

I 

I 



W ElD1ING COSTS 

SECTION 12.1 

DETERMINING WELDING COSTS 
Page 

The Approach to Cost Calculations . .12.1-l 
Calculations Based on Handbook Data . .12.1-2 
Calculations for Welds Not Listed . . .12.1-3 
Summary of Methods for Comput.ing Costs .12.1-10 
Quick Method for EstilTating Weld Costs . .12.1-10 



,, 

12.1-I 

Many commercial users of welding are, at times, 

Determining Welding Costs 

through years of experience, are able to estimate 
figuratively to the cent on repetitive welding. Also, 
the ability of an experienced shop foreman to 
“guess” the cost of a job with high accuracy suggests 
that sound judgments about intangible factors can 
be developed. 

:onfronted with the problem of how to determine 
welding costs. A cost analysis may be required in 
:dvance of actual welding - in which case the 
,esults would constitute a cost estimate - or the 
:ost analysis may be made after welding is in prog- 
:ess for various evaluation or mam+ment purposes. 
The reasons for costing welding are varied, but most 
Iften are to: 

. . provide data needed for bidding on a job 

. . . compare the economics of welding with 
some other method of fabricating or 

~; 
,, 

manufacturing 

. establish information required in making a ::,,~ 8s~: 
& 1 : decision between alternate designs 

. . evaluate proposed changes in procedures 

. . compare the economic advantages of 
rJ;,,& ,,, ‘?S<,<, : competing welding processes. 

$::: Estimators, designers, shop foremen, and others 
$&id to be apprehensive about the task of cost 
estimation because of the many factors that must be 
@ken into account and the possibility for errors. 
Also, the mathematical formulas that have been 
developed for cost determination look forbidding - 
even though they only involve simple arithmetic 
processes. It is the intent here to give practical 
methods for costing welding that can be applied by 
anyone and that will lead to usable results. 

A word of caution, however, is desirable. 
Although the techniques for determining or esti- 
mating welding costs are sound and have been 
proved in practice, the results of an analysis will 
only be as good as the data inserted in the cost 
equations. Some of the data to be used will be 
dependent on the human factor; other data will be 
dependent upon corporate accounting practices. 
Where unrealistic figures are assigned - say, to weld- 
ing speeds or to the operating factor - the cost 
formulas will give unrealistic results. It, thus, 
behooves the person making the cost analysis to 
verify the validity of the data before applying it to a 
cost formula. That sound data can be obtained is 
proved by the experience of large companies that, 

Rightfully, every operation made necessary by 
the decision to use welded assembly could be 
charged as a welding cost. Thus, the cost of joint 
preparation, such as cutting or machining, could be 
added to the cost of welding if these operations are 
not necessary for alternative fabrication methods. 
Similarly, the preweld and postweld cleaning and 
any preheating and postheating, straightening, or 
other operations made necessary by welding are part 
of the total costs of welding. However, these inci- 
dental consumers of time, materials, and power are 
often included in the operating factor assigned to 
welding if the weldor performs any of these opera- 
tions. Some operations such as radiographic inspec- 
tion, ultrasonic testing, and stress relieving are 
costed separately and are not included in the 
welding cost. Rather than get involved with complex 
cost equations of doubtful application to the 
accounting system of a company, the discussion 
here will be limited primarily to the cost of actually 
depositing weld metal. 

Welding processes are fairly consistent. The time 
and material required to produce a certain length of 
weld by a given process on one job are good indica- 
tions of the time and material required to produce 
the same type of weld on a similar job. Most of the 
methods described in this section make use of this 
fact; that is, they provide an estimate of costs by 
utilizing tables and curves obtained from welding 
experience. A few of the methods presented, 
designed to determine costs from test welds, can be 
used where no prior figures are available, or where a 
particularly accurate forecast of costs is needed. 

THE APPROACH TO COST CALCULATIONS 

The cost of producing a weld is basically the 
combined costs of material and labor. Material costs 
consist of the cost of the electrode, flux,, shielding 



gas, and other consumables. Labor costs include the 
normal costs of manpower, plus in most accounting 
systems, an allowance for overhead. Overhead may 
ta& care of many expenses not immediately appar- 
ent? the cost of supervision, janitorial and main- 
tenance services, equipment amortization and repair, 
the cost of heating and lighting, and so on. The 
electric power costs directly required for welding are 
usually lumped in the overhead. 

For convenience in welding cost computations, 
it is desirable to use a common reference for both 
material and labor. Both can conveniently be 
expressed in dollars per foot of weld. 

CALUCLATIONS BASED ON HANDBOOK DATA 

Sections 6 through 10 of this handbook list the 
data needed for cost estimates for the more com- 
monly used welds. The procedures tables in these 
sections list: 1. Time required to produce a given 
length of the weld. 2. Amount of electrode con- 
sumed. 3. Quantity of flux or shielding gas required. 

Cost computations for welds listed in these 
sections are simple and straightforward, because the 
basic information required can be selected directly 
from the procedures tables. The only other infor- 

,j:, mation required is the electrode cost per pound, 
determined by its cost when purchased; labor and 

‘: overhead costs per hour, established by the 
company’s accounting system; and an estimated 
operating factor. Costs can then be calculated by 

‘, simple formulas. 
Materials: The cost of electrode consumed per 

foot of weld is found by multiplying the weight of 
electrode in pounds consumed per linear foot (WE) 
by the electrode cost in dollars per pound (CE). 

Cost of electrode per foot of weld = (WE)(CE) 

The cost of flux per foot is similarly the weight 
of flux (WF) required per linear foot of weld multi- 
plied by cost of flux per pound (CF). 

Cost of flux per foot of weld = (WF)(CF) 

The cost of gas per foot of weld is the volume of 
gas required per linear foot of weld (VG) multiplied 
by the cost of gas in dollars per cubic foot (CG). 

Cost of gas per foot of weld = (VG)(CG) 

The material cost per foot of weld (CM), then, 
equals the cost of all consumables: 

CM = (WE)(CE) + (WF)(CF) + (VG)(CG) . . (1) 

The symbols used in the above and following 
equations are listed in Table 12-1, Definition of 

Symbols Used in the Cost Equations. 
Note that the term (VG)(CG) in Equation (1 

would be zero in submerged-arc or self-shielded elec 
trode welding, since no shielding gas is used. Simi 
lady, the term (WF)(CF) would be zero with al 
welding processes other than submerged-arc. 

Labor, Overhead, Opeiating Factor: Direct labo 
rates plus all overhead factors, as established by thl 
individual company, may be represented by (CR) ir 
dollars per hour. The labor and overhead cost pe 
linear foot of weld (CL) then becomes: 

cL = (‘WCR) 
OF . ..’ .a 

The denominator (OF) in this equation is th 
operating factor, which needs explanation. 

Actual arc time is considered only during th 
time the weldor is applying productive weld metal 
While assembling, positioning, and tacking, th 
weldor is “preparing” to join. When removing al 
assembly from the positioner or cleaning a weld, h 
is executing necessary “follow-up” operations. Whe: 
changing electrodes, moving from one location tm 
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CE 
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CG 
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CM 

CR 
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DE 
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OH 
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VG 

WE 
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ww 

TABLE 12-l. Definition of Symbols Used in the 
Cost Equations 

= Crorr-sectional area of the weld, in.’ 

= Cost of electrode Ior filler wire), dollars/lb 

= Cost of flux, dollars/lb 

= Cnsr of shieldi-.g gas per unit volume. dollarsIft’ 

= Cost of labor and overhead per linear foot of weld, 
dollarsIft 

= Cost of consumable welding materials per linear foot of 
weld. dollars/ft 

= Cost of labor and overhead, dollarslhl 

= Deposition rate. lb/h! 

= Deposition efficiency. weight ratio of weld metal 
deposited to electrode consumed 

= Operating factor, ratio of productive time to total time 
required by the weldor 

= Overhead 

= Melt-off rate of the electrode, lb/h1 

= Speed of electrode travel. or “joint speed,” ftlhr 

= Time required per linear foot of weld, hr/ft 

= Approximate value of T. hrift 

= Volume of shielding gas required per linear foot of 
weld, f?/ft 

= Weight of electrode (or filler wire1 consumed per linear 
foot of weld. Iblft 

= Approximate value of WE, Iblft 

= Weight of flux required per linear foot of weld. Ib/ft 

= Weiaht of weld metal deuosited oer linear foot of 
kid, Ib/ft 



mother, or taking a coffee break, be is not joining. 
rhe total hours he works are always more than the 
lours he welds, and the ratio of the hours spent in 
welding to the total hours worked is known as the 
Dperating factor. This factor is one of the most basic 
Eactors in cost formulas, and must be determined 
accurately in order to make sound evaluations of 
costs. 

The operating factor may be defined by the 
equation: 

GF = ArcTime 
Total Time 

where total time is arc time plus the time the weldor 
spends in operations other than welding, including 
time for personal purposes. Since arc time is always 
divided by a larger number, the ratio is always less 
than 1.0, and thus a decimal. For convenience in 
feferring to operation factors, the ratio is multiplied 
@lOO and expressed as a percentage. Thus, one 
&eaks of an operating factor of 30, 40, or 50%. 
i&&en using an operating factor in a cost formula, 
$&&ver, it must be kept in the decimal form. Thus, 
&o% operating factor would be written .40 in a 
#?t formula. Values for (OF) usually range from 
&2, to 0.6, but may be higher for automated welding 
$&lower for construction field welding. However, 
[the, (OF) should be carefully determined since it has &,;, 
iconsIderable bearing on the final estimated welding i:ps~I,,:, 
cost. 
!zj:j,~’ By adding the values calculated for (CM) and 
:(CL), the welding cost per linear foot of weld is 
:$+nd: 
“,,, 
:I:, ‘,‘,,Cost per linear foot of weld = (CM) + (CL) . . (3) 

Multiplying the cost per linear foot by the num- 
,ber of feet of weld gives the calculated cost of 
welding. The accuracy of the value obtained will 
depend upon the accuracy of the factors used. 

CALCULATIONS FOR WELDS NOT LISTED 

When the weld under consideration is not listed 
in the procedures tables of this handbook, the same 
cost equations apply, but the values for (WE) and 
(T) - and (WF) and (VG) if applicable - must be 
determined by computation or by measurement 
from test welds. Other equations are required for 
such computations. 
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exception is the submerged-arc process), not all of 
the electrode ends up as a useful deposit of weld 
metal. Some is lost as spatter and vaporization, and 
a substantial portion of the weight of the electrode 
may be made up of materials for providing an arc 
shield and a protective slag. Consequently, the 
weight of electrode (WE) required to produce a 
given length of weld is usually greater than the 
weight of metal (WW) required for the weld. 

The proportion of the electrode that ends up as 
weld metal, however, is fairly constant for each 
welding process and, as shown later in Equation 4, 
weight of electrode required can be calculated if the 
weight of weld metal is known. The weight of elec- 
trode can also be measured directly from a test 
weld, in which case a computation for (WW) is not 
required. 

A similar distinction must be made between the 
two quantities that can be used to compute welding 
time (T). One of these is the melt-off rate (M) in 
pounds per hour at which the electrode is meked 
during welding. The other quantity is the deposition 
rate (D) in pounds per hour at which weld metal is 

TABLE 12-2. Weight of Steel Weld Metal 
for Fillet Joints 

I I 1 

consumed, and (WW), the weight of weld metal ’ p4ore: Valuer am far kg Iiza 10% wersize, cOnslEte”t wtrn normal 
deposited. In most welding processes (the notable *hop practices. 

114 

t-- 
5116 
3/S 

L 7116 
l/Z 
9/16 
5/S I--- 314 
7/S 

1 

l-l/S r---- l-l/4 
l-3/8 

l-l/Z 
l-518 
l-3/4 

At this point, it becomes necessary to make a 
distinction between (WE), the weight of electrode 

Weight of Metal (Ib/ft) 

0.032 0.,039 0.037 
0.072 0.087 0.083 
0.129 0.155 0.147 

0.201 0.242 0.230 

0.289 0.349 0.331 
0.394 0.475 0.451 

0.514 0.620 0.589 
0.651 0.785 0.745 
0.804 0.970 0.920 

1.16 1.40 1.32 
1.58 1.90 1.80 
2.06 2.48 2.36 

2.60 3.14 2.98 

3.21 3.86 3.68 

3.89 4.69 4.45 

4.62 5.58 5.30 
5.43 6.55 6.22 

6.29 7.59 7.21 

7.23 8.72 8.28 

8.23 9.93 9.43 
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TABLE 12-3. Weight of Steel Weld Metal for Groove Joints with Fillet Reinforcement (Ib/ft) 

Weld 
:onfiguration 

Plate 
hicknes (in.) 

518 
3/4 
7/S 

1 
7-l/8 
l-114 

l-3/8 
I-112 
l-5/8 

-- 
1.314 
2 
2-l/8 

2-l/4 
Z-3/8 
z-112 

2-618 
Z-314 
3 

300 200 300 200 
Rsinfomement Reinforcement 

0.456 0.364 0.544 0.452 
0.811 0.649 0.735 0.626 
1.26 1 .Ol 1 .Ol 0.830 

1.82 1.46 1.33 1.06 
2.49 1.99 1.62 1.30 
3.24 2.60 1.93 1.56 

4.1 1 3.28 2.26 1.83 
5.07 4.06 2.62 2.13 
6.14 4.91 3.01 2.45 

7.30 5.84 3.41 2.79 
9.94 7.94 4.29 3.52 

11.4 9.12 4.75 3.91 

13.0 10.4 6.25 4.32 
14.7 11.7 6.77 4.75 
16.4 13.1 6.31 5.20 

18.3 14.7 6.88 5.67 
20.3 16.2 7.46 6.16 
24.6 19.6 8.71 7.20 

300 
Rsinfol 

2.53 
3.02 
3.64 

4.07 
4.63 
5.19 

5.80 
6.41 
7.06 

7.72 
9.11 
9.85 

10.6 
11.4 
12.2 

13.0 
13.8 
15.5 

200 
enlent 

1.96 
2.40 
2.86 

3.34 
3.84 
4.35 

4.89 
5.45 
6.02 

6.62 
7.85 
8.51 

9.18 
9.87 

10.6 

?1.4 
12.1 
13.6 

actually deposited. These two quantities usually 
differ for the same reason that the weight of elec- 
trode consumed does not necessarily equal the 

~,‘~, weight of weld metal deposited. 
As shown later in Equations 5 through 9, values 

of (M) and (D), along with welding speed (S) in feet 
per hour, are used in various combinations with 
(WE) and (WW) to estimate electrode and labor 
costs. 

Direct Measurement of Electrode Consumption: 
The weight of electrode required can be determined 
from direct measurements (usually on test welds), 
either on the basis of weld length or time. If compu- 
tations are being made on the basis of length 
(pounds per foot of weld), the measured weight of 
electrode consumed is divided by the length of the 
weld to provide a value for (WE). 

Stick electrode consumption is easily measured 
directly. The most common method is to weigh 
more than enough electrode to make the test weld. 
After completing the test weld, the unused electrode 
is weighed. The difference in weight, before and 
after, is the measured weight of the electrode 
consumed for the length of the test weld. 

Rsinforcament 

Making a test weld using less than one complete 
electrode usually is not accurate and is not recom 
mended. However, if it is necessary to make a tes 
weld using less than one length of electrode. tht 
weight of the electrode consumed must be increasec 
a proportional amount to include the stub-end loss 
Stub ends are usually l-1/2 to 3 in. long. 

With electrode wire, sufficient wire should bl 
unwound from the coil and marked with a clamp o 
colored pencil. Measure from the mark to a conveni 
ent point at the wire feeder. Consumption of elec 
trode is then found by noting the distance the marl 
advances. The weight can be computed by using th 
tables in the Reference Data Section. 

Calculating Electrode Consumption: Mos 
methods of calculating (WE) are based on an esti 
mate of (WW), the weight of weld metal deposited 
There are, in turn, several ways in which (WW) ca 
be found. The most direct method is to select value 
of (WW) from Tables 12-2,12-3, or 12-4. If the well 
is not listed in these tables or in the welding prc 
cedures, (WW) can be calculated from the volume a 
weld metal required for the given weld cross 
sectional area (A). 
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TABLE 12-3. Weight of Steel Weld Metal for Groove Joints with Fillet Reinforcement (Continued) 

1.09 1.15 
1.45 1.49 
1.99 1.85 

2.30 2.23 
2.79 2.63 
3.31 3.06 

3.88 3.52 
4.49 3.99 
5.14 4.49 

5.63 5.02 

7.33 6.15 
8.05 6.74 

9.00 7.35 
9.91 8.00 

10.9 8.66 

11.8 9.35 

12.8 10.1 

15.0 11.6 

1.15 0.805 1.95 1.79 1.89 

;y 1.46 1.18 2.50 ,, 2.22 2.29 

1.86 1.63 3.13 2.70 2.72 

2.28 2.14 3.63 3.22 3.17 

2.74 2.73 4.69 3.76 3.55 
I 

3.39 
4.12 I 5.42 

6.31 
4.36 I 4.92 I 7.28 I 5.56 I 5.22 I 

J ,4.99 I 5.80 I 8.32 I 6.36 I 5.80 I 
,,,,, 

&;, g,~ ::,, 6,3j 7.76 10.6 7.90 7.02 

8.85 11.8 8.73 7.67 

#j;&<: 
@p;~',: 7,88 9.99 12.1 9.58 6.33 

#&& &;;<,,:;>, ,,,, :, 
8.73 11.3 14.5 10.5 9.04 

+:,:, 930 12.5 15.9 11.4 9.66 

13.9 17.5 12.4 10.5 

15.3 19.0 13.4 11.3 

18.4 22.4 15.6 12.9 
.a~ 

somewhat less precise estimate of (m) cm 

!:~zmade from values of deposition rate and welding 
e&d, using Equation 9. Regardless of the oroced- 

sed to find (WW), electrode consumption (WE) 
$$C$det,ermined by the equation: ,,,,, ~, 
;,;F ;:‘,,: ,:~ ‘,’ 
,~,i :, 
;::,,:: : WE=%. . . . . . . _ _ _. . . _. .(4) 

,, 
::where (DE) is the ~deposition efficiency, a factor 
“that. compensates for loss of electrode material as 
,ssielding vapor, slag, and spatter. Typical values of 
,::this factor for various processes are: 

Determining Weight of Weld Metal: Estimates of 
weld meta! (WW) required to predict electrode con- 
sumption through Equation 4 can be made by first 
finding (A), the cross-sectional area of the weld in 
square inches. This value is then multiplied by an 
appropriate conversion factor (3.4 for steels and 1.2 
for aluminum) to determine (WW) in pounds per 
linear foot of weld. The factor (3.4) is approximate 
for most alloy steels, including stainless steels. 

Tabular data, such as found in Tables 12-2,12-3, 
and 12-4, give weight of steel weld metal directly. 
Thus, Table 12-2 gives +he weight of weld metal in 
pounds per foot for various sizes of flat, convex, and 
concave fillet welds. Table 12-3 illustrates various 
groove welds with fillet reinforcements that might 
be used in T-shaped assemblies and gives the weight 
of weld metal in pounds per foot for such welds 
with different plate thicknesses. Table 12-4 gives 
similar values for (WW) for commonly used butt 
joints. 

A butt joint, however, may be shaped so the 
tabular data in Table 12-4 does not apply. In that 
case, Table 12-5 may be helpful. With its use, the 
weights of portions of the weld’s cross section can 

Stick-electrode welding . . . . . . . . .0.65 

Self-sbielded flux-cored welding . . . .0.82 

Gas metal-arc welding . . . . . . . . . .0.92 

Submerged-arc welding . . . . . . . . . .l.OO 

Submerged-arc welding has a deposition effi- 
ciency of 1.00, because the flux is separately applied 
and spatter is essentially nonexistent. However, as a 
rule-of-thumb, flux consumption with submerged- 

arc approximates one pound for each pound of 
electrode melted. 

,, ,,,’ ,’ 
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TABLE 12-4. Weight of Steel Weld Metal for Butt Joints 
I 

Metal (Ib/ftI 

Joint 
Configuration 

Plate 
Thicknea (in.) 

1 

l-1/8 

l-1/4 

l-3/8 

l-l;2 

l-518 

l-3/4 

2 

2-l/8 

2-114 

2-318 

2.112 

Z-5/8 

2-314 

3 

3-l/8 

3-114 

3-l/2 

3-374 

4 

4-l/2 

5 

5-112 

6 

6-l/2 

7 

7-l/2 

8 

9 

10 

L 
‘eld Weight of Vu 

Included Angle (dag) 

60 

1.81 

2.17 

20 

2.24 

2.61 

2.99 

3.37 

3.76 

4.18 

4.59 

5.44 

5.68 

6.34 

6.80 

7.28 

7.76 

8.26 

9.27 

9.80 

10.3 

11.2 

12.5 

13.7 

16.2 

18.8 

21.6 

24.6 

27.8 

30.4 

34.3 

37.9 

45.5 

53.8 

20 

1.82 

2.17 

0 
- 

20 

1.54 

~ 

i 

1.89 

2.27 2.61 

3.09 

2.52 

2.68 2.65 

3.07 

3.50 

3.94 

4.91 

5.40 

5.94 

6.50 

7.06 

3.57 

4.12 

4.67 

5.93 

6.58 

3.27 

3.65 

4.05 

4.87 

5.28 

5.72 

6.18 

6.63 

7.32 

8.05 

8.87 

9.67 

10.5 

12.4 

13.3 

14.5 

i6.5 

18.8 

21.2 

26.4 

32.3 

38.7 

45.7 

53.3 

61.4 

70.0 

7.10 

7.57 

8.55 

8.90 

9.40 

10.6 

11.6 

12.9 

15.2 

17.8 

20.5 

23.4 

26.4 

29.6 

32.9 

36.4 

43.9 

52.0 

7.65 

8.25 

9.54 

10.2 

10.8 

12.3 

13.8 

15.4 

18.9 

22.6 

26.7 

31.0 

35.6 

40.5 

46.0 

51.7 

63.9 

77.4 

20.4 

23.0 

25.4 

28.1 

30.6 

33.3 

38.4 

43.5 

79.5 

99.9 

122.6 

Note: Reinforcement + 10% width Of groove. 

be determined one by one, and these weights totaled 
to give the weight of weld metal in pounds per foot 
for that configuration of cross section. 

In Table 12-5, segments that can be scribed by 
straight lines through the cross section of the butt 

weld are indicated by drawings labeled A, B, C, and 
D. The values for the weight of the segments are 
read from the columns, using the applicable dimen- 
sions for (d) and (t) or the applicable included angle. 

For example, the cost estimator needs to know 



i’i- i’l- -lY 

m 

t Dimerbrion t (in.) Dimension 

f/2 
9/16 

5/8 
11/16 

314 

0.062 
0.071 
0.080 

0.124 
0.142 
0.159 

0.089 
o.OQ7 
0.111 

0.177 
0.195 
0.212 

13/16 0.114 
718 0.124 

15116 0.133 

1 0.142 
I-1116 0.150 
l-l/S 0.159 

0.230 
0.248 
0.266 

0.282 
0.301 
0.318 

l-3116 0.168 0.336 
l-1/4 0.177 0.354 
l-5116 0.186 0.372 

l-318 0.195 0.389 
l-7116 0.203 0.407 
l-112 0.212 0.425 

l-9/16 0.221 0.442 

l-5/8 0.230 0.460 

l-11116 0.239 0.477 

l-314 

l-13/16 
l-718 

l-15/16 
2 

0.249 

0.257 

0.266 
-- 
0.274 
0.283 

0.495 
0.513 
0.531 

0.549 
0.566 

Dimension t (in.)* Included Angle,l?O 

118 

0.106 

d (in.1 

60 

0.031 
0.069 

0.123 

0.192 
0.276 

l- 1116 A 

0.027 

0.035 
0.044 
0.053 

F 

t 

3116 1 l/4 318 1 II2 3/16 l/4 14 20 

0.0065 0.0094 
0.0147 0.021 

0.026 0.037 
0.041 0.059 
0.059 0.084 

0.186 0.080 0.115 
0.212 0.104 0.150 
0.239 0.132 0.190 

0.266 0.163 0.234 
0.292 0.389 0.197 0.283 
0.318 0.424 0.234 0.337 

0.345 0.460 0.275 0.396 
0.372 0.490 0.319 0.459 
0.398 0.530 0.367 0.527 

0.418 0.566 0.417 0.599 
0.451 0.602 0.471 0.676 
0.477 0.637 0.528 0.758 

0.505 0.672 0.588 0.845 
0.531 0.706 0.651 0.936 

0.557 0.743 0.718 1.03 

0.584 0.777 0.789 1.13 
0.610 0.814 0.836 1.24 

0.636 0.849 0.938 1.35 

0.664 0.884 1.02 1.46 

0.690 0.920 1.10 1.58 

0.716 0.956 1.19 1.71 

0.743 0.990 1.28 1.84 

0.770 1.03 1.37 1.97 

0.796 1.06 1.47 2.10 

0.823 1.10 1.56 2.25 
0.849 1.13 1.67 2.40 

70 90 1116 118 

0.037 0.054 0.027 0.053 
0.084 0.120 0.040 0.080 

0.149 0.212 0.053 0.106 
0.232 0.332 0.066 0.133 
0.334 0.478 0.080 0.159 

0.456 0.652 0.091 0.186 
0.595 0.650 0.106 0.212 
0.753 1.08 0.119 0.239 

0.930 1.33 0.133 0.265 
1.13 1.61 0.146 0.292 
1.34 1.91 0.159 0.318 

1.57 2.24 0.172 0.345 
1.82 2.60 0.186 0.371 
2.07 3.00 0.199 0.398 

2.38 3.40 0.212 0.425 
2.68 3.84 0.226 0.451 
3.02 4.30 0.239 0.478 

3.36 4.80 0.252 0.504 
3.72 5.32 0.265 0.531 
4.10 5.86 0.279 0.557 

4.50 6.42 0.292 0.564 
4.91 7.02 0.305 0.610 
5.36 7.64 0.318 0.637 

5.81 8.30 0.332 0.664 
6.29 8.98 0.345 0.690 
6.80 9.68 0.358 0.716 

7.29 10.4 0.371 0.743 
7.81 11.1 0.385 0.769 
8.36 11.9 0.390 0.796 

8.94 12.8 0.411 0.822 
9.52 13.6 0.425 0.849 

0.159 '0.212 
0.239 0.318 

0.318 0.425 

c 

0.390 0.531 
0.478 0.637 

0.557 0.743 
0.637 0.849 

0.083 
0.188 

0.334 
0.531 

0.750 

1.02 
1.33 

0.376 
0.491 
0.621 

0.766 
0.927 
1.11 

1.30 
1.50 
1.73 

1.96 
2.22 
2.48 

2.77 

3.07 
3.38 

3.71 
4.05 
4.42 

4.79 
5.18 
5.59 
-- 
6.01 

6.45 
6.90 

7.36 
7.65 

0.716 0.955 A-- 0.796 1.06 
n 39 0.584 0.676 1.17 
0.478 0.637 

----I-- 

0.955 1.27 

0.517 0.690 
0.557 0.743 + 

1.04 1.38 
1.11 1.49 

1.35 1.80 
1.43 1.91 

1.51 2.02 
1.59 2.12 
1.67 2.23 

1.75 2.34 
1.83 2.44 
1.91 2.55 

1 .ss 2.65 
2.07 2.76 
2.15 2.87 

NOfe 1: For450a"gle"seo"e Mf0f9P. *Reinforcementd is+ lO%the width of thegroove 
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Fig. 12-l. Weld cross section used to illustrate procedure for calculat- 
ing weight of ,.veld n&&l by Tsbie 12.5. .~. Fig. 12-2. Typical deposition rates for stick-electrode welding. 

the weight of weld metal per linear foot - (WW) 
value - for the groove weld shown in Fig. 12-1 in 
order to use that value in a cost equation. He divides 
the cross section into the A, B, C, and D segments 
illustrated by dotted lines in Fig. 12-1. These seg- 
ments are shapes that match the shapes illustrated in 
Table 12-5. By using given dimensions for the weld 
and reading from the table, the weights of weld for 
the individual segments are determined. Thus - 

‘, Segment 
Given Dimensions 
or Included Angle 

(WW) of Each Sagmnt 
from Table 12-5 lIb/ft) 

t = 118 in. 
d = l-118 in. I 0.318 I 

B included angle 7O + 7’ = 14O 
d=l-l/2-(1/4+1/4)=1 in. 0.417 

c t=l/4+1/4=1/2in. 
d= l-l/2- (l/4+ l/41 = 1 in. 1.700 

D r = l/4 in. 0.334 

TOTAL 
or value of (WW) for the joint 2.769 Ib/ft 

Estimates of Welding Time: Values of (T) can be 
found by several methods. The estimate can be pro- 
jected from a direct measurement of the time to 
deposit one foot of a test weld, Or, if the electrode 
type and welding current are known, the time (T) 
can be calculated from the deposition rate (D). 
Deposition rates are given in Figs. 6-81, 6-86, and 
12-2 through 12-7 and in Tables 6-22, 6-27;~and 
12-6. Then a value for (WW) can be selected from a 
table or computed from the cross-sectional area (A) 
of the weld. Finally, the time in hours per foot 
required to complete the weld is found from the 
equation: 

If the value of (D) is not available, (T) can b 
calculated by an approximation utilizing handboo 
values for similar types of welds. For this estimab 
values of (T) and (WE) are selected for a type c 
weld and plate thickness closest to the weld undo 
consideration. These values - designated (T’) an 
(WE’) to indicate that they are approximates an 
do not apply directly to the weld at hand - are use 
to approximate the melt-off rate through: 

MeWE’ 
T . . . . . . . . 

The value of (WE) obtained from Equation 
and the .value of (M) obtained from Equation 6 ar 
then used to estimate welding time through: 

/ 
I 
400 500 600 

current. DC+ hp~ 
Fig. 12-3. Typical deposition rates for E70T-4 self-shielded flux-con 
electrodes. 

T,WW - . . . . . . . . . . . . . . . . .(5) 
D 

,, 
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ml 300 400 SW SW 7w 800 900 1000 1100 1200 
current. DC bmp, 

Fig. 12-4. Typical deposition rates for submerged-arc welding with 
l-in. stickout. 

30 
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2 

z 
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12-5. Typical deposition rates for submerged-arc welding with Typical deposition rates for submerged-arc welding with 

I I I I I I I r 7i?2”(-i I I 
g 40 

4 
a 30 
$ 
2 
.i 20 

$ 
10 

200 300 400 500 SO0 700 800 900 ,000 11w ,200 
Current. DC hlpl 

Fig. 12-6. Typical deposition rates for submerged-arc welding with 
?-in. stickout. 

SO 

50 

g 

z 40 

3 
f 30 

:e 
: d 20 

10 

200 300 400 500 SO0 700 800 900 1000 ttoo 1200 
current. DC hp, 

Fig. 12.7. Typical deposition rates for submerged-arc welding with 
5-i”. stickout. 

TABLE 12-6. Typical Electrode Deposition Rates for Submerged-Arc Welding (Ib/hr) 

W~lrli”” I I 
..“.“...~ 

ClM0nt EIWtr0 de Diameter (in.1 

(amp) 1116 I 5/64 I ‘3132 1 1/a 5132 3116 i-132 
I I I 

200 5.1 4.1 
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er=WE - 
M . . ..I............ (7) 

Some calculations can be made more conveni- 
ently if welding (or joint) speed (S) is used in place 
of (T). These two quantities are related through the 
equation: 

T=$ . . . . . . . . . . , . . . . . . .@) 

An approximation of (WW) can be made by 
combining Equations 5 and 8 into: 

ww =$ . . . . . . . . . . . . . . . . .(9j 

Labor and overhead cost per foot can be com- 
puted directly from measurement of welding speed 
by combining Equations 3 and 8 into: 

CL = (S)($F) . . .~. . . . . . . . (10) 

Deposition Rates for Submerged-Arc Welding: 
The deposition rate for submerged-arc welding can 
be approximated by referring to Table 12-6. This 
table gives values for single-electrode, positive- 
polarity welding with normal stickout. As indicated 
in the footnote, the values should be increased 30 to 
50% for negative polarity. (Also see Table 6-22.) 

Time Required for Multiple-Pass Welds: Time 
required for welds consisting of more than one pass 
can be found-by first computing overall speed (S) 
from the equation: 

1 
s= . . . . . . . . . . . . . (11) 

2. +- +...- 1 1 
& f-h S” 

where St 2*, . . . Sn are the speeds of the first, 
second, and all succeeding passes necessary to com- 
plete the weld. 

SUMMARY OF METHODS FOR COMPUTING 
COSTS 

Materials: The cost per foot of materials (CM) 
can be computed from Equation 1 if the amount of 
consumables (WE, WF, and VG) and their costs (CE, 
CF, and CG) are known. Weight of electrode (WE) 
can be found from Equation 4 if the weight of weld 
metal (WW) and deposition efficiency (DE) are 
known. Weight of weld metal (WW) can be com- 
puted from the cross-sectional area of the weld (A) 
and the density of the weld metal. 

Labor and Overhead: The s-ost of labor and over- 
head per foot (CL) can be computed by Equation 2 
if the time required (T), labor and overhead rate 
(CR), and the operating factor (OF) are known. 
Time (T) can be calculated by Equation 5 if the 
weight of weld metal (WW) and the deposition rate 
(D) are known; by Equation 7 if the weight of elec- 
trode consumed (WE) and the melt-off rate (M) are 
known; or by Equation 8 if the welding speed (S) is 
known. Labor and overhead costs per foot can be 
computed directly if (CR), (S), and (OF) are known. 

QUICK METHOD FOR ESTIMATING WELD 
COSTS 

At the beginning of this Section there is mention 
of several situations that require an accurate analysis 
of weld costs. Such an analysis requires considering 
many details and, though not complicated, the 
calculations are time consuming. 

Some situations do not require the accuracy of a 
careful cost analysis. For example, preliminary 
estimates would be satisfactory for comparing two 
similar welding processes doing the same job or the 
same welding process with different conditions of 
material handling, fixturing, or positioning. A quick 
method for comparison purposes is to disregard the 
cost of consumables and calculate the cost only on 
the labor and overhead, arc speed and operating 
factor. 

Consumables: The cost of consumables is the 
lesser part of the welding cost and furthermore, the 
cost of consumables does not vary widely among the 
welding processes when the deposition efficiency is 
considered. Table 12-7 shows the cost per foot of 
weld calculated on material prices at the time of this 
publication. The average cost of consumables in this 
example is about $.05 per foot of weld and the 
deviation is small enough so for comparison pur- 
poses the cost of consumables can be disregarded. 

Labor and Overhead, Operating Factor, and 
Welding Speed: Equation (2) gives the labor and 
overhead cost per linear foot of weld (CL). Modi- 
fying Equation (2), using feet per hour (S) in place 
of hours per foot (T), the equation becomes: 

CL = @)yJF) . . . . (12) 

This equation states the. estimated cost per foot of 
weld (dollars/foot) is the labor and overhead rate 
divided by the welding speed (feet/hour) and the 
operating factor. 
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TABLE 12-7. Estimated Cost of Consumables for Various Welding Proces~e 

Gas Metal-Arc 

- HOrizonfa, fillet, ,/A-in. leg *ize. commercial quality. 

For example, a particular application is making a 
l/4-in. horizontal fillet weld with 7/32-in. E7024 
electrode. Welding speed is 85 feet per hour, opera- 

;,;: ting factor is .30, and the labor plus overhead rate is 
k;:’ $7.00 per hour. Applying Equation (12): 
SF!?“,’ ,:<,,, (See Table 12-S.) 
gj;; 
$~tg<;:;; g&y,< : 
‘j!@@ Estimated cost is 

7.00 
r$& 85 x .30 = $.274/ft 

& z:,z:i The welding engineer studies the job and con- 
ki@ders increasing the operating factor by changes in 
@he fixture and material handling. Perhaps the opera- 
~~:~~g factor can be increased to .40. (See Table 12-8): 
@z,:;- : 

Estimated cost is 7.00 
85 x .40 = $.206/ft 

,I~ ,,, 

; : :,,,, There is some question that an operating factor 
-‘?!of .40 can be achieved with stick electrode, so semi- 

automatic processes are considered with an esti- 
mated operating factor of .50. First review gas 
metal-arc welding (See Table 12-S): 

Estimated cost is 7.00 
80 x .50 = $.175/ft 

The next process checked is the self-shielded 
flux-cored process (See Table 12-8): 

Estimated cost is 7.00 
100 x .50 = $.14o/ft 

Finally the submerged-arc process is checked 
(See Table 12-8): 

Estimated cost is 7.00 llo x ,50 = $.127/ft 

This data on weld costs can be calculated 
quickly, the engineer can evaluate ‘savings in the cost 
of welding against the capital expenditure necessary 
to change the present equipment or buy new 
equipment. 

The cost data calculated above and summarized 
in Table 12-8 should be used for comparison only. 
After deciding which process is to be seriously con- 
sidered, careful and complete cost analysis can be 
made. 

TABLE 12-8. Estimated Labor and Overhead Costs from Equation (12). 
Horizontal Fillet Weld, l/4-in. Leg Size, Commercial Quality 

ISemiautomaticl 
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Sometimes a very simple fixture will improve the operating factor and reduce the cost of welding. 
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Underwater Arc Welding 

Underwater arc welding has been developed to a 
stage of practical utility largely by the U.S. Navy 
and commercial salvage and diving companies. Its 
main use has been in the emergency repair of ships, 
but, with the expansion of offshore drilling for oil 
and gas, it is becoming increasingly important in the 
construction and maintenance of drilling rigs and 
associated equipment. Although the literature* of 

;’ the Bureau of Ships, Navy Department, still consti- 
i,:l tutes the most frequently quoted reference material 
f&on methods, techniques, and equipment, this 
~~~,xigimJ body of knc&xlge is being expanded by 
&the exp&ence and innovations of commercial 

&-#pLICAT,oNS 
g&g 
#a&:,, 
p, The Navy considers underwater welding suitable 
~~~~~or, emergency ship repairs of a “semipermanent 
q6$$$jt:;nature’ 9 gp~ when no drydock facilities are available. 
&Bven then, the welding is to be !ooked upon as a 
~~~~~secondary means of securing a patch to a damaged 
&plate in a ship’s hull and of making the repair water- 
$$!tight. The primary means of attachment of an 
;:::~;: ,,underwater patch plate, other than a very small one, 
‘!,,‘~:‘wduld be by bolting. Small patch plates, however, 
: ‘,, may be fillet-welded to hulls without other means of 
,’ fastening as emergency repairs of cracks. Leaky 

rivets, split seams, and protuberances can also be 
repaired by underwater welding. 

Underwater welding is sometimes the only prac- 
tical method of making attachments or repairs on 
the equipment of the offshore oil and gas industry, 
in which case it falls out of the emergency category 
prescribed for naval vessels. As an example, anodes 
are commonly welded to underwater drilling struc- 
tures to protect them from corrosion, and such 
welds have proved their durability under hurricane 
conditions. Commercial transport companies also 
lnake repairs to ships and barges underwater and 
operate repaired vessels for a year or more before 

*Bureau of Ships’ publication. “Undenuater Cutting on* Welding 
Manual ,NA”S”us 250-692-9,;’ may be obtained by sending 65 
cents to the Superintendent of Documents. U.S. Government Printing 
Office. washington. D.C. 

checking the repairs during routine dry-docking. 
While attempting to minimize underwater welding 
because of its cost, commercial organizations tend 
to look upon it as a practical way to accomplish 
certain construction and maintenance ends. 

WELD STRENGTH 

Underwater welds in mild-steel plate have con- 
sistently exhibited tensile strengths of 80% or more 
of the strength of similar welds made in air in labor- 
atory tests, however, ductility is usually about 50%. 
The substantial decrease in ductility is explained by 
the hardening resulting from the drastic quenching 
of the surrounding water. 

Despite the lower strength of underwater welds, 
the experience of salvage companies and other 
commercial organizations indicates that these welds 
can be completely serviceable. One salvage company 
states that it has made underwater welds that tested 
stronger than similar topside test welds in the evalu- 
ations of an independent testing laboratory. This 
same company has made underwater welds in 
pressure vessels in research and development experi- 
ments that stood up without failure to pressures as 
high as 200 psi. 

EQUIPMENT 

Equipment for underwater welding must be 
designed for the environmental conditions. The 
operator usually wears a complete diving outfit, the 
helmet of which is equipped with a supplementary 
hinged face plate fitted with No. 6 or 8 welding 
glass. The Navy recommends that the diver’s head be 
insulated from the helmet by a skull cap and by a 
piece of rubber tape on the button of the exhaust 
valve. Although shallow-water work can be done by 
scubba divers with no protective garb other than 
rubber gloves and a face plate, this is permitted by 
the Navy only in extreme emergency. 

Since electrode coatings are damaged by water, 
electrodes must be waterproofed. Airplane dope - 
cellulose acetate - is suitable for the purpose. TWO 
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proprietary products and a solution of celluloid in 
acetone are also mentioned in Navy literature as 
materials recommended for dip-waterproofing elec- 
trodes. One or two dips are required, depending on 
the consistency of the solution. After water- 
proofing, the newly applied coating should be 
cleaned from the tips of the electrodes to expose 
enough bare wire for easy starting. The diver should 
carry only a few electrodes at a time, since the 
waterproofing offers only temporary protection to 
the electrode coating. Some brands of electrodes 
i’erform satisfactorily without waterproofing if used 
within a short time after immersion. 

Most underwater welding is done with 3/16 and 
5/32-in. electrodes. The Navy recommends E6013 
electrodes for all-position welding. The 3/16-in. elec- 
trode is recommended for all work, except when the 
metal is too thin for this size. However, recent 
experiments indicate that the iron-powder elec- 
trodes E6027 and E7024 are also satisfactory when 
used with the same techniques. The iron-powder 
coverings were treated with paraffin to protect them 
from water damage. 

Electrode holders for underwater welding must 
be insulated and permit easy changing of electrodes. 
A plastic holder has been adopted as standard by the 
Navy. Springless-type topside holders with metal 

,’ jaws may be used underwater when carefully and 
completely insulated with rubber tape. Their use 

,’ should be restricted to emergency situations, 
however. 

The preferred power source is a DC welding 
generator with at least 300-amp capacityconnected 
for straight (negative) polarity. A safety switch 
should be installed in the welding circuit, and this 
switch must be kept open at all times, except when 
the diver is actually welding. A single-pole, single- 
throw switch is commonly used. Care must be taken 
that the positive action of such a switch is not 
defeated by a damaged or poorly insulated cable 
between it and the welding machine, which could 
allow current to bypass the switch through a deck 
plate or some other metallic path. AC welders may 
be used if necessary, but additional special pre- 
cautions must be taken to protect the diver. Diesel 
engines are preferred to drive DC generators in 
offshore work to reduce the fire hazard. 

Size 2/O extra-flexible welding cable (see Section 
4.3) is recommended for underwater welding, 
except for a lo-ft length of l/O cable attached to 
the electrode holder to facilitate maneuverability. 
Cable is furnished in 50-ft lengths complete with 
one male and one female connector to minimize 

voltage drop. A tight wrapping of rubber tape is 
required to insulate underwater connections. To 
compensate for voltage drop in the cable, the output 
of the welding machine must be increased by raising 
the open-circuit voltage of the DC generator. 

In addition to the basic equipment, certain 
accessories will be required by the d.iver. These 
include a “C” clamp to which the ground cable is 
bolted or brazed - for easy attachment of the 
ground lead to the work. A scraper~for removing 
marine growth, rust, and paint will also be needed, 
as will a weighted wire brush and a chipping hammer 
for cleaning the base metal and removing slag. 

PREPARING TO WELD 

Surface preparation and fitup are extremely 
important in underwater welding. A sound weld 
cannot be made over thick paint, rust, or marine 
growth. The chipping hammer, scraper, and wire 
brush should be applied vigorously. Pneumatic tools 
may be of aid in cleaning surfaces badly fouled with 
marine organisms. Plates to be welded on can be 
prepared topside with a grinding wheel or sander. 

Fitup is often a problem in the weld repair of 
ship hulls because of the curvature of the surface to 
which a plate is to be fillet-welded. If possible, the 
patch plate should be accurately faired to the curva- 
ture of the hull. If it is not practical to eliminate a 
gap entirely, it should be as small as possible. A 
l/16-in. gap should be considered the maximum 
permissible, although gaps as great as l/S-in. can be 
handled successfully by the “feeding-in” technique, 
described later. 

A steady platform for the diver to work from is 
desirable. If the water is rough and the work can be 
delayed until calmer weather, that alternative should 
be taken. Attaching a stage to the object to be 
welded will provide a more steady work support 
than attaching to a diving launch, salvage ship, or 
float. 

THE SELF-CONSUMING TECHNIQUE 

The so-called “self-consuming” or drag tech- 
nique is preferred in underwater welding. Once the 
arc is started, the electrode is pressed against the 
work with sufficient pressure to allow it to “con- 
sume itself.” By .tXs technique, a 3/16-in. fillet can 
be made in a single pass with a 3/16-in. electrode, 



and the resultant weld has nearly the same strength 
as a 3-pass weld. The advantages are reduced welding 
time, no cleaning of weld metal between passes, and 
the maintenance of a groove along the joint that 
serves as an easily followed guide for the progressing 
electrode. 

Most underwater welding is fillet welding, and 
the self-consuming technique is the way to accom- 
plish it expeditiously under the poor visibility and 
unsteady work conditions. Multipass welds are diffi- 
cult after the first bead is laid because the guiding 
groove is lost. 

Welding Current: Optimum current settings for 
underwater work are different from those in air, and 

,’ they vary with length of cable and plate thickness. 
Sometimes the setting will be as much as 30% higher 

::: than that for the same electrode topside, since the 

$:,: surrounding water absorbs heat rapidly. Experi- 
-;,,,, ments under actual working conditions are recom- 
& ‘, mended to d&mine the best settings for the self- @:;;, 
!@&‘, consuming technique. Most underwater welding “& 
#&with the 3/16-in. E6013 electrode is done at 220 to 
a$!;, 240 amp. Trial welds in the required position may &:, 
&::-, be run with the equipment, using the self-consuming f+ 
#ii;;; technique, and the settings adjusted to give best 
~~~~::~:,,P g&c;: erformance. The voltage remains nearly ccllstant 
$!&when using the self-consuming technique, and the t&>,:, 
@RJ:;~,rate of melt-off of the electrode is proportional to 
& ,the~ current. 
?k$.,#,:,+ :, Horizontal Fillet Welding: With the safety 
@f,:, switch open and the welding generator set to deliver 
$,&the proper current, a horizontal fillet is made in the 
~:~:,~~‘:following manner: 

1. The diver places the electrode against the 
joint at an angle of from 15 to 45O. 

2. He calls for “current on.” The arc should 
start when the topside switch is closed, or 
starting can be facilitated by tapping or 
scraping the electrode against the work. 

3. Once the arc is started, the electrode is main- 
tained against the work and allowed to 
“consume itself.” An arc is not “held” as 
when welding in air. The original angle, as 
preferred by the weldor, is maintained as the 
bead is run. The bead is run straight - no 
weaving - until the fillet is finished or the 
electrode consumed. Constant pressure 
against the work is maintained. About 8 in. 
of weld metal is deposited for every 10 in. of 
electrode consumed. 

4. When the electrode is consumed, the weldor 
calls for “current off.” He should keep the 
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stub of the electrode in welding position 
until verification of “current off” is received 
from the tender. When assured tlnat the 
safety switch is open, he is ready to change 
electrodes. 

5. Before starting work with the new electrode, 
the end of the deposit (or the whole bead, if 
a multipass weld) should be cleaned. The 
deposit from the new electrode should 
slightly overlap the previous deposit. 

6. The new electrode must be in position 
against the work before the call for “clurrent 
on.” 

Bubbles generated during the welding tend to 
interfere with visibility. In horizontal welding, inter- 
ference is minimized by welding toward, rather than 
away from, the weldor. Vertical welds should be 
made from the top down for the same reason. 

Vertical and Overhead Fillets: The same tech- 
nique for horizontal fillets is used for vertical fillets. 
The weldor may find a slight variation of the elec- 
trode-to-work angle advantageous. Some change in 
current setting may be helpful. 

The optimum current range for overhead weld- 
ing is relatively narrow, and experimentation with 
samples is usually required. Problems of under- 
cutting and convexity of contour are likely to be 
encountered when penetration and fusion are good. 
Maintaining an angle of 35 to 550 between the elec- 
trode and line of the weld and a slow, steady rate of 
progression tend to reduce undercutting and con- 
vexity. These techniques require a skill that is 
obtained only after considerable practice. 

Samples of overhead welding, brought to the 
surface, will indicate errors in procedure. Dripping 
beads, for example, suggest that the current was too 
high or that the weldor applied insufficient pressure, 
or both. 

Although poor fitup should be avoided if pos- 
sible, a satisfactory fillet weld can be made when the 
gap at the root is as great as l/Sin. The technique is 
referred to as “feeding-in” - which simply means 
that the electrode is fed toward the joint faster than 
normal with self-consuming welding. Instead of run- 
ning Sin. of weld with lo-in. of electrode, about 
6-in. is run. The excess weld metal fills up the gap; it 
solidifies rapidly and does not run out as it would in 
au-. 

A HAZARD TO GUARD AGAINST 

The need for protection of the diver from con- 
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tact with electric current is taken into account by 
the equipment and procedures. Another hazard 
exists that could be overlooked. This is the possi- 
bility of an explosion resulting from the accumula- 
tion of hydrogen gas in closed or inadequately venti- 
lated compartments. The bubbles generated in 
underwater welding have been shown to be about 
70% hydrogen. At the time of formation, this 
hydrogen cannot “burn up” because of the lack of 
oxygen in the environment. Once the hydrogen rises 

above water, it continues to ascend until stopped by 
an overhead surface. Thus, it can accumulate as an 
overlayer in a closed compartment. Here, it is in 
contact with oxygen and is subject to explosive 
ignition by a spark or flame. 

Prior to welding operations, closed compart- 
ments or corners that could trap and accumulate 
hydrogen gas should be provided with some means 
of positive ventilation. 

San Mateo-Hayward icalifornia) bridge. Note the old and new stwctures. See page 13.2-3 for the fixture used to weld the COlUmnS. 



Welding Galvanized Steel and Ingot Iron 

Galvanizing - the application of a zinc coating 
to a ferrous metal - is an effective means for retard- 
ing the corrosion of steel. In the galvanizing process, 
a thin layer of zinc is applied to the steel by 
electrodeposition, metal spray, sherardizing, or 
hot-dipping. 

The zinc used for galvanizing is nearly 100% 
pure. The thickness of the coating for galvanized 
sheet is expressed in ounces per square foot, one oz 
per sq ft being equivalent to a layer of zinc 

ij: 0.0017-in. thick. The weight of zinc for galvanized 
$,, :, sheet steel is given for both sides; thus a 2-oz-per-sq- 
$;,;, ft coating indicates 1 oz per sq ft pn each side. 
& The protective layer on hot-dip galvanized steel 
&is pure zinc on the outer surface, under which are 
& iron-zinc alloys with a progressively increasing iron 
&content. After the pure zinc outer surface has cor- 
a::t roded, tbAe ~~~j_erlymg +n-zin- 
~‘:protect the steel. 

.- elloys contimue to 

Welding, of course, disrupts the continuity of 
-i,::? the protective surface, but investigations indicate 
$!,’ that welding affects the corrosion resistance much 
~::,‘,: less than the appearance of the finished joint would 
~~ ,, suggest. For all practical purposes, the effect is neg- 

ligible on sheet steel. The arc obviously melts the 
zinc coating, and some of the coating escapes as zinc 
oxide fume. 

Except for a narrow zone next to the weld bead, 
however, some zinc-iron alloy remains in the black- 
ened area, and this alloy has essentially the same 
protective properties as the original zinc coating. 

Galvanized sheet with a carbon content of less 
than 0.2% does not present any special welding 
problems. However, the lower maintenance costs of 
galvanized steel structures, such as bridges and stor- 
age tanks, have created a demand for galvanized 
materials in thicker sections and with higher tensile 
strengths. In general, galvanized plate over l/4 in. 
thick has poorer weldability than the equivalent 
uncoated steel. Welds in galvanized plate have a 
tendency for porosity; small cracks are likely to 
deve!op in fillet welds. The porosity is usually 
within acceptable limits, but the cracking may pose 
a difficult problem. 

Investigations have established that weld-metal 
cracks in galvanized steel are intercrystalline with a 
zinc-rich layer lining the surface of the crack. Batch 
galvanized plates do not have a uniform coating of 
zinc, and the cracking may, thus, occur to a varying 
degree associated with the varying thickness of the 
coating. 

Most, if not all, of the cracking can be elimi- 
nated by removing the zinc before welding. The 
following methods, some of which are slow and 
costly, are recommended: 

1. Shear or torch-cut the web members of fillet 
assemblies after galvanizing. 

2. Prepare the edges of butt joints after 
galvanizing. 

3. Burn off the zinc at the faying edges with a 
carbon arc or an acetylene torch while *using 
an oxidizing flame. 

4. Remove the zinc by grinding with a silicon 
carbide wheel, by gritblasting, or by 
sandblasting. 

Cracking can also be caused by restraint, especi- 
ally in fillet welds. The tendency for this type of 
cracking increases as the plate thickness increases. 
To reduce restraint, fit the joint with a small gap. 
This practice not only reduces the restraint but also 
provides a means for the volatilized zinc to escape. 

WELDING TECHNIQUES FOR GALVANIZED 
STEEL 

Shielded Metal-Arc Welding: Use E6010 elec- 
trodes DCRP, with the same electrode size and 
current as recommended for uncoated steel (see 
Section 6.2). Class E6011 electrodes can be used if 
only AC power sources are available. 

Oscillate the arc parallel to the seam with a 
whipping motion l/S to 5/16 in. ahead of the 
molten crater. This procedure volatilizes the zinc. 
The weld will contain porosity and possibly cracks if 
the zinc is not completely volatilized in the area 
where the weld metal is to be deposited. 



On galvanized plate l/4 in. or more in thickness, 
insufficient penetration may be a problem with fillet 
welds. Always use the largest electrode compatible 
with the plate thickness and welding position. With 
a whipping motion, concentrate on volatilizing the 
zinc ahead of the crater. 

For complete penetration, butt, joints on gal- 
vanized plate require slightly more gap compared to 
those used with uncoated steel plate. Considerable 
spatter occurs when welding galvanized steel, but an 
antispatter compound applied in the area of the 
weld reduces the difficulty of removal 

Welding or cutting galvanized steel always pro- 
duces zinc fumes. These fumes are toxic, and 
persons in the vicinity must be protected with 
proper ventilation or by some other means. (See 
Section 15.1 and “Safety in Welding and Cutting- 
ANSI Standard 249.1.“) 

TABLE 13-1. Typical Short-Circuiting Transfer Welding 
Conditions for Continuously Galvanized Sheet* 

* Far zinc coating on both Sk&. ,-l/4 to 2-t/2 OL per sq fz; co2 
gas 40 cfh; 0.040-i”:diameter electrode. 

+ l/32 to ,116-i”. gap. 

Gas Metal-Arc Welding: Gas metal-arc welding 
can be used on galvanized sheet and plate. Short- 
circuiting transfer is used on sheet; typical welding 
conditions are shown in Table 13-1. Sheet with zinc 
coatings thicker than those covered in the table 
require higher currents, lower speeds, or both. A 
tendency for burnthrough may require a slight 
side-to-side oscillation of the torch. 

The advantages reported for a shielding-gas mix- 
ture of 80% argon and 20% CGz for welding 
uncoated steel is not apparent for galvanized steel. 

However, there is no disadvantage in using the 
argon-CO* mixture, except for the higher cost. 

The same problems of porosity, cracking, and 
spatter encountered with shielded metal-arc welding 
are present with gas metal-arc welding, and the same 
corrective measures are used. With proper adjust- 
ment of the power source, the ~,spatter can be 
reduced but not eliminated. 

Carbon-Arc Welding: Galvanized sheet can be 
welded with a carbon arc and silicon-bronze filler 
rod. This process is suitable for sheet-metal duct 
work, since the weld is satisfactory and there is little 
distortion. Furthermore, very little of the galvani- 
zing is disturbed. 

Carbon electrodes must have a long taper for 
welding on galvanized metal. A standard carbon is 
ground with a gradual taper to a sharp point. To 
maintain this taper, the carbon is held in the elec- 
trode holder from l-1/2 to 2 in. away from the 
point. 

The current range is 50 amp for 16 gage, to 20 
amperes for 22 gage. Use a 5/32-in. carbon with 
3/32-in. filler rod on 16 and 18 gage. Use l/4-in. 
carbon with a l/16-in. filler rod on 20 and 22 gage. 
Filler metal is a silicon-bronze AWS A5.7, Class 
RCuSi-A rod, which contains 3 to 4% silicon. 

Lay the filler rod on the seam with its end at an 
angle of about loo from the work, as illustrated in 
Fig. 13-1. Play the arc on the filler metal. A small 
pool of molten metal forms. The rod is then fed in 
and melted at the leading edge of the molten pool as 
the arc is advanced along the seam. The arc is always 
on the molten pool and never on the galvanized 
sheet. This process is used on butt, fillet, lap and 
offset-lap joints, the latter two being the easiest to 
make. 

Carbon-arc welding with silicon-bronze rod can 
also be used with uncoated sheet steel. The process 
produces less distortion than manual metal-arc 
welding and permits bridging a larger gap. 

A tin coating on the silicon-bronze filler rod 
gives a welded joint with improved corrosion 
resistance. When the tin-coated rod is melted, the tin 

Seam 

Fig. 151. Method of welding galvanized sheet with the carbon arc and 
a silicon-bronze filler rod. 



flows over the heat-affected zone, producing a 
coating of zinc-tin alloy that enhances corrosion 
resistance. 

WELDING INGOT IRON 

Ingot iron, is ,99.9% pure iron. It is made by 
:methods commonly used for making steel, but is 
,more highly refined than steel. The carbon content 

~’ may be as low as 0.01370, but the iron oxide content . is higher than that of steel. A typical analysis is: 

c . . . . . . . . . . . . . . . .0.015% 
Mn . . . . . . . . .0.035% 
s . . . . . . . . . . . . . . .0.015% 
Si . . . . . . . . . . . . .0.003% 

with copper sometimes added for additional 
corrosion resistance. 

Typical mechanical properties are: 

Tensile Strength (psi) . . . . 45,000 
Yield Strength (psi) . . . . 18,000 
Elongation (70 in 2 in.) . . . . 47% 

,_ ,.,,,, ,‘A,,;‘~,, ,:,:,:, ,,;,,, ~:,,,~.,,,, j,,,:, i,, ,,~, ,:, ,: ,,:, :,,,,,: ,,,::, ,, ,, ;, 

Welding ‘Galvanized Steel and Ingot iron 13.2-3 

Because of its good forming properties and 
increased resistance to corrosion over mild steel, 
ingot iron is used for culverts, corrugated building 
sheets, hot water tanks, vitreous-enameled ware, and 
for special applications where the magnetic 
properties of pure iron are desired. 

Ingot iron is readily weldable with the com- 
monly used welding processes. It is nonhardenable 
because of low carbon content, but its high oxide 
content causes a tendency for porosity. For manual 
welding, E6010 or E6011 electrodes are used on 
light sections, and E6027 electrodes are used on 
heavy sections except where the work is to be 
vitreous-enameled. For vitreous-enameled work, 
low-hydrogen electrodes must be used, or the work 
must be stress relieved after welding. 

Ingot iron can be welded with submerged-arc, 
self-shielded flux-cored arc, and gas metal-arc 
processes. However, the current must be slightly 
lower and travel speed must be slower than that 
used for steel. Also, electrodes must have more than 
the usual amount of deoxidizers. 

Huge fixture used to position bridge columns for flat position welding. 
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Pipe welding is a specialized art. It differs so 
much from plate welding that operators must pass 
separate tests on pipe techniques to qualify as pipe 
weldors. Much of the skill required in plate welding, 
,however, is applicable to pipe techniques. This sec- 
tion covers techniques, electrodes, procedures, and 
qualifications for welding cross-country lines and 
in-plant systems. 

j::,, PIPE STEELS AND ELECTRODES 
YiF,;,,; ,w>,;:, @<;, The American Petroleum Institute (API) pub- 
@shes a standard for welding pipe, which includes 
$$z;:P ~ @F’ rocedures, qualification of operators, joint design, 
l$$testing, and inspection. The standard also includes 
@specifications for the types of pipe steel used for i@& :, 
~~~~~ross-country lines. 
$&& : &,,. The most co-on steels USed for cross-country 

&pipelines are the API 5LX series. The “5L” indi- 
&&es line pipe, the “X” in&&es high-t& line pipe, 

~~,~~~d two additional numbers indicate minimum yield 
@strength in thousands of pounds per square inch. 
F!I?tjr example, 5LX65 is high-t& line pipe with a 

;;,&65,000-psi minimum yield strength. Table 13-2 lists 
!,,;- -chemical requirements and Table 13-3 mechanical- 
:::‘~property requirements of this series. 

For complete specifications on pipe and pipe 
fittings, see API Specification for Line Pipe (API 
Standard 5L) and API Specification for High-Test 
Line Pipe (API Standard 5LX). Standards (see Sec- 
tion 11.3) for procedure and operator qualification, 

Welding Steel Pipe 

joint preparation, and weld inspection are included 
in Standard for Welding Pipe Lines and Related 
Facilities (API Standard 1104). These standards are 
available from: American Petroleum Institute, 1271 
Avenue of the Americas, New York, N.Y. 10020. 

Weld cracking may occur in some of the pipe 
steels, particularly when the carbon and manganese 
contents are near the maximum allowable amounts 
and when the weather is cold. The X56, X60, and 
X65 steels may be treated with small amounts of 
alloying elements to increase their yield strength. 
With no top limit on tensile strength, this property 
can, and sometimes does, exceed 100,000 psi. 
Special techniques are required to prevent cracking 
in these steels. Some pipe steels have a silicon con- 
tent up to 0.35%, which tends to produce pinholes 
unless special pipe electrodes are used. 

TABLE 13-3. Mechanical Property Requirements of 
5LX Series High-Test Line Pipe 

X56 56 71” 

X60 60 75’ 

X65 65 77’ 

* Tensile-strength requirements for pipe Of m-in. 00 and 
larger, wit,, 0.375-i”. or less wall. are 3000 to so00 psi 
higher. 

TABLE 13-2. Chemical Requirements (ladle analysis) 
For Welded 5LX Series High-Test Line Pipe 

1. Max 1%) 

I Mn I P I S 

* There steels may also contain small amounts of columbium, vanadium, or titanium. Other 
malyre* may be furnirhed by agreement between purchager and producer. For good weldability. 
carbon and alloy cOnfent*ho”ld be as low as practical. 



13.3-2 Sp,ecial Applications 

TABLE 13-4. Typical Mechanical I PI roperties of Deposited 
Veld Metal. Pipe-Welding Electrod les of the EXXIO Classes 

Yield Strength (psi) 
Elongation (% in 2 in.1 
Charpy V Notch 

Tensile Strength (psi) 
Yield Strength (psi) 
Elongation (% in 2 in.1 
Charpy V Notch 

E7010.G 
for Pipe 

75.000 
61,000 

25 

~ 

68 

72,000 
62,000 

24 

68 

High-Yield 
‘ipe Electrode 

85,000 
75,000 

22 

55 

85,000 
80,000 

26 

68 

Pipe and tubing for power plants, boiler tubes, 
and refinery still tubes are usually specified to an 
ASTM standard. These specifications cover both 
mild steels and alloy steels for many types of 
service. Some of the ASTM pipe and tubing steels 
are listed in Table 6-13 along with recommended 
electrodes. These electrodes will provide the mech- 
anical properties that meet most industrial code 
requirements. However, where specific codes apply, 
check the specification for electrode requirements 
or recommendations. 

Since pipe welding is a specialized application, 
electrodes have been designed especially for verti- 
cal-down welding of pipe joints. These special elec- 
trodes are in the EXXlO class, but they may or may 
not have an AWS classification designation; the 
electrode supplier must be consulted for the proper 
product. 

Pipe electrodes have several unique operating 
properties: 1. They produce a steady, concentrated 
arc, which forms a continuous bead on the inside of 
the pipe when the first pass is made. 2. They 
produce a thin covering of slag, which promotes 
good wetting to the sides of the groove but does not 
run int?): the crater and interfere with the arc. 3. 
They Flave a minimum tendency to produce 
pinholes. 

The special pipe electrodes of the EXXlO class 
(Table 13-4) are used on pipe up to 5LX65; low- 
hydrogen electrodes (Table 6-16) are recommended 
for pipe with higher specified yield strength and for 
alloy pipe. 

Generally, pipe with a wall thickness of l/2 in. 
or less (which includes most cross-country lines) is 
welded vertical-down with special EXXlO elec- 
trodes. Pipe with heavier walls is welded with low- 
hydrogen electrodes. 

VERTICAL-DOWN TECHNIQUES 

Joint Preparation: Typical joint design and toler- 
ances for a 30-in. 5LX pipe are shown in Fig. 13-2. 
Standard practice is to use internal line-up clamps 
on 16-in. and larger pipe. Often this does not pro- 
duce a uniform spacing and, since hammering with a 
sledge is not recommended, the weldor must 
compensate for the poor fits that usually occur. 

, 30e 

t7 
L&Q 

l/16 f l/32” Root face 
Fig. 13-2. Standard Joint design for a 30.iwdiameter 5LX pipe 

Stringer Bead: The first pass in the bottom of 
the groove - the stringer bead (Fig. 13-3) - is made 
by two weldors (more on large-diameter pipe) work- 
ing on opposite sides of the pipe. The welds are 
started at the top, and the electrodes are dragged 
downhill to the bottom of the pipe. Too narrow a 
gap, too low a welding current, or too large a root 
face can cause insufficient penetration or lack of 
fusion. Too high a current, too wide a gap, or too 
little root face can cause burnthrough (called 
“windows”), globular metal deposits on the inside 
of the pipe, external undercut (called “wagon 
tracks”), or internal undercut that can be repaired 
only from the inside of the pipe. Repairs from the 
inside of the pipe are, of course, difficult and are 
impossible on small-diameter pipe. 

Hot Pass: The stringer should be cleaned with a 
power brush. If special pipe-welding electrode is not 
used, the stringer pass may be very convex and 
require grinding to remove the slag and to prepare 
the surface for the hot pass (Fig. 13-3). The hot pass 
should be applied with sufficient current to melt out 

Fig. 13-3. Typical weld cross section on a 3IR~in:wall pipe, 
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300*5 -0 

t7 

Q@ l/16+ 1164” 
--o” 

Fig. 154. Preferred joint design for X60 and X65 pipe 

‘, all “wagon tracks” and any remaining slag. It should 
,’ he applied as soon as possible after the stringer is 

completed - within five minutes. 
Filler Passes: A slight weave - only enough to 

;, obtain fusion at the sides of the groove - is used to 
I_,, apply the filler passes. Filler passes may fill the 
;, groove flush or almost flush at the top and bottom 
1;:,, gzL::,,of the pipe, but more weld metal is usually required 
&at the 2 to 5 o’clock positions. These lengths of 
&$oove are made flush with short filler passes called 
@@‘!&ripper &a&.” 
&;;;;;~” Cover pass: The cOver pass should be l/32 to f@;: 
&t/16 in. higher than the pipe surface, and it should 
@$overlap the groove abed l/16 in. on each side, as 
~~~~lustrated in Fig. 13-3. 
#& Preventing Cracks: Many factors contribute to 
@&veld cracking, but the primary causes are the chem- 
&&try, wall thickness, and the temperature of the 
&pipe. Pipeline techniques recommended to prevent 
~~~,,‘,cracking are : 

,,,,,,~ ‘~ l Make the stringer as large as practical. 

l Do not remove the line-up clamp un+il the 
stringer is completed. 

l Make the hot pass as soon as possible after 
the stringer bead - within five minutes. 

l Preheat if the pipe is less than 40°F. Proper 
preheat temperature depends on the chem- 
istry of the pipe and wall thickness. 

For X60 and X65 pipe, additional precautions 
and more stringent preparation are required: 

l Joint preparation and tolerances should be 
as shown in Fig. 13-4. 

l Use only electrodes of the EXXlO class 
designed for X60 and X65 pipe. 

l Preheat to 300°F if the pipe temperature is 
less than 700F. 

a Always weld the stringer pass and hot pass 
with two (or more) men working on oppo- 
site sides of the pipe. 

3/16- Electrode, 160 t” 190 amp oc+ 

II 6” Electrode 

6,32” Electrode. 170 to 200 amp DC+ 

5l32” Electrode, 135 to 175 amp DC+ 

Fig. 13-5. Procedures for vertical-down pipe welding 

Vertical-Down Procedures: The procedures illus- 
trated by the accompanying figures and tables are 
for EXXlO-type electrode, designed for welding 
circumferential pipe joints vertical-down. Joint 
preparation is shown in Fig. 13-2, and current and 
electrode size are given in Fig. 13-5. 

Table 13-5 shows the number of passes required 
for various wall thicknesses. This may vary with 
different operators, especially on thicker walls. One 
or two stripper beads may be required at the 2 to 5 
o’clock location. 

l/8” Electrode 
6,32” Electrode 95 to 106 oc+ 
110 to 120 amp oc+ 

amp 

1,6- Electrode 
60 to 90 amp oc+ 0.164 to 0.260” 

Fig. 13-6. Procedures for vertical-down walding on thin-wall pipe. 

Table 13-6 shows the amount of electrode 
required per joint. Amounts are based on 4-in. stub 
lengths - about normal for cross-country pipeline 
welding. 

TABLE 13-5. Passes Required for 
Vertical-Down Weldins of Pipe 

Wall Thickness Number 
of Pipe (in.) of Passes 

l/4 3 

5116 4 

3/a 5 

112 7 
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TABLE 13-6. Type EXXlO Electrode Consumption for Vertical-Down Welding of Pipe 

Wall Thickness of Pipe Iin.) 

114 I WI6 
Pipe 

I 318 I I/2 

Diam. 
Electrode Required* Ilbljoint) 

(in.1 5132 3116 Total 6132 3116 Total w32 3116 Total 6132 5116 Total 

6 0.47 0.24 0.71 0.47 0.47 0.94 0.47 0.75 1.2 . . 

8 0.63 0.32 0.95 0.63 0.63 1.3 0.63 1.0 I.6 0.63 2.0 2.6 

10 0.79 0.40 1.2 0.78 0.78 1.6 0.78 1.1 1.9 0.79 2.4 3.2 

I2 0.95 0.47 1.4 0.95 0.95 1.9 0.95 1.5 2.5 0.95 3.0 4.0 

I4 1.1 0.55 1.7 1.1 I.1 2.2 1.1 1.8 2.9 1.1 3.5 4.6 

16 1.2 0.63 I .8 1.2 I .3 2.5 I.3 2.0 3.3 1.2 4.0 5.2 

18 1.4 0.70 2.1 I .4 1.4 2.8 1.4 2.3 3.7 I.4 4.5 5.9 

20 1.5 0.76 2.3 I.5 I.6 3.1 1.6 2.4 4.0 1.5 4.8 6.3 

22 1.7 0.90 2.6 1.7 I.8 3.5 1.7 2.9 4.6 1.7 5.5 7.2 

24 1.9 0.94 2.8 1.9 1.9 3.8 1.9 3.0 4.9 1.9 6.0 7.9 

26 2.0 1.1 3.1 2.0 2.1 4.1 2.0 3.3 5.3 2.0 6.5 8.5 

28 2.2 1.1 3.3 2.2 2.2 4.4 2.2 3.5 5.7 2.2 7.0 9.2 

30 2.3 1.2 3.5 2.3 2.4 4.7 2.3 3.8 6.1 2.4 7.5 9.9 

32 2.5 I.3 3.8 2.5 2.5 5.0 2.5 4.1 6.6 2.5 8.0 10.5 

34 2.7 1.3 4.0 2.7 2.7 5.4 2.7 4.3 7.0 2.7 8.5 Il.2 

36 2.8 1.4 4.2 2.8 2.8 5.6 2.8 4.5 7.3 2.8 9.0 11 .a 

..,-.~~-._:..^- %^,..A^ 1 i.. ^-..L^ 

Thin-Wall Pipe Procedures: Electrodes and the joint and tack welded in at least four places on 
:: 

;;, 
procedures for thin-wall pipe are much the same as 

:,~ for cross-country pipe. One variation is the 
,” occasional use of negative polarity. Where a wide ,,, ,,; ~, 

“,’ gap causes excessive burnthrough, negative polarity 
,$A,, is used on the first pass. 

Welding procedures for butt joints in thin-wall 
:,: pipe are shown in Fig. 13-6. Table 13-7 shows the 
:;, amount of electrode required per joint. Values are 

based on 4-in. stub lengths, normal for this type of 
welding. 

Another type of connection used on thin-wall 
pipe is the bell-and-spigot joint (Fig. 13-7j. Pro- 
cedures for this type of joint are given in Table 13-8, 
and the amount of electrode required per joint is 
given in Table 13-9. 

VERTICAL-UP TECHNIQUES 

Vertical-up welding requires fewer beads than 
vertical-down and therefore less cleaning. The time 
saved results in an advantage for vertical-up welding 
on wall thicknesses of l/2 in. and thicker. 

Vertical-up welding is usually used for in-plant 
welding of pipe, such as in power stations and 
refineries; vertical-down welding is used on cross- 
country pipelines. 

Joint Preparation Without Backup Ring: Recom- 
mended joint design is shown in Fig. 13-8. The 
l/S-in. gap must be maintained accurately all around 

6-in.-diameter and larger pipe. 
Welding: All passes are made starting at the 

bottom and moving upward. Usually an E6010 or 
E7010 electrode is used for the first pass, except on 
alloy pipe, where an alloy electrode must be used. If 
low-hydrogen electrodes are used, such welding 
(without backup ring) requires an especially high 
degree of skill. 

After the first pass, the bead should be cleaned 
thoroughly, and any bumps or imperfections should 
be ground before additional passes are placed. The 
finish pass should be about l/16 in. higher than the 
pipe and should overlap the original groove by l/16 
to l/8 in. 

Procedures: The procedures shown in Fig. 13-9 
are for vertical-up welding of circumferential pipe 
joints. The first pass is an EXXlO-type electrode 

Fig. 13-7. Boll-and-spigot joint for thin-wall pipe. 
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Pipe 
Dam. 
0n.l 

4 
4-112 
6 

5-5/s 
8 
8518 

IO 
I o-314 
12.3/4 

14 
I6 
20 

24 
28 
32 
36 

TABLE 13-7. Type EXXlO Electrode Consumption for Butt Welds in Thin-Wall Pipe 
(Vertical-Down) 

Wall Thickness of Pipe lin.l 

l/8 I 3/16 I 114 

3l32 

0.071 
0.080 
0.106 

0.118 
0.142 
0.153 

0.178 
0.191 
0.223 

0.248 
0.284 
0.355 

. 

. 

0.461 0.816 0.980 0.741 1.721 1.161 0.879 2.040 

__~__ 1.177 0.890 2.067 1.393 I .062 2,455 
1.372 1.040 2.412 1.624 1.230 2.854 
1.568 1.186 2.754 1.858 1.406 3.264 

2.089 1.582 3.671 1.764 1.338 3.102 

*“d”.* given include 4-i”. stubs. 

#a#*& 

h:,):: TABLE 13-B. Type EXXlO Procedures for Bell-and-Spigot 
& 
B?#&,,~ 4& Joints in Thin-Wall Pipe 
g&p, 
*j&g Wall Thickness Electrode Current 
@& ,’ of Pipe Size DC+ 
g;;,;, (in.) h.l lamp) 

0.075 118 80 to 100 

0.090 118 80 to 100 

0.105 5132 120 to 130 

0.125 5/32 120 to 130 

0.135 5132 130 to 140 

TABLE 13-9. Type EXXlO Electrode Consumption 
For Bell-and Spigot Joints in Thin-Wall Pipe 

and, for subsequent passes, procedure are given for 
either EXXlO or EXX18. Table 13-10 gives the 
approximate number of passes required for different 
wall thicknesses. This will vary with different 
operators. 

Table 13-11 shows the electrode consumption 
per joint for vertical-up welding of pipe. Amounts 
are based on the use of EXX18 electrode and the 
joint design shown in Fig. 13-8. If the gap is 
changed, amounts must be revised accordingly. 

Joint Preparation With a Backup Ring: Recom- 
mended joint design for vertical-up welding with 
backup ring is shown in Figure 13-10. Gap distance 
should match the outside diameter of the electrode 
covering. 

TABLE 13-10. Passes Required for 
Vertical-Up Welding of Pipe 

Wall Thickness Number 
of Pipe lin.l of Passes 

114 2 

5/I 6 2 

318 3 

112 3 

5/S 4 

314 6 

3 7 
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TABLE 13-11. Type EXX18 Electrode Consumption for Vertical-Up Welding of Pipe 

I 
Wall Thiskn*rr Of Pip* on., 

318 I l/2 I 5/8 I 3l4 I 1 
I I 

Ilhlhi”,, I 
Pipe 

Electrode &3quirsd* 

oiim. 3/x? ll8 iota, 332 l/8 T0f.l w32 118 Total Lx?2 ,188 Total 3/z? l/8& Total 
li”., 5/z? 5/z? 

5 0.51 1.34 1.85 0.51 2.31 2.82 , 
8 03 1.8 2.5 0.7 3.1 3.8 0.7 4.7 5.4 _ 

12 ,a 2.7 3.7 1.0 4.7 5.7 1 .o 7.1 8.1 1 .o 8.8 10.8 1.0 15.7 17.7 

18 1.4 3.6 5.0 1.4 8.1 7.5 1.4 98 11.2 1.4 13.1 14.5 1.4 n., 23.5 
20 1.7 4.5 8.2 1.7 7.7 9.4 1.7 11.7 13.4 1.7 18.4 18.1 1.7 27.8 29.3 
24 2.0 5.4 7.4 2.0 9.3 11.3 2.0 14.2 16.2 2.0 19.8 2, .8 2.0 33.4 35.4 

28 2.4 8.2 8.8 2.4 10.8 13.2 2.4 15.5 18.8 2.4 23.0 25.4 2.4 38.8 41.2 
32 2.7 7.2 9.9 2.7 12.4 15.1 2.7 19.0 21.7 2.7 26.5 29.2 2.7 44.5 47.2 
3s 3.1 8.0 11.1 3.1 13.8 17.0 3.1 21.5 24.7 3.1 28.6 32.7 3.1 48.9 53.0 

40 3.4 8.9 12.3 3.4 15.4 18.8 3.4 23.5 28.9 3.4 32.8 36.2 3.4 55.3 58.7 
48 4.1 14.7 18.8 4.1 18.5 22.6 4.1 28.3 32.4 4.1 38.5 43.8 4.1 66.8 70.7 
80 5.1 23.2 28.3 5.1 45.4 50.5 5.1 48.4 54.5 5.1 83.2 98.3 

‘Valuer given include 4-i”. stubs. 

,“~ Fig. 158. Joint design for vertical-up welding on pipe without a 
“” backup ring. 

Welding: The first pass can be welded with 
‘:, ‘, either EXXlO or EXX18 electrode. The root pass 

must penetrate both lips of the pipe and the backup 
ring. An:, nfused area at the bottom of the root 
pass is a.. objectionable defect. Since the gap is 
wider than that used for welding without a backup 
ring, the groove is also wider, and split layers are 
usually necessary after about the fifth layer. 

Procedures: Procedures for welding with a back- 
up ring are shown in Figure 13-11. Approximate 
numbers of passes required are shown in Table 
13-12. 

Fig. 13-9. Procedures for vertical-up pipe welding without a backup 
ring. 

Welding: Without a backup ring, the first pass is 
usually made with EXXlO electrode, and the weld is 
completed with either EXXlO or EXXlS. With a 
backup ring, the entire weld can be made with 
EXX18 electrode. 

,@ + 7-l/2” 
-0 ” 

~ 
-+ & Gap equal to OD 0‘ 

electrode cowing 

Fig. 13-10. Joint design for vertical-up welding on pipe with backip 
ring. I 

Fig. 1511. Procedures for vertical-up pipe welding with backup ring. 

HORIZONTAL TECHNIQUES 

Piping in refineries and plants often requires 
joints with the axis of the pipe vertical. These hori- 
zontal joints require different techniques and pro- 
cedures than vertical joints, but the designs of 
horizontal joints are the same as those for vertical- 
up welding - either with or without the backup 
ring. 

,, 



Fig. 13-12. Typical cross see 
tion of a horizontal butt weld 
on pipe, showing bead place- 
ITE”t. 

, 

‘14 Fig. 1113. Procedures for a 
horizontal butt weld on pipe, 
no-backuo rim. EXXlO-tvoe 
electrode: - 

18 I 
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Fig. 1514. Procedures for a 
horizontal butt weld on pipe, 
with backup ring, EXX18 elec- 
trode. 

Passes 1 through 3: 3/32- EXX18 85 to 105 amp DC+ 
Passes 4 through 9: l/8- EXXlS 115to 135ampDC+ 
Subsequent parses: 5/32- EXX,S 140to 160 amp DC+ 

TABLE 13-12. Passes Required for Vertical-Up 
Welding of Pipe Using Backup Ring 

Wall Thicknass Number 
of Pipe lin.l of Passes 

3/S 3 

112 4 

5/S 5 

314 7 

1 10 

TABLE 13-13. Procedures for Double-Ending Pipe 
(manual stringer bead, finish with submergedarcl 

I Electrode Rdd ,Iblfd I 0.090 I 0.127 I 0.240 I 0.513 I 
Flux Req’d ~Ib,ff, 0.10-0.141 0.19-0.25 ~0.40~0.54 

Total rime Ihdff, 1 0.0138 1 0.0146 1 0.0180 0.0326 

*Manual stringer bead is “red for all Wall thicknerrer. For manYal electrode. see 
Fig. 13.5. Add manual time to rubmerged-arc *ime x0 get total time. 

After the first pass, the next bead is placed on 
the lower side of the groove, ‘penetrating both the 
root pass and the lower pipe member. The following 
bead is placed immediately above the second bead, 
so it penetrates both the second bead and the upper 
pipe member. Similarly, each layer is started at the 
lower side of the-groove and built upward, as shown 
in Fig. 13-12. 

Horizontal Procedures: Figure 13-13 shows pro- 
cedures, using EXXlO electrodes and a combination 
of EXXlO and EXX18. Figure 13-14 shows 
procedures using EXX18 electrodes exclusively. 

DOUBLE-ENDING 

Double-ending is the welding of two or more 
lengths of pipe into one longer length. This is done 
frequently by submerged-arc automatic welding or a 
combination of submerged-arc and stick-electrode 
welding. It is practical and economical where the 
terrain permits hauling the double lengths of pipe to 
the field site. 

One method of double-ending pipe is to 
assemble two lengths of pipe on a set of power- 
driven rolls. The joint is lined up with an internal 
line-up clamp, and the first bead is made manually 
as described under vertical-down techniques. The 
second and third beads are made with submerged-arc 
while the pipe is rotated under an automatic welding 
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+5 
300 -0 

Y--l 

!i?3j?z 1116 -,,&y 
see Table 13-I 3 

Fig. 1515. Joint design and sequence for double-ending pipe with 
submen,ed-arc (stick-electrode stringer bead). 

TABLE 13-14. Submerged-Arc Procedures for Double-Ending Pipe 
wall Thicknes ,in., 114 ! 3/S I l/2 

I S/32 ! l/4 l/4 

Electrode size I/S or 5,32 t/s or 6/32 l/S or w32 

Pas Number 1.2 3 1-3 4 l-4 5 

current ,ampt DC+ 675 660 700 700 700 700 

Volts 32 31 34 33 34 34 

Arcspeed ,i”.,rnid 60 60 65 65 60 40 

Eiectrode Req’d ~Ib,ft~ 0.167 I 0.277 0.422 

Flux R&l ~Iblft~ 0.16 0.20 0.25 0.34 Cl.38 0.60 

Total Tima hrlft, I o.otw I Txn45 I 0~0210 

I - 
L Root face 

See Table 13-14 
Fig. 1516. Joint design and welding sequence for double-ending pipe 
with automatic submerged-arc welding. 

head. The joint preparation shown in Fig. 13-15 and 
the submerged-arc procedures given in Table 13-13 
are recommended. 

Another method for double-ending pipe is to 
make all passes automatically. This method requires 
a joint preparation, as shown in Fig. 13-16. First, 
the two submerged-arc beads are made on the out- 
side while the pipe is rotated under the automatic 
head. The third bead is made from the inside of the 
pipe. The automatic head is mounted at the end of a 
long boom that positions the head over the seam 
through the open end of the pipe. Procedures for 
the automatic welding are given in Table 13-14. 

API PROCEDURE AND QUALIFICATION 
REQUIREMENTS 

Procedures and operators for welding cross- 
country pipe lines are qualified by API Standard 

1104. For complete details, the standard should be 
consulted. The following is a brief resume of the 
tests and requirements, which are elaborated on 
with more detail in Section 11.3. 

, STOP of pipe 

Face or side-bend 

Root or rideben 

Root or ride-bend 
Face or side-bend 

Fig. 13-17. Location of test specimens on pipe from 4-112 to 12-3/r 
in. in diameter for API qualification tests. 

Location of Specimens: Test specimens are cul 
from the pipe as shown in Fig. 13-17. In the field 
the specimens are torch-cut and ground to size. Ir 
the shop, specimens are machined rather thar 
ground; machining is the preferred method. 

Tensile Requirements: Tensile strength of tht 
weld and the fusion zone must be equal to or greatel 
than the minimum specified tensile strength of the 
pipe. If the specimen breaks in the plate, the tensile 
strength must be at least 95% of the minimun 
specified for the plate. 

It is not uncommon for a satisfactory test tc 
break in the weld. This is because there are no maxi 
mum strengths specified for the plate, and thl 
tensile strength of the plate may be considerabl] 
higher than that of the weld metal. 

Nick-Break Test: This test is intended to expose 
any slag inclusions, gas pockets, or lack of fusion 
The specimen is notched with a hack saw, and then 
broken to expose the interior of the weld. The 
exposed surfaces must show complete penetration 
and fusion. There must be no more than six gas 
pockets per square inch of surface area and no gas 
pocket larger than l/16-in. Slag inclusions must not 
be more than l/32-in. deep or l/8-in. (or one-half 
the wall thickness) in length, and there shall be at : 
least l/2 in. of sound metal between inclusions. 

Bend Tests: Specimens are prepared for bend 
tests by removing all weld reinforcement from both 
sides. Bending is done in a fixture as specified in API 
Standard 1104. The weld is unacceptable if the test 
produces a crack or defect with the largest dimen- 
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sion greater than l/8-in. or one-half the wall thick- 
ness of the pipe, whichever is smaller. Cracks at the 
edges of the specimen that are less than l/4 in. in 
the greatest dimension can be disregarded. 

‘,, CODES FOR IN-PLANT PIPING ‘,, CODES FOR IN-PLANT PIPING 

For consistent’ high-quality work on in-plant For consistent’ high-quality work on in-plant 
piping, the welding procedure and the weldor should piping, the welding procedure and the weldor should 

‘::~, be qualified under some recognized national code. ‘::~, be qualified under some recognized national code. 

The ASME Boiler and Pressure Vessel Code, Section 
IX - Welding Qualifications, is the code most used 
to qualify weldors for power piping work. For a 
detailed review of operator’s qualification tests for 
in-plant welding, see Pipefitter Welder’s Review of 
Metal-Arc Welding for Qualification Under ASME 
Code Rules. This is published by The National 
Certified Pipe Welding Bureau, 5530 Wisconsin Ave., 
Suite 750, Washington, D.C. 20015. 

Double-ending pipe in the field with the submerged arc process. 
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” Plain concrete has low tensile strength; concrete 
_:‘, members that must withstand appreciable tensile 
,: loads are usually reinforced with steel bars or mesh. 
: fin this composite construction, the tensile load is 
:, carried by the steel, while the concrete carries the 
‘~ ,compressive load. The amount of steel required for 

adequate reinforcement varies from about 1% for 
i,, beams and slabs to about 6% for some columns. 

To insure a tight grip between the concrete and 

the same for steel and concrete, temperature 
do not cause appreciable stresses between 

reinforced concrete construction requires 
bars be welded end to end. Bulletin D12.1 

Welding Society describes recom- 
for welding of reinforcement steel. 

is ava&ble in sizes from No. 3, 

to No. 18, a special size 
:@approximately 2-l/4 in. in diameter. All are 
?Z:;:T‘deformed bars.” That is, they have lugs or defor- 
‘,‘:mations rolled on the’surface to provide a grip to 
:, the concrete. Number designations for the bars 

TABLE 13-15. Commonly Used Sizes 
of Deformed Reinforcing Bars 

Diam Area Perimeter Weight 
Number (in.) kq in.1 tin.) Ub/ff) 

3 0.375 0.11 1.176 0.376 

4 0.500 0.20 1.571 0.668 

5 0.625 0.31 1.963 1.043 

6 0.750 0.44 2.356 1.502 
I I 

Welding Concrete-Reinforcing Bars 

represent eighths of an inch (No. 6, for example, is 
3/4-in. in diameter). A number of commonly used 
sizes of reinforced bar, along with dimensions and 
weights, are listed in Table 13-15. 

STEEL FOR REINFORCING BARS 

The steel used to manufacture reinforcing bars 
comes from several different sources, and the only 
limitation on chemistry imposed by the ASTM 
specifications is that the phosphorus shall not 
exceed 0.05%. When requested by the purchaser an 
analysis of each lot shall be reported to the pur- 
chaser, but there are no restrictions other than 
phosphorus. 

The ASTM specifications clearly state “the weld- 
ability of the steel is not a part of this specification 
but may be subject to agreement between a 
particular supplier and user.” If the bars are to be 
welded, it is advisable to have some agreement on 
weldability. 

ASTM A615-68 specifies “billet” steel made by 
the open-hearth, basic-oxygen, or electric-furnace 
processes. Much of the reinforcing-bar stock used is 
high-carbon rerolled rail stock; thus, specifications 
are in terms of railroad materials. A616-68 specifies 
the bars shall;be rolled from standard section T rails. 
A617-68 specifies the bars shall be rolled from 
carbon-steel axles for cars and locomotive tenders 
within certain journal sizes. Table 13-16 lists the 
grades, sizes, and tensile requirements of standard 
bars. 

TABLE 13-16. Deformed Bars for Concrete Reinforcement 
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TAELE 13-17. Prefprrrrxl Jnintr fnr Arr-W~ld~ .Cnlirnr in ~(nin&wrinn n3-r 

Bar Size 

6 and smaller Square end with 
plate or angle 

“-~P..“‘-.....‘....“.“.,~~““,’ 

Recommended Type of Joint 

5 to 9 Single bevel 

5ro9 Single bevel 
without backing 

6 

at018 Double bevel 

6 

at018 Double bevel. 
barsvertical 

11,14, 
and 18 

Sleeve, bars 
vertical; 

compression 
joints only 



DINT DESIGN 

,’ joint design is’largely determined by the size of 
ne bar and, to a lesser degree, by its position (hori- 
ontaJ or vertical) and’ by the accessibility of the 
aint. Straight butt-welded joints are preferred over 
ther ,,arc-welded joints since the ,stress, transfer 
&ss :the ,jomt is direct and concentric. ,With the 
roper i’ ele&rode; butt-welded joints can develop 
OO%‘of the tensile strength specified for’the bar. 
,’ For small-diameter bars, however, straight butt 
relds are ; either very slow or difficult to make. 
‘able 13-17 lists recommended joint types for 
arious bar sizes. Figure 13-18 shows indirect butt 
plices for bars of size No. 6 and smaller, using a 
plice plate or angle. 

,ig.,,l3-18. Indirect butt splices for small reinforcing bars (No. 6 and 
&ller). incorporating a splice plate or angle. 

,,:: ~, For bar sizes No. 5 through 9, the bar end is 
mveled and butt-welded along with an angle as 
hown in Fig. 13-19 or with a plate, Fig. 13-20. 
*other way to butt-weld reinforcing bars with a ‘. iackmg is shown in Fig. 13-21. A backing strip 
ibout l/Sin. thick is first tacked to the bottom of 
Xle joint. After a portion of the weld is made, the 
racking is red hot and can be easily wrapped parti- 
rlly around the bar with the weldor’s slag hammer. 
sometimes bar sizes 5 through 9 are butt-welded 
with a single bevel without a backing, as shown in 
Fig. 13-22. 

Bar sizes No. 8 and larger are prepared with 
Gther a single bevel, Fig. 13-22, or a double bevel, 
Fig. 13-23. When the bars are vertical, the lower bar 
s cut square and the upper bar is either single or 
double-beveled, depending on the accessibility of 
;he joint, Figs. 13-24 and 13-25. For heavy column 
reinforcement where the stress will always be in 
:ompression, the sleeve joint, Fig. 13-26 is 
sometimes used. 

The single-lap splice, Fig. 13-27, is subjected to a 
>ending stress when a load is applied, because the 

,/-6O%+ 

:< 

2; 
:,_’ .:;: ,: ,;,:, 

::: 
:: :z, 
‘; : 

Fig. 13.16. Butt-welded joint with angle backing. for intermediate-size 
bars. 

Fig. 13.20. Butt-welded joint with plate backing. for intermediate-size 
bars. 

I - b 1 i;c 2; ; d fdl ~ ‘:~:Q~::. 
Fig. 13-21. Butt-welded bar with thin backing strip. The strip is tack- 
welded to the joint la); then wrapped around the bar (b) as welding 
progresses. The completed weld is shown at (d). 



45” to 60” 

Fig. 13-22. Single-bevel butt joint for size No. 8 and larger. 

Single-vee.groove sff 

Double-vee groove 

Fig. 13-23. Double-bevel butt joint for size No. 6 and larger 

“13.4-4 Special Applications 

Fig. 13-24. Joint design for butt welds on vertical bars. Design used 
dependson accessibility of joint when welding. 

bars are not on the same axis. This type of joint 
should not be used on large reinforcing bars and on 
small bars only after the application has been care- 
fully analyzed. A better but more costly splice uses 
two short splice bars, as illustrated in Fig. 13-28. 

WELDING PROCEDURES 

When splice plates, angles, or bars are used to 
join reinforcing bars, there is always a gap at the 
root of the joint caused by the deformation pattern 
on the bars. Because of this condition, weldors must 
acquire specific skills necessary CO do quality work 
on reinforcing bars. 

Shielded metal-arc welding electrodes should 
meet the requirements of AWS specifications and be 

Fig. 13-25. Welding reinforcing bars in the vertical position. Double 
bevel is used because joint is accessible from both sides. 

Fig. 1526. Sleeve joint for bars in compression. 

of the low-hydrogen type (EXX18) and of sufficient 
strength to match that of the reinforcing bars being 
welded. 

It is important that the composition of the 
material to be welded be known before the welding 
starts. This information may be available from the 
mill or warehouse that supplies the reinforcing bars. 
Since the composition can vary widely, it is impera- 
tive to test sample joints thoroughly to confirm the 
suitability of the electrode and the skill of the 
weldor before the job is started. 

Specific welding procedures can be extrapolated 
from the procedures for manual shielded metal-arc 
welding of a similar joint with low-hydrogen elec- 
trodes. Generally, the techniques are the same, but 
the electrode size is smaller than for steel-plate 
procedures. 



Fig. 13-27. Single lap splices for light loads. 

##:i, : Fig. 13-28. Double lap joint with splice bars. 

i-ABLE 13-18. P:eheat and Interpass Temperatures for 
Welding Reinforcino Rars 

Electrod 
.^,a 

-...s --.- 

iow- I om 
(OF) 

Any EGOXX 1 72 if below 32,: 
or E70XX non if above 3i. 

E70XX 100 if below 32: 
none if above 32. 

I EGOXX I 100 
1 orE70XX 1 I 

E70XX 1 Not recom. 1 
4 

200 I 

E70XX Not recam. 400 

Not recom. p;;t;m;;:=ct 

types. and testing. 

Table 13-18 lists recommended preheat and 
interpass temperatures for bars with varying carbon 
and manganese content. 

TABLE 13-19. Procedures for G~Q Metal-Arc 
Welding Reinforcing Bars 

Welding 
CUW3llt Arc: 

Bar Size (amp) Voltage 

To 8 120 20 

Y-11 1~50 22 

14,lS 160 22 

Procedurer are for either horizontal or Vertical joints, 
“ring CO* at 15 cfh, and with 0.035in:dim,. 
electrode. 

In addition to the shielded metal-arc process, 
reinforcing bars can also be welded with the gas 
metal-arc process and the self-shielded cored-wire 
process. Welding reinforcing bars is almost always 
done in the field, so when using any gas-shielded 
process the weldor must be well protected from 
wind. Typical procedures for gas metal-arc welding 
are given in Table 13-19. Joints may be either single 
or double-bevel (use 3/32-in. gap between bars), and 
the same joint design is used for both horizontal and 
vertical bars. The same preheat and interpass 
temperature given in Table 13-18 for low-hydrogen 
electrode should be used. To insure good bonding to 
the base metal, large bars (14 and 18) should be 
preheated regardless of ambient temperature. 



Control for a rocket launch facility. Welded reinforcing steel bars ready ior concrete. 
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As noted in preceding sections, when the elec- 
j trade is nonconsumable, the arc can be used as a 

torch to melt metal. Such a torch can be used to add 
~, filler met.al, or by a process called arc gouging to 
:~ remove unwanted metal. 

If a stream of compressed air is directed on the 
: pool of molten metal that forms beneath an electric 
,j;;, arc, the stream blasts the molten metal from the 
1:; ,puddle, leaving an indentation, or gouge, in the 
*I>, ,metal. This action can be used to produce grooves in gj,,: 1, 

Arc Gouging 

plates, to bevel edges in preparation for welding 
(Fig. 13-29), or for removing excess metal or blisters 
from castings (Fig. 13-30). It can also be used to 
remove hardsurfacing materials from large areas, to 
cut thin plate, or to “back-gouge” welds to remove 
entrapped gas or slag before welding from the 
reverse side (Fig. 13-31). 

In arc gouging, a carbon electrode is used to 
form the arc. The electrode is held by a special, fully 
insulated torch through which air is ducted and dir- 
ected against the arc by a nozzle. The torch can be 
operated manually or by mechanized equipment 
(Figs. 13-32 and 13-33). 

h ,, Fig. 13-29. Butt joint that has been partially beveled by arc gauging. 

Fig. 13-31. Back-gouging cf a seam welded from inside the tank as 
preparation for a weld to bc! made from the outside. 

Fig. 13-30. Excess metal being removed from a casting by arc gouging. Fig. 13-32. Typical torch for manual arc gouging. 



Fig. 13-33. Mechanized torch for arc gouging. providing automatic 
travel along rhe seam. 

The arc is powered by an arc-welding machine, 
but for a given diameter of electrode the power 
requirements are normally higher for arc gouging 
than for arc welding. Compressed air commonly 
used to power air tools is suitable. 

The process does not depend upon oxidation, 
and therefore works well with all metals regardless 
of how rapidly they oxidize. Material can be 
removed approximately five times faster by arc 
gouging than by chipping. A 3/8-m. groove, for 
example, can be gouged at a speed of more than 2 
fpm. Depth of cut can be controlled closely, and 
welding slag does not deflect or hamper the cutting 
action as it would with cutting tools. The cost of 
operating gouging equipment is generally less than 
for chipping hammers or gas-cutting torches, and the 
arc-gouging equipment also requires less space. An 
arc-gouged surface is clean and smooth and can 
usually be welded without further preparation. 

The process has several drawbacks, however. It is 
not as good as other processes for through-cutting, 
and large volumes of compressed air are required. 
Improper operation of the torch may result in 
carbon pickup (and undesirable metallurgical 
changes) in some materials. Increased hardness 
produced on cast iron and air-hardenable materials 
may be objectionable. 

TYPES OF ELECTRODES 

Several types of electrodes are used for arc 
gouging. The most commonly used electrode is a 
copper-coated composition of graphite (carbon) 

manufactured for DC operation, available in sizes 
from 5/32 to 1 in. A less costly graphite electrode is 
also manufactured for DC, but it is not widely used, 
and applications are generally confined to electrode 
diameters less than 3/S in. The copper-coated elec- 
trode is generally preferred because it erodes far less 
during operation than the plain electrode. Copper- 
coated graphite electrodes are also manufactured for 
AC operation. These contain rare-earth additions to ; 
stabilize the arc. This type of electrode is available 
in sizes from 3116 to l/2 in. 

A flux-coated steel electrode is available for arc- 
gouging high-purity copper, or for use on cast iron, 
where high current densities are required. This 
“centergrip” electrode, available in l/4-in. diameter 
and B-in. length with a bare section in the center 
for attachment to the torch, produces a surface or 
groove that is not as smooth as those made with 
graphite electrodes. 

TABLE 13-20. Electrode Type and Current Recommended 
for Arc Gouging 

Material 

Steel 

Stainless Steel 

Iron (cast iron. ductile 
iron. malleable iron) 

Copper Alloys 

Electrode POWW 

DC DCRP 

AC AC 

DC DCRP 

AC AC 

AC AC or DCSP 
1 

DC DCRP (high-amperage) 

AC AC or DCSP 

DC DCRP 

I Nickel Allovs I AC 1 ACor DCSP I 

From AWS Handbook, Sixth Edition, Section 3A. 

The specific types of electrodes and current 
recommended for arc gouging various metals and 
alloys are summarized in Table 13-20 and discussed 
in the following paragraphs: 

Steels: DC electrodes are used with DC reverse 
polarity for carbon, low-alloy, and stainless steels. If 
DC is not available, AC (with AC electrodes) can be 
used. For this application, AC is about 50% as 
efficient as DC. 

Cast Irons: AC electrodes are used with DC 
straight polarity or with AC at the middle of the 
amperage range for all cast irons, including malleable 
and ductile (nodular) iron. 

Copper Alloys: DC electrodes are used with DC 
reverse polarity at maximum amperage if the copper 
content of the alloy is not over 60%. For special 
marine propeller alloys, use DC electrodes with DC 
straight polarity. If the copper content is above 
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60%, or if the workpiece is extremely large, use AC 
electrodes with AC. Centergrip steel electrodes may 
‘be required if copper content is 99.9% or more. 

Nickel Alloys: Use AC electrodes and AC power. 
Magnesium Alloys: DC electrodes are used with 

_ DC reverse polarity. Surface of the groove should be 
wire-brushed prior to welding. 

Aluminum Alloys: DC electrodes are used with 
D,C reverse polarity. Wire brushing is mandatory 
prior to welding. Electrode protrusion cannot 
exceed 4 in. for quality work. 

Exotic Alloys: Titanium, zirconium, hafnium, 
and their alloys can be cut for remelt by arc goug- 
ing. A cleaning operation is necessary after arc 
gouging if these materials are to be welded. 

TABLE 13-21. Power Sources for Arc Gouging 

‘; Typeof 
Current 

Type of Power Source Remarks ,$,Z~ ,, 

e@ 
&;, DC Variable-voltage motor- Recommended for all 

!&,; generator. rectifier, or electrode sizes. 
+#s@:, 
““t; resistor-grid equipment 
p&:(,,:< DC 
f&;;; Constant-voltage “notor- Recommended only for 
WC?!, ‘@;,, $& generator, or rectifier electrodes above l/4-in. 
iqJ,?);;p, 
&;,~; diameter. 

j&“, AC 
&;~ Transformer 
&2; 

Should be used only 

& 
with AC electrodes. 

#$$j;; AC-DC Rectifier DC supplied by three- 
@,% phase transformer-rectifier 
@$ is satisfactory. DC from 
#><W$, : single-phase source not 

recommended. AC from 
AC-DC power source ,,,,~ i::, is satisfactory if AC elec- 

;_~,, ,~ trades are used. 

POWER SOURCES 

Standard power soumes for industrial arc weld- 
ing can be used for arc gouging, but fairly large 
outputs are required. The open-circuit voltage of 
light-duty welders may not be adequate. Arc volt- 
ages with arc gouging normally range from about 35 
to 56 v. An open-circuit voltage of at least 60 v is 
required. Table 13-21 lists recommended power 
sources, and Table 13-22 lists suggested current 
ranges. 

It is recommended that the power soume have 
overload protection in the output circuit. High cur- 
rent surges of short duration occur with arc gouging, 
and these surges can overload the power source. 

Al R SUPPLY 

The air supply for arc gouging normally should 
be at a pressure of about 80 to 100 psi. Where 
compressed air lines are not available, arc-gouging 
torches suitable for light work can be operated on 
bottled gas at pressures as low as 40 psi. Pressures 
above 100 psi are sometimes used, but offer no 
advantage in metal-removing efficiency. 

The air line should have an inside diameter of at 
least l/4 in. for both manual and mechanized 
torches, except for the voltage-controlled torches. 
These require a minimum ID of l/2 in. Table 13-23 
lists typical requirements for the compressed-air 
supply. 

TABLE 13-22. Recommended Range of Current for Arc Gouging 

Maximum and Minimum Current lamp) 

Type of Electrode Electrode Sire (in.) 

and Power 5/32 3116 114 5116 3/a l/2 

DC Electrodes, DCRQ Power so-150 150.200 200-400 250-450 350600 600-1000 

AC Electrodes, AC Power 150.200 200-300 - - 300-500 400-600 

AC Electrodes, DCSP Power 150-180 200.250 - 300-400 400-500 

TABLE 13-23. Air Consumption for Arc Gouging 

Maximum Electrode Size PWWlW 

I I 
Consumption 

(cfml lid 

114 

l/4 

318 

Application (psi) 

Intermittent-duty, manual torch 40 3 

Intermittent-duty, manual torch 80 9 

General-purpose 80 16 

314 Heavy-duty 80 29 

5/s Semiautomatic mechanized torch 1 80 I 25 i 
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TORCHES 

The most common type of manual torch is 
shown in Fig. 13-32, where the electrode is held in a 
rotatable head. Torches are generally air-cooled, but 
those intended for application at high currents are 
water-cooled. 

Three types of mechanized torches are available. 
The simplest type is mounted on a machine carriage, 
but requires manual feeding of the electrode (Fig. 
13-33). A more refined version of the carriage- 
mounted torch employs a spring-loaded device that 
maintains a constant distance between the torch and 
workpiece to provide a uniform groove depth. The 
third and most sophisticated type has electronic 
controls that regulate the voltage to provide the 
correct arc length. This type of torch can make 
grooves to a depth tolerance of + 0.025. in. 

METALLURGICAL CONSIDERATIONS 

The correct use of arc gouging with carbon- 
based electrodes apparently causes no ill effects 
insofar as carbon pickup, corrosion resistance, or 
distortion are concerned. The chemical changes 
produced by the process are similar to those pro- 
duced by the arc-welding process; that is, a thin, 
hardened zone may appear in some metals, but 
subsequent welding remelts this zone and reduces 
the hardness. Copper contamination from copper- 
plated electrodes has not been detected. 

Heat penetration is shallower with arc gouging 
than with oxygen cutting, so arc gouging produces 
less distortion. Machinability of low-carbon and 
nonhardenable steel is not affected by arc gouging. 
The surface of cast iron and high-carbon steel may 
be rendered unmachinable by the process. This hard 
layer, however, is generally only about 0.006~in. 
thick, and can be easily removed by a cutting tool 
set to penetrate beyond that depth. 

SAFETY PRECAUTIONS 

Any process in which molten metal is spewing 
about obviously presents hazards. An arc-gouging 
operator should follow the safety practices for weld- 
ing in Section 15.1, and particular attention should 
be paid to possible fire hazards. Inflammable 
materials should be removed from the work area;’ 
protective booths or screens should be set up, and 
workers should have the proper protective clothing, 
especially if they are to work out-of-position. 

Power cables should not be placed in the way of 
the hot-metai stream, and other normal precautions 
should be observed to avoid electric shock or acci- 
dental arcing. The operator must not stand in water 
while holding the torch, nor should he dip it into 
water to cool it. Ventilation must be adequate, 
especially with copper-based alloys that may 
produce toxic fumes. 

TROUBLE SHOOTING 

Most problems encountered in arc gouging stem 
from common oversights. For example, carbon 
deposits at the beginning of a groove are usually 
caused by not having the air turned on before the 
arc is struck. An unsteady arc, which causes the 
operator to travel slowly, is generally the result of 
insufficient current. An erratic groove, where the arc 
wanders from side to side and where the electrode 
overheats, is normally caused by negative polarity 
DC. 

Intermittent arc action and resulting irregular 
groove surface is caused by too slow travel speed. 
Carbon deposits at intervals along the groove are 
caused by a shorting out of the electrode against the 
work. Slag adhering to the edges of the groove 
results from inadequate air pressure. A groove that 
gets progressively shallower or deeper is caused by 
an incorrect arc length. 
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Clad steels are composite materials, made by 
mill-rolling a thin sheet of a metal that has desired 
properties over a base (“backing”) plate of carbon 
or alloy steel. The cladding metal may be a stain- 
less-steel alloy, nickel or a nickel alloy, or copper or 
a copper alloy. Under the heat and pressure of rol- 
ling, the dissimilar metals are bonded at the inter- 
face. The result is a composite with the strength of 
the backing steel and with corrosion resistance, 
abrasion resistance, or other useful properties on the 
clad face. The cladding may be of any thickness, but 
is usually from 5 to 20% of the thickness of the 
,composite plate. 
,, Figure 13-34 shows a representative sample of a 

clad steel. The backing plate is most frequently a 
$lain carbon steel such as A285, but it may be an 
alloy steel with high-strength or low or elevated- 
temperature properties. Some of the commonly 
&sed backing steels for special applications are: 

A285, the most commonly used backing 
steel. 

A515 or A516, where a killed steel is 
required or for pressure-vessel applications. 

A203, for low-temperature uses. 

A204, where higher strength than that of 
A285 at elevated temperature is needed. 

A387, where high-temperature character- 
istics and resistance to graphitization are 
required. 

A302, for high-pressure service at elevated 
temperatures. 

Common cladding materials are the chromium 
steels, chromium-nickel steels, nickel and nickel- 
copper and nickel-chromium-iron alloys, cupro- 
nickels, and oxygen-free and deoxidized coppers. 

CONSIDERATIONS WHEN WELDING 

In the weld-joining of the clad steels, it is 
essential to preserve the properties of the cladding at 
the weld. Otherwise, the desired corrosion resist- 
ance, abrasion resistance, or other property of the 

Welding Clad Steels 

clad surface would not be continuous. At the same 
time, it is also essential that the properties of the 
backing metal be maintained. These two require- 
ments mean that special joint designs and welding 
procedures must be used. The backing metal portion 
of the joint is welded with an appropriate steel elec- 
trode and the clad portion with an electrode giving a 
fill metal with properties compatible with those of 
the cladding. The joint must be designed to make 
such “duplex” welding practical. 

In general, the procedure is to weld the backing 
metal portion of the joint first, followed by welding 
on the clad side. Thus, a high-alloy-clad carbon-steel 
plate would be welded first on the carbon-steel side 
with carbon-steel electrode, followed by welding on 
the clad side with high-alloy electrode. This 
sequence prevents the formation of hard, brittle 
areas in the weld, such as would occur if carbon 
steel weld metal were deposited on high alloy. 

Figure 13-35 shows types of edge preparations 
used. Note the root faces and the stripped-back clad 
edges - arrangements designed to minimize admix- 
ture of the dissimilar weld metals. In joints where 

B&king 
steel 

Fig. 13-34. A sample of a clad steel. The cladding is bonded fo the 
backing steel under the heat and pressure of rolling. 



full strength is not required, incomplete penetration 
is sometimes used~ to avoid admixture. In light-gage 
plates, an alloy that is compatible with the cladding 
may be used for the entire joint - a technique 
referred to as “full-alIoy welding.” 

The clad steels map be welded by the shielded 
metal-arc, submerged-arc, gas metal-arc, or gas tung- 
&en-arc processes. The shielded metal-arc process 
(stick-electrode) is most widely used. 

1. Single-V or U iuint with a r00t face of carban steel. 

2. Stripped-back joint 

3. Double-bevel joint. 

Fig. 13-35. Types of edge preparations used for butt welds in clad 

” SHIELDED METAL-ARC WELDING OF CLAD 
,’ STEELS 

A six-step method for making butt welds in clad 
steel plate is summarized in Fig. 13-36. The first 
step - preparing the plate edges - is very important. 
The l/16-in. root face of backing steel is a barrier to 
minimize admixture of the dissimilar weld metals. 
The fitup must be accurate for the same reason. 
After assembly and alignment, the parts should be 
tack welded on the steel side with the same type 
electrode that will be used for the root bead. 

Welding the Steel Side 
The first weld is made on the steel side using an 

electrode that will develop the required character- 
istics of the backing steel. Care must be used to 

prevent the root bead from penetrating into the 
cladding. 

If the fitup is good and the plate edges properly 
prepared, a l/S-in.-diameter EXX27 type of elec- 
trode should give proper penetration. If a wide gap 

es 5/B” and up 
16” R 

Step No. 1 - Edge preparation. 

Step NO. 2 - Plate fitup b2- 
fore welding. The mot face of 
steel above cladding pmtects 
steel weld from high-allay 
pick-up. 

Step No. 3 - Steel ride weld- 
ed using steel electrode. Nate 
that steel weld has not pene- 
trated into the cladding. 

pared for welding by gouging; 
chipping. or grindin 

clad side. first pars com- 

Step No. 6 - Completing the 
joint. Finish pass campleted, 
clad side. 

Fig. 13-36. The standard six-step method for making butt welds in 
clad steels. 

must be bridged or if the root face of the backing 
metal is thinner than l/16-in., low-hydrogen elec- 
trodes of the EXX16 or EXX18 type should be 
used. If the cladding is penetrated by the steel root 
bead in a carbon-steel backing, martensite may be 
formed in the root pass. If the penetration is too 
shallow, the amount of metal to be back-gouged 
from the clad side and the amount of alloy weld 
metal required for fill will be excessive. 

The welding electrodes and procedures for the 
steel side are the same as would be used with unclad 
steel (see Section 6.2). 

Back-Gouging the Clad Side 
The clad side of the joint, is back-gouged to 

sound metal before welding. The operation should 
remove any unfused area and the slag from the back- 
ing-steel weld. If the workmanship has been good, 
the depth below the cladding to be removed will 
usually be not more than 1/164n. The width of the 
gouged groove should be held to the following 
approximate dimensions: 

Plate Gage 10% Clad 

3116 to 112 in. I/4 in. 
9/16 to 1 in. 318 in. 

20% Clad 

5116 in. 
l/2 in. 

Over 1 in. I l/2 in. 518 in. 
I 



MOfld 

lnconel 

Cupro-Nickel 

Note*: 

ENiCu-1 ENiCu-1 

ENiCr-1 ENiCr-1 

ENiCu-1 ENiCu-1 

1. Before wing *Iis elecfrode for 400.reries *t.i”k?ls clad- 
ding, invertigate the applicatbn to determine if nickel- 
bearing weld met.4 can be tolerated. 

If the depth of the gouged groove is excessive, 
the width of groove should be increased to permit 
electrode manipulation. The edges of the groove 
should be rounded to prevent entrapment of slag. 

Carbon-arc gouging and chipping are the pre- 
ferred methods for back-gouging clad materials. 
When chipping, sharp round-nose chisels must be 
used. 

Welding the Clad Side 
The electrode for the clad side should maintain 

the continuity of the surface properties of that side 
and contribute to the structural strength of the 
weld. Table 13-24 gives recommended welding elec- 
trodes for various claddings. 

TABLE 1324. Typical Covered Electrodes for Welding the 
Clad Side of Nonferrous and 

;:s, 
Stainless Clad-Steel Weld Joints 

$ft; 

q AISI-Type AWS-Type Electrode AWS-Type Electrode 

$,$ ,‘~ 0, for the Fim Pars ta Complete the 
6~;; : Alloy Cladding 
8;;; ~ ~, 

or Layer WeId 

@ ;~:405,410,430 E309(11(2), E430’3) E309(1)(2). E430i31 ,:_, 
E309, E312 E309. E308 

E309, E309Cb E308L. E3OQCb 

E3OQ. E309Cb 

E309 

E309Ma 

E3OQMo 

E309, E3OQCb 

E309 

E309Mo 

E309Mo,E316L, 
E316Cb 

1:’ 316L E309Cb 
:,, 
‘,‘:: ,‘3,7 E309Mo. E317 

~LowCarbon Nickel ENi-1 

Nickel ENi-1 

E316L. E316Cb 

E317 

ENi- 

ENi- 

A preheat of 3OO’F minimum is suggested for maximum 
d”Cfilif” in the heat-affected *one of the cladding. par- 
ticularly in gage* ovz, 112-i”. 

2. Postheating: Annealing 0, rtrerr-relief heat weatment after 
welding is importantfor maximum ductility and corrosion 
re5istame of heat-affected zones of 450, 410. and 405 
cladding and of 430 weld-metal deposits on rfee,. 

Caution: The facf that a”sfenific weld metal is subject f,, -. 
sens~t~zat,on when heated in stress-relieving tempe,atu,e 
ranges should also be considered. 

3. Preheaf of 400% is required. 

4. Since two layers Of depOBired meta, rn”Sf be “red. it may 
be nefe*sary to grind off parf of the first layer to make 
room for the second, parficularly on fighf gages o, fhin 
cladding*. 

Welding Clad Steels 13.6-3 

The straight chromium-clad steels (Types 430, 
410, and 405) are commonly welded with austenitic 
electrodes to avoid the brittle nature of straight 
chromium weld metal. In some instances, however, 
the latter must be used. In either case, steps must be 
taken to overcome undesirable metallurgical effects 
that occur in the cladding adjacent to the weld 
metal. When straight chromium electrodes are used, 
it is necessary to preheat to 300-400°F and to stress 
relieve after welding. Type 430 stainless steel may 
become sensitized during welding due to rapid cool- 
ing from temperatures above 1’700OF. A heat treat- 
ment of 1200-1500°F followed by air cooling will 
correct the condition. 

The electrodes indicated in Table 13-24 for 
welding claddings of the 300 series of stainless steels 
have alloy contents that compensate for the iron 
dilution of the weld metal by the backing steel. The 
application, however, may require maintaining a 
specific chemical composition, in which case an elec- 
trode with a composition more nearly that of the 
cladding should be used. If so, small-diameter elec- 
trodes should be used at moderate welding current 
to minimize weld-metal dilution. At least two layers 
of weld metal should be deposited over the steel, 
even if it is necessary to chip or grind off part of the 
first stainless bead to make room for the second 
pass. 

Microfissuring may be encountered with Types 
310 and 347 electrodes, and the phenomenon may 
affect the corrosion resistance of the deposited 
weld. In such cases, special-order electrodes may be 
suggested by the electrode supplier. 

With nickel claddings, it is virtually impossible 
to prevent iron pickup. However, the nickel-iron 
alloys formed are corrosion-resistant - even in 
caustic applications - when the iron content is as 
much as 24%. 

Small-diameter electrodes should be used with 
stringer beads for welding nickel claddings. To mini- 
mize iron pickup, the top half of the initially 
deposited beads should be chipped or ground off 
before succeeding beads are deposited. The greater 
the number of layers of nickel weld metal, the lower 
will be the iron content in the top layer - the one in 
contact with the corrosive environment in the 
application. As indicated in Table 13-24, ENi- 
electrodes should be used for welding nickel 
cladding. 

Type ENiCu-1 electrodes are used for welding 
Monel cladding. Developed specially for the pur- 
pose, these electrodes prevent the hot-short or 
brittle conditions that often result from the for- 
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Copper or Cupro-Nickel Cladding 

I ‘=O/ 

Copper or cupro-nickel 
Grind off high spofs weld metal 

A---l/16- I I 
Monel weld metal Seal bead 

Joint details Partially welded joint Completed weld joint 

Fig. 13-37. Scheme for welding copper-clad or cupro-nickel-clad plate 
in gages from 3116 to 3Bin. 

mation of nickel-copper-iron alloys when regular 
Monel welding materials are deposited against steel. 

When welding Inconel cladding, ENiCr-1 elec- 
trodes should be used to compensate for iron dilu- 
tion. The electrodes should be baked at 500oF for 
two hours immediately before use to assure X-ray- 
quality welds. 

Copper-clad and cupro-nickel-clad steels present 
a special problem because of the embrittlement that 
occurs with iron dilution. This embrittlement can be 
avoided by depositing a barrier pass of Monel weld 
metal between the steel and copper or cupro-nickel. 

When fabricating copper-clad or cupro-nickel- 
clad steels in gages from 3/16 to 3/84n. inclusive, 
the full-alloy type of weld is recommended with the 
plate edges beveled as in Fig. 13-37. Welding below 
the cladding may be done with Monel stick elec- 
trodes (ENiCu-1). Generally, l/S-in. electrodes are 
used for these plate gages and the edge preparations 
shown. Care should be taken with the root pass to 
insure uniform sealing of the gap without excessive 
burnthrough. The seal bead is also made with 
Monel-coated electrode - after the gap has been 
wire-brushed with a stainless or other high-alloy 
brush or lightly grooved by chipping or gouging. 

The weld bevel should be filled with Monel 
metal up to the bond line. The amount of dilution 
in the deposited weld metal is minimized by using 
the stringer-bead technique and depositing several 
layers rather than attempting to deposit a large 
amount of weld metal in one pass. The surface of 
the Monel weld metal should be smoothed by grind- 
ing so that high points do not affect uniformity of 
dilution in the welding that follows. 

To complete the weld, cupro-nickel or copper is 
deposited on the Monel weld metal. Copper cladding 
is preferably put on by the gas-shielded consum- 
able-electrode process, using l/16-in. bare copper 
electrode (ECU). Cupro-nickel cladding may be 

deposited with the stick-electrode process, using 
l/S-in. ECuNi covered electrode or by the gas 
metal-arc process using l/16-in. ECuNi bare elec- 
trodes. To assure a satisfactory chemical composi- 
tion at the surface of the clad, there should be at 
least two layers of clad metal above the Monel 
deposit. It may be necessary to grind off some of 
the first clad layer to obtain space for the second 
bead layer. 

With copper-clad or cupro-nickel-clad plate 
3/S-in.-thick and over, the preparations and welding 
details shown in Fig. 13-38 are recommended. The 
heavier gages may be prepared with a U bevel 
instead of a V, providing the fitup and root face of 
carbon steel are preserved. The steel side is welded 
fist with a suitable electrode, following which the 
joint is back-gouged from the clad side to a mini- 
mum depth of l/S-in. below the bond line. Monel 
metal is then deposited to bring the weld metal sur- 
face to the bond line, after which the surface of the 
Monel metal is ground and the weld finished with 
copper or cupro-nickel as described in the preceding 
text. 

Copper or Cupro-Nickel Cladding 

MOWI copper or 
weld cuproaickel 

l/16” land of carban steel 
Groove 118” 

below bond line 

Joint details Backing steel welded Completed weld joint 

Fig. 13-38. Scheme for welding capper-clad or cupro-nickel-clad plate 
in gages over 3Bin. 

Full-Alloy Welding 
A full-alloy weld is usually more economical 

than a duplex weld with light-gage cladded steels. 
Full-alloy welding may be practical for gages as 
thick as l/2-in. Welding is similar to that used for 
solid high-alloy plate. Edge preparation is simpler, 
procedures are less exacting, and labor costs are 
reduced. The full-alloy technique also minimizes 
iron pickup when welding materials such as nickel- 
clad and Monel-clad steels where higher alloy elec- 
trodes cannot be used to compensate for iron 
dilution. 

Although the material costs of full-alloy weld 
metal may be more expensive than combination 



weld metal, such costs are usually offset by lower 
labor costs. This is especially true in gages up to 
3/8-in. The economical cutoff point depends on the 
welding process, the joint position, the type of 
cladding, and specific shop practices. 

A bevel to a feather edge is usually prepared for 
full-alloy welding. The feather edge is then ground 
to give a 1/16-m. root face. The plates to be joined 
are spaced approximately 3/32-in. apart to permit 
,full penetration of the high-alloy electrode. The 
steel side is welded fist, using a l/8-in. electrode for 
the root pass. The weld is then completed by wire- 
brushing and depositing a single pass on the cladding 
side. The wire brush must be made of high-alloy 
material, such as stainless steel. Figure 13-39 shows 
the plate edge preparation and the steps used in 
making a full-alloy weld. 

A reverse-type of edge preparation is shown in 
;::Fig. 13-40. Here, the beveling is from the cladding 
@de. A l/16-in. gap is left between the unground 
@ather edges. The root pass is made from the clad- 
@ng side with l/8-in. alloy electrode. The opening 
on the steel side is cleaned before finishing the weld (#,;>;;& 
@th alloy electrode. This technique makes possible 
~%velds with very little iron dilution on the clad steel t& 
$,s,urface. 

@light-gage clad steel using a square edge prepara- 
,j@n. This is the most economical way of joining 
@$it-gage clad materials where a 100% weld is not 
required. A sealing pass is usually made first from 
,!$he’ cladding side. It should not penetrate deeply. 
;The ,joint is then completed with a deep-penetrating 
;pass from the steel side. 

‘, Figure 13-42 shows a method for full-alloy weld- 
ing of light-gage clad steel in the horizontal position. 
The top plate edge of the backing is beveled, and the 

kllav weld metal 

L Feather edge 

GWire brush 

bead on clad side 

Fig. 13-39. Standard procedures for full-alloy welding of light-gage 
steel. 

,.&I% 

her edge 

2. 

deposits 

3. 3. 

lX$Lmately 118” 

Fig. 13-40. Full-alloy welding of Fig. 13-41. Full-alloy butt welding 
light-gage clad steel using a re- of light-gage clad steel using a 
verse-bevel edge preparation. square edge preparation. 

EB 

Approxiwxel 

1: 
1 Iv ouse Allav demritr to 

Fig. 13.4;?. Preparation and scheme of fullklloy butt welding of light- 
gage steel in the horizontal position. 

AllO” deooaits 
450 / lsis&J& 1. \ 3. 

II ,,I§” Feather edge Final steel deposit 

2. 4. 

Steel deposited fo bond line 

Fig. 13-43. Combination welding of light-gage clad steel using the 
reverse-bevel technique. 

plates are fitted with a root gap of approximately 
l/8-in. The steel side is welded first with alloy elec- 
trode. Th,e weld is then back-gouged from the clad- 
ding side, and completed with two or more passes 
with high-alloy electrode from that side. 

In Fig. 13-43, the welding of light-gage clad steel 
with a cbmbination of steel and high-alloy elec- 
trodes is illustrated. A reverse bevel and a l/16-in. 
gap betwe,en the feather edges are used. The carbon 
steel electrode is used first, with metal deposited 
from the cladding side up to the bond line. The weld 
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is then completed on the cladding side with an alloy 
electrode, followed by cleaning on the steel side and 
finishing the weld from that side with carbon-steel 
electrode. 

Welding Heavy-Gage Clad-Steel Plate 
With clad steel l-l/2-in. or thicker, a single bevel 

or a J groove preparation (Fig.~ 13-44) are frequently 
used. The steel side of such a joint is usually welded 
with two manual passes, followed by submerged-arc 
welding. 

Some designs may specify a double-V or 
double-U edge preparation. In this case it is desirable 
to minimize the depth of the bevel or U on the clad 
side, as in Fig. 13-45, to minimize the amount of 
high-alloy weld metal required. 

, I 

Fig. 13-44. Standard plate edge : Fig. 1345. A doubk+U edge pre- 
preparation for welding heavy- paration for butt welding heavy- 
gage clad steel. The preparation gage clad plate. 
may be either a bevel or a J 
woove. 

GAS-SHIELDED WELDING OF CLAD STEELS 

Gas metal-arc welding, either semiautomatic or 
fully automatic, is an excellent choice for welding 
clad steels where the volume of work warrants a 
degree of mechanization. Only relatively low inputs 
give good penetration, minimizing dilution of weld 
metal by iron from the clad backing. The amount of 
dilution is also minimized if the welding arc is 
directed into the puddle and the molten filer wire is 
“flowed” into the puddle. Light-gage clad materials 
are readily welded with a square edge preparation. 

The tungsten metal-arc process can also be used 
with all types of clad steels. It, however, is usually 
considered too slow to be economical. Its use is 
limited primarily in production to the welding of 
clad plates with polished surfaces, where the smooth 
contours achieved by TIG welding save time in 
polishing the welds to match the surface of the 
plate. 

SUBMERGED-ARC WELDING OF CLAD STEELS 

The submerged-arc process gives increased weld- 
ing speeds, but requires precautions to prevent dilu- 

tion of the weld deposit with base metal. The plate 
should be given the conventional preparation on the 
steel side, with the exception that a steel root face 
of 3/32-in. minimum thickness should be left above 
the cladding. One or two beads of steel weld metal 
should then be run with stick electrode before 
finishing the weld on the steel side with the sub- 
merged-arc process. This provides a backiig for the 
submerged-arc welds and prevents penetration of the 
cladding. 

An alternate method eliminates the manual 
passes. The plate is prepared with a groove for auto- 
matic welding on the steel side, but the cladding is 
stripped back l/4-in. on each side of the weld joint 
to prevent pickup of material from the cladding. A 
wide root face of steel must be provided for backing 
the automatic weld. 

Table 13-25 gives the welding wires to be used 
on the clad side with various claddings. Certain 
precautions must also be used on this side for good 
results with submerged-arc welding. The groove 
should be back-gouged to clean, sound metal, and, if 
it is not possible to compensate for dilution by using 
a welding wire with higher alloy content than that 
of the cladding, the alloy weld metal should be 
deposited in two or more layers. All layers, except 
the cover pass, should be lightly ground or chipped 
to assist in minimizing the iron content of weld 

TABLE 13-25. Welding Wire for inert Gas or 
Submerged-Arc Welding of Clad Side 

(AWS Classification Numbers) 

rag AISI-Tvoeor 1 I I 
All& 
CIEZSS 

405 

410 

430 

For Covering Exposed Steel For Complete 
with First Pass or Layer Balance of Weld 

E309 5309 

E309 E309 

E309 E309 

t 

I 
304 E309 E309 or 

I I I E308 I 

t 

, 
321 E347 E347 

I E347 I E347 



surface. Welding current, voltze, and speed of travel - 
should be set to produce a weld with minimum 
penetration. 

HOW TO HANDLE SPECIAL JOINTS 

Sometimes it is not possible in a structure to 
weid clad steeis from both sides. When this is the 
case, backing strips can be used to allow welding 
through the composite thickness (Fig. 13-46). 

Backing side blind Clad side blind 

1( * 
Fillet weld (steel) Filtet weld (high-alloy) 

St& backing stri* High-alloy backing strip 

,(’ 

Fig. 13-46. Backing strips enable welding through the composite 
thickness when one side of the joint is “blind.” 

:j;!!:, When the clad material is on the blind side, a 
,@cking of the same analysis as the cladding is used, 
:,@ when the steel side is blind, a steel backing strip 
&sed. The backing strips are attached to one of the 
plates by fillet welds from appropriate electrodes. 
‘!:~I’,, When the clad side is blind, high-alloy weld 
~&eta1 must be used for the entire joint. When the 
steel side is blind, stee! electrode may be used up to 
,~1/16 to l/S-in. from the cladding, followed by 
high-alloy electrode. 

Wherever possible, corner joints in clad steels 
should be eliminated and formed sections as shown 
in Fig. 13-47(E) used in the design. Separate pieces 
of clad steels can then be joined by butt welds, 
which are more desirable from both the fabrication 
and structural standpoints. 

If corner joints must be used, Fig. 13-47 shows 
the arrangements likely to be encountered. Figure 
13-47(A) is the least desirable arrangement, since 
the continuity of backing is destroyed and an 
unfused area exists. It should be welded with 
appropriate high-alloy electrode from both the 
inside and outside. Such a joint should be permitted 
only in regions where stresses are negligible. 

trode, followed by back-gouging from the inside and 
finishing the weld with high-alloy electrode. The 
joints (C) and (D) should be welded throughout 
with appropriate high-alloy electrode, with the clad 
side welded first, followed by back-gouging or 
grinding before welding from the steel side. 

Welding Cltid Steels 13.6-7 

The joint in Fig. 13-47(B) may be welded from 
the clad side first with high-alloy electrode, followed 
by back-chipping the outside and welding the 
remainder of tlle joint with high-alloy electrode - or 
the steel side may be welded first with steel elec- 

WELD DEFECTS 

Since clad steels are most commonly used to 
give a corrosion-resistant surface to a structural 
material, the weld will be defective from the applica- 
tion sense if it fails to maintain the corrosion resist- 
ance of the cladding or if it fails to maintain the 
mechanical properties of the backing metal. Defects 
that would be regarded of little importance in ordi- 
nary mild-steel fabrication are of major concern 
with clad corrosion-resistant materials. Departure 
from correct procedures can result in welds of both 
poor mechanical and chemical properties. 

Undercutting is a main source of trouble, assum- 
ing the proper electrodes are selected and the proper 
procedures followed. A slight amount of undercut 
of the cladding can appreciably reduce the thickness 
of it at that point and drastically reduce the service 
life of the product. Even a minute area of reduced 
protection or no protection to a surface that must 
withstand a corrosive environment is destructive to 
the whole product. Undercutting, of course, also 
reduces the fatigue strength. When undercuts are 
detected, they should be covered with weld metal. 

Incomplete penetration and lack of fusion of the 
weld metal may lead to the initiation of cracks in 
the unfused area, and porosity on the weld surface 
may be a focal point for corrosion. Porosity occur- 
ring in clusters in the weld may be caused by exces- 
sive current, arc instability, inadequate slag removal, 
moisture on the electrode, improper groove prepara- 
tion, or improper electrode manipulation. 

Fig. 13-47. Types of corner joints encountered in clad-steel 
fabrication. 



stress relief based on the gage and specifications of 
the backing steels. 

The 300-series stainless steels are subject to car- 
bide precipitation during a stress-relief heat treat- 
ment. The effect can be minimized by the use of the 
stabilized or extra-low-carbon grades. When the 
low-carbon grades of Types 304 or 316 are used, the 
stress-relieving temperature should be no higher than 
1050°F. 

The 400~series clad stainless steels should be 
stress relieved in the range of 1100-13500F. A tem- 
perature range of 1150-1200OF may be used to 
stress relieve clads of Monel, Inconel, nickel, copper, 
and cupro-nickels. A low-carbon grade of a nickel 
clad should be used if the weldment is to be stress 
relieved or used at elevated temperature. 

13.6-8 Special Applications 

PREHEATING AND STRESS RELIEF 

Preheating is a requirement determined by the 
nature of the backing steel. It is usually necessary 
for the successful welding of alloy backing materials, 
such as A302, A204, and A387 (see Section 3.3). 
The heating requirements for clad steels are norm- 
ally the same as for solid plate. 

Stress relieving may be done to remove stresses 
induced by welding, to restore toughness to the 
backing metal in the heat-affected zone, to impart 
low-temperature toughness to the deposited weld 
metal, or to give dimensional stability to the welded 
structure prior to a subsequent operation, such as 
machining. Stress relief may be a requirement of the 
code governing the fabrication; thus, the ASME 
Unfired Pressure Vessel Code, Section VIII, specifies 

,,,, 

Using a semiautomatic welding process on a dragline bucket 



Often, the prime requirement of a metal part is 
that it have exceptionally good resistance to wear, 

Jo, ,,corrosion, or high temperatures. Rather than make 
the entire part from some expensive wear-resistant, 

‘:; ,corrosion-resistant or temperature-resistant alloy, it 
~~ is more economical to make it from an ordinary 
,i’~ steel and then cover the critical surfaces with a layer 
i<f, ~of weld metal capable of withstanding the service 
$&~‘conditions. The application of a durable surface 
~~~~~~l~yer to a metal is called hardsurfacing, and a simple 
&yay to apply hardsurfacing materials is by arc 

e are various materials that can be used for 
ing, and selecting the one best suited to a 

icular application involves balancing cost against 
ce, as in the selection of any engineering 
wo AWS specifications that pertain to 
g are Surfacing Rods and Electrodes, 

,,d composite Surfacing Rods and 

aterials are hardsurfaced to 
to corrosion or high temper- 
common reason for hardsur- 

ear resistance. Hardsurfacing 
be the main consideration in 
th corrosion resistance and 

:,,’ 
elevated-temperat.ure resistance alluded to where 
they are also factors in the selection of welding 
materials. Wear is encountered primarily in two 
forms. An abrasive or galling type of wear occurs 
when two surfaces rub or slide over one another, 
and an impact or spalling type of wear occurs when 
a surface is subjected to repeated blows or 
impingement. 

HARDSURFACING MATERIALS 

This material is also used to protect machine 
parts that come into contact with severely abrasive 
material. Screw conveyors, for example, are often 
hardsurfaced with tungsten carbide. This material is 
not recommended for protecting both surfaces in 
sliding contact, because the wear pattern is not 
smooth enough for bearing-type applications. The 
surface finish is similar to that of fine sandpaper. 

Hardsurfacing materials tend to be suited to For hardsurfacing, tungsten carbide consists of 
specific types of wear. For example, resistance to tungsten ca,rbide crystals embedded in an iron-base 
abrasive wear generally requires extremely hard alloy. This form of tungsten carbide is a cast 
materials that also happen to be somewhat brittle material and is not to be confused with the sintered 
and thus not particularly resistant to impact or chip- (or cemented) carbides used for metal-cutting tools. 
ping. On the other hand, high resistance to impact is The sintered form cannot be fusion welded. Hard- 
best provided by ductile or malleable materials that, ness of the deposit cannot be measured directly on 
in turn, are not particulaly resistant to severe the Rockwell C scale, because the bonding alloy has 

,:,,~, ,,,, ,,:;_ ,s. ,._,,,,, ;,,;_~ ,,,~ ~,,:, ~;,,; ,,,~,,_,, ,~,, :,,,~~.: ,,,,: 
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Hardsurfacing By Arc Welding 

abrasive wear. There are, however, some hardsur- 
facing materials that provide a compromise between 
these two qualities. 

The major hardsurfacing materials are discussed 
in the following text, and, except for copper alloys 
and the tool and die steels (which have specialized 
applications), are presented in order of decreasing 
hardness. This means that, in general, they are also 
presented in order of decreasing abrasion resistance 
and increasing impact resistance. 

The relative hardness and abrasion resistance of 
most of these materials are plotted in Fig. 13-48, 
which provides a graphical indication of their pri- 
mary application areas. Thus, materials in the upper 
right portion of the graph are most resistant to 
abrasive or frictional types of wear, while those in 
the lower left portion provide maximum resistance 
to impact or spalling. 

Tungsten Carbide 
Tungsten carbide is the hardest and generally the 

most abrasion-resistant of all hardsurfacing materi- 
als. It is, thus, best suited to applications requiring 
exceptional resistance to abrasion and is commonly 
used on the surfaces of tools for cutting earth or 
rock. It is particularly well suited td digging in sandy 
formations, where a coarse form of tungsten carbide 
is used so that as the hardsurfacing wears it leaves a 
rough, fast-cutting edge. 
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Fig. 13-48. Hardness and abrasion resistance of common hardsurfacing materials. 

a relatively low hardness, and the tungsten carbide 
particles have a high hardness. Metallurgists use a 
different procedure in evaluating the hardness of 
such materials, and hardness vahres when given are 
on the Rockwell A scale. 

Nardsurfacing electrodes are made by encasing 
the cast tungsten carbide and tungsten-carbon alloy 
in powder form within mild-steel tubes. During 
deposition, the steel tube dissolves some carbon and 
tungsten from the tungsten carbide particles. As 
deposited, the tungsten carbide is thus embedded in 
a tungsten-iron or steel. 

Chromium Carbides 
Chromium-carbide hardsurfacing materials are 

surpassed in hardness and abrasion resistance only 
by the tungsten carbides. But the chromium car- 

bides, being slightly softer, are slightly superior to 
tungsten carbide for impact resistance. Chromium 
carbides are, nevertheless, still considered to bs 
hard, brittle materials compared to other hardsur 
facing materials. They are extremely resistant tc 
wear and abrasion, but do not provide much resist. 
ance to chipping, spalling, or damage from impact 

The applications for: chromium carbide are 
generally the same as those for tungsten carbide! 
except that chromium carbide may also be used 
where its good corrosion resistance is a desirable 
property. Typical applications are coatings for 
earth-cutting tools, for machine parts exposed tc 
abrasive materials, and for chutes and slides thal 
convey ores or other materials not likely to impose 
significant impact loads. 

There are dozens of specific hardsurfacing alloys 
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TABLE 13-26. Ferrous Chromium Carbide Hardsurfacing Deposits 

TABLE 13-27. Nonferrous Chromium Carbide Hardsurfacing Deposits 

Typical Chemistry* (%I Typical Hot Hardness (Rci 

Room 
C Si Cr w CO Temperature 650°F 1050=‘F 1400°F 

Max. abrasion 3.2 0.8 26.0 13.5 53.0 43-58 36-46 30 37 - 51 - 54’ 

Abrasion with 

mild impact 1.1 1.5 29.0 5.5 62.0 23-47 26-40 19-32 15 - 50” 

Note: memirtry and hardners value* are for mulfilayer deposirr with manm, electrodes 

* Rockwell A 

TABLE 13-28. Semiaustenitic Steel Hardfacing Deposits 

Impact and 
abrasion 

Typical Chemistry l (%I Typical Hardness (Rcl 

Single Double 
C Mn Si Cr MO Layer Layer 

Manual 
Electrode 

:l$?arc’ 1 0.95 1 2.5 ( 1.8 

* Double Lay.3 

within the chromium carbide group. Some of these 
are ferrous-based, and some are based on cobalt or 
tungsten. The ferrous chromium carbide alloys 
(Table 13-26) are too hard to be machined and pro- 
vide excellent resistance to wear by abrasion. They 
also maintain high hardness at elevated t.empera- 
tures. Tong tips for handling hot ingots are often 
faced with chromium carbide. 

The nonferrous chromium carbides (Table 
13-27) are often referred to by the term “Stellite,” a 
proprietary trade name. Applications for the non- 
ferrous types are similar to those of the ferrous, but 
the nonferrous chromium carbides are more resist- 
ant to some types of corrosion. However, they also 
are more expensive than the ferrous types and are 

not quite as abrasion-resistant. A newer form of 
nonferrous chromium carbide electrode, having a 
wrough.t-cobalt core wire, can be deposited much 
more easily than the conventional cast electrode. 

Chromium carbides generally are nonmagnetic. 
The deposits are not affected by heat treatment, 
thus cooling rate has no effect on wear resistance. 
The materials develop a smooth surface with wear 
and can, thus, be used to protect surfaces in sliding 
contact. Bearings for use at high temperatures or in 
corrosive environments are often faced with chro- 
mium #carbide. Deposits typically range in hardness 
from 40 to 63 Rockwell C. For each material, there 
is a co:mbination of carbon and alloy content that 
gives both good abrasion resistance and impact 



,,>~,. ,~,,, ,, ,.,,,,.,,,,, 
13.7-4 Special Applications 

strength. An off-balance material, however, may 
have low resistance to abrasion and also may be 
brittle. Some electrodes are designed to produce 
good hardsurfacing deposits when diluted with steel, 
that is, they provide a one-layer deposit that is 
resistant to abrasion and to cracking. The best non- 
ferrous chromium carbide electrodes deposit metal 
that features high hardness (54-63 Rockwell C) and 
very high abrasion resistance. 

Admixture of base metal into the weld metal 
reduces abrasion resistance and increases impact 
resistance of the first layer. Thus, for maximum 
abrasion resistance, two layers should be used, with 
low current employed on the first layer to minimize 
admixture. Since the deposits are somewhat brittle, 
deposit thickness should be limited to no more than 
two layers to minimize the possibility of spalling. 
The workpiece surface should be prepared carefully, 
and underbead cracking should be avoided. 

Semiaustenitic Steels 
The semiaustenitic alloys can be thought of as 

intermediate between the hardest and the toughest 
hardsurfacing materials. They provide a balanced 
combination of good wear resistance and good 
impact resistance and probably are the most widely 
used of all hardsurfacing materials. The deposits are 
either hard as deposited or become hard with peen- 
ing impact in service. They are also hardenable by 
heat treating. 

These alloys are iron-based materials that con- 
tain up to 20% alloying elements. The varieties most 
commonly used have from 1 to 2% carbon and from 
5 to 12% chromium (Table 13-28). The name for 
these materials comes from the fact that the alloy, 
principally austenitic as deposited, remains only 
semiaustenitic upon cooling. Various metallurgical 
structures are possible, depending upon the specific 
composition of the deposit and its cooling rate. 

If the deposit cools quickly (small electrode, 
short beads, and base metal cold before welding), 
the deposit will be predominantly austenitic and, 
thus, will be soft and tough. Slow cooling, however, 

does not impair wear resistance. Also, the surface 
will work-harden. For example, a material that is 30 
Rockwell C as deposited will become more than 50 
Rockwell C after moderate peening. 

If the deposit cools slowly (large electrode, con- 
tinuous welding, or preheated base metal), most of 
the austenite has time to transform to martensite, 
and the deposit will be less ductile. Both types of 
deposit work-harden to the same final value. 

This group of alloys is machinable with tungsten 
carbide tools after a long anneal at high tempera- 
tures. Some of the alloys can be hot-forged. 
Although there is a wide range in hardness in this 
group, abrasion resistance does not vary greatly. 
Some of the alloys that are hard as deposited are not 
as resistant to grinding abrasion as some of those 
having a much lower hardness. The alloys that 
work-harden are superior for service involving a 
combination of impact and abrasion. 

Two-layer deposits are generally recommended, 
except with certain submerged-arc processes that 
produce good wear resistance with one layer. If 
machining is required, the deposit must be annealed, 
machined, and then heat treated. 

Some alloys of this group may tend to lift or 
peel away from the substrate upon cooling, particu- 
larly when the base metal has less than 0.15% car- 
bon. This is caused by a highly brittle zone that 
forms between the base metal and weld metal. The 
transformation and shrinkage stresses then promote 
cracking and peeling. This effect can be minimized 
by slowing the cooling rate with a 300°F preheat, 
and by peening each bead while it is hot. Also, the 
first layer can be deposited with high current and 
fast travel as a series of stringer beads separated by 
small gaps. The high admixture that results avoids a 
brittle zone. The second layer is then applied 
conventionally. 

Austenitic Manganese Steels 
The austenitic manganese-steel hardsurfacing 

materials (Table 13-29) are tougher and slightly less 
abrasion-resistant than the semiaustenitic materials, 

TABLE 13-29. Austenitic Mn Steel Hardsurfacing Deposits 

Typical Chemistry l (%) Typical Hardness* 1Rcl 

C Mn Si Ni MO As-Welded Work Hardened 

Severe impact 
Manual electrode 0.62 14.2 0.15 1.15 17-20 43-48 

Self-shielded 

flux-cored electrode 0.65 13.5 0.5 2.6 0.5 10-15 35 45 - 

* Multiple layers on Pm Steel 
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and are considered to be extremely good alloys for 
resistance to impact. A typical application might be 
for coating an ore chute where large rocks may 
occasionally strike the chute with great force. 

The deposit normally contains from 11 to 14% 
manganese and is work-hardenable. Worn manga- 
nese-steel parts often are built up nearly to size with 
austenitic manganese-steel electrodes, and then are 
coated with a thin layer of semiaustenitic steel to 
enhance the abrasion resistance. There is not much 
variation in the hardness or the abrasion resistance 
of austenitic manganese deposits. Most deposits 
contain about 1.0% carbon and some molybdenum 
or nickel. High-manganese deposits are not recom- 
mended for resistance to grinding abrasion but are 
superior for resistance to a combination of severe 
,impact and abrasion. 

The required alloy content of the overlay can be 
,deposited easily without special precautions. Admix- 
‘sure of a manganese-steel base metal into the weld 
&metal has no affect on wear resistance. Admixture ;;:;, 
@f carbon steel into the weld metal can reduce wear 
@srstance slightly. Two-layer deposits are recom- 
&nded for best performance. Cooling rate has no 
/$ffect on wear resistance, nor does heat treating 
have any effect on machinability or wear resistance. 
,;@olonged heating above 500°F, however, may 
@ibrittle manganese steel base metal. 
?!:? Spalling is rarely encountered with these 
&posits, especially if the surface is prepared prop- 
erly and if thick deposits are peened after each layer 
js, applied. There is the possibility, however, that ,,, 
,prolonged or repeated heating of manganese-steel 
base metal over 500°F may promote embrittlement 
and spalling. Thus, heat input should be limited by 
such techniques as keeping preheat to 70°F (except 
when a 100 to 2000F preheat may be needed to 
prevent cracking of a massive part), by using skip 
welding, or by employing low welding currents. 
Because weld metal has a lower carbon and silicon 
content than manganese-steel base metal, the 
deposit generally does not become embrittled. 

Austenitic Stainless Steels 
Though not “hard” materials in the generally 

accepted sense, austenitic stainless steels are grouped 
with hardsurfacing alloys because this type of stain- 
less steel provides an extremely tough, ductile coat- 
ing with exceptionally good resistance to chipping 
from repeated impact forces. These deposits also 
provide good corrosion resistance. Such coatings 
typically are used to protect water-turbine blades 
from corrosion and cavitation erosion. The E300 
series stainless steels work-harden, but not to the 
extent of the manganese steels. Abrasion resistance 
is higher than that of high-carbon steel of the same 
hardness. 

Stainless steel deposits are sometimes used as 
base layers for other hardsurfacing materials. For 
example, an initial layer of stainless avoids a brittle 
bond that otherwise would develop between a 
carbon-steel base and a manganese-steel coating. 
E308 and E312 electrodes are usually used for these 
base layers. E312, being a higher alloy than E308, is 
less affected by admixture of the base metal. 

Martensitic Stainless Steels 
Types 410 and 420 stainless steels (Table 

(13-30) produce dense, homogeneous weld metal 
with good resistance to cracking. For best results the 
deposit should be at least two layers thick, and 
preferably should be three or more layers thick. 

Type 420 must be finished by grinding if a 
machined finish is required. Type 410 can be 
machined with carbide tools at slow cutting speeds. 
The deposits usually are used in the as-welded con- 
dition. 

These stainless steel deposits are widely used for 
metal-to-metal wear, such as that encountered with 
bearings operating at elevated temperatures and with 
rolls used in steel mills. A typical application is a 
deposit for a backup roll on a hot-rolling mill. 

Heat-Treatable Steels 
Several types of heat-treatable steels are used as 

TABLE 13-30. Martensitic Stainless Steel Hardsurfacing Deposits 
7 

Typical Chemistry * (%I Typical Hardness (RcJ 

Single Double Multiple 
C Mn Si Cr Layer Layer LWW 

Type 420 0.23 1.1 0.9 13.0 45 - 47 49 -51 52 - 54 

Type 410 0.08 1.1 1.0 12.5 B-40 37 - 40 30 - 32 

’ Three-layer deposit by submerged-arc 



hardsurfacing materials, (Table 13-31). These steels 
produce hard, abrasion-resistant surfaces if the 
deposit is cooled quickly, or they produce a softer, 
tougher deposit if allowed to cool slowly. Hard 
deposits can be softened by annealing. These materi- 
als are commonly used for surfacing or for building 
up parts prior to hardsurfacing by other alloys. 

High-Carbon Steels: The cooling rate of high- 
carbon steel must be rapid to produce maximum 
abrasion resistance. At best, the high-carbon steels 
may rival some of the chromium carbides, but if 
cooled slowly the deposit is less abrasion-resistant. 

The abrasion resistance of highcarbon weld 
deposits increases with hardness. The maximum 
ductility and impact resistance for a given hardness 
is obtained by quenching and tempering, however, 
heat treated properties may be approached by weld- 
ing alone. To achieve such results, use minimum 
preheat and deposit the weld metal in small stringer 
beads or thin layers. Before depositing the next bead 
or layer, allow sufficient time for the high-carbon 
weld metal to transform to martensite. Using this 
procedure, each bead tempers the martensite of the 
previous bead and the weld as a whole approaches 
the quenched and tempered condition. 

Published hardness values are normally for 
multilayer deposits applied manually, but the hard- 
ness of single-layer welds, which are influenced more 
by admixture with the base metal, may be higher or 
lower than that of multilayer deposits. This effect 
depends on the hardenability of the weld metal. A 
low-carbon electrode deposited on high-carbon steel 
produces a medium-carbon weld metal. 

It is possible to have a combination of analyses 
that produces an exceptionally hard deposit. For 
example, a low-carbon but high-alloy base metal, 
when surfaced with a high-carbon electrode, pro- 
duces weld metal that is high in carbon and has 
absorbed enough alloying elements to produce 

higher hardenability than either a multilayer high- 
carbon deposit or the low-carbon high-alloy base 
metal. 

Medium-Carbon Alloy Steels: These materials 
are most often used to provide protection against 
metal-to-metal wear, and for building up steels 
before they are surfaced with the carbide types of 
hardsurfacing alloys. Though these alloys have low 
abrasion resistance. some of them have exception- 
ally high tensile strength and ductility, and thus 
resist deformation and cracking from impact. 

The chemical analyses of this group range from 
0.15% carbon with a total of 2.0% chromium, 
manganese, molybdenum, silicon, and other ele- 
ments, on up to 0.5% carbon with 5.0% alloying 
elements. Hardenability increases with ahoy con- 
tent; the as-welded hardness on preheated work is 
higher than can be obtained with high-carbon 
deposits. The lower limit on carbon restricts the 
maximum hardness obtainable, but also increases 
impact resistance. The metal-arc deposits are air- 
hardenable and, in the as-welded condition, have 
high toughness and good abrasion resistance. 

A low-ahoy content in the deposit reduces 
abrasion resistance, but increases impact strength. 
On some deposits, normal procedural variations do 
not change alloy content significantly, while with 
other deposits the alloy content can be varied easily 
by altering procedures. 

Admixture has little effect on multiple layer 
deposits. However, admixture may raise the carbon 
or alloy content in the first layer on medium to 
high-carbon steel and on some low-ahoy steels. High 
admixture also may lower the first-layer alloy con- 
tent with substrates of low-carbon steel. 

Slow cooling increases the impact strength of 
medium-carbon alloy steel deposits and also 
improves the machinability of some deposits. For 
best machinability, deposits should be annealed (and 

TABLE 13-31. Heat-Treatable Hardsurfacing Deposits 

,,, ,~~, ,~I,,,~i_~,~_, :-.,~~,~L 

13.7-6 Special Applications 

,I 
,,,,: I; 
,:;, 

* Three-Iaver dewsif on mild *fee, 

+ oew*its can be machined with carbide fO.a,S WithoUt anneating if welded With proper prOCed”,e* 

(/Must be annealed before machining 
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then heat treated after machining). 
Tool and Die Steels: Hardsurfacing with these 

alloys is commonly used to repair worn edges or 
surfaces of tools and dies and for applying durable 
wearing surfaces to dies made up of low-cost alloys 
such as mild steel. Electrodes. for these applications 

,, generally are of either the chromium-type or molyb- 
denum-type, although some tungsten-types are also 

~,, available (Table 13-32). 
The chromium-type consists of general-purpose 

“, alloys that provide a balanced combination of prop- 
erties. These alloys are generally used when die 

,‘, temperatures are not expected to exceed 600°F. 
For cutting tools and other high-temperature opera- 
tions, the molybdenum types are used. These alloys, 

:, commonly referred to as high-speed tool steels, 
,i<:, retain full hardness at temperatures to about 
& 1000°F. The molybdenum high-speed steel is the 
a&type most commonly used as an electrode. 
@@ 
)g& ,’ 
@Copper Alloys 
p@$-j 
f&:;; ,, Copper alloy overlays are used primarily to pro- 
&vide bearing surfaces for sliding metal-to-metal con- p&y 
@44& *Mact, and for corrosion resistance. The copper-based g&p ,’ @#e,materials used primarily are aluminum bronze, phos- @g+: 
@@phor bronze, and silicon bronze. Pure copper is 
~~~eldom used. 
&& ” Aluminum bronze provides a good bearing sur- 
~~~~a~e against steel and has f&ly good corrosion 
;@resistance. Phosphor bronze, although not as hard as 
@aluminum bronze, also makes a good bearing surface 
II:!,“,;‘&rd resists corrosion. Silicon bronze has poor bear- 
@g properties and is used only for corrosion 
‘, ‘: resistance. 

For best results, if applied to steel the copper- 
based overlays should be applied in three layers to 
reduce admixture in the final deposit. Total thick- 
ness of the d*eposit should not be less than l/4-in. 
after final machining. Deposits are readily machined, 
unless there is excessive admixture of iron base 
metal, which causes hard spots. 

SELECTING HARDSURFACING ALLOYS 

The choice of hardsurfacing alloy depends in 
part on the reason for applying the deposit. Nearly 

all applications can be categorized in one of three 
classes: 1. A cutting edge is to be maintained. 2. A 
single surface is to be protected without regard for 
maintaining a sharp edge. 3. Two surfaces in sliding 
contact are to be protected. 

Selection of an alloy also depends on the nature 
of the service creating the noed for hardsurfacing. 
Wear-producing conditions usually result from some 
combination of: 1. Abrasion or erosion from sliding 
contact. 2. Impact or chipping forces. 3. Loss of 
hardness or strength from extreme heat. 4. Corro- 
sion or other chemical effects. 

Silectitig To Maintain a Cutting Edge 
Selection of an alloy to maintain a cutting edge 

depends upon whether the primary concern is to 
minimize over-all wear while maintaining the cutting 
edge, or whether the objective is merely to maintain 
a sharp edge without particular concern for tool 
wear. A metal-cutting tool, for example, must main- 
tain shape and length as well as sharpness, while the 
efficiency of earth-cutting tools, on the other hand, 
is not particularly impaired by nominal dimensional 
wear so long as the edge stays sharp. 

Hardfacings of tool steel and high-speed steel are 
recommended where dimensional features as well as 
sharpness are to be maintained. Typical applications 
are shear blades, punches, and metal-cutting tools 
where the cutting edge must not only stay sharp, 
but must maintain its initial size and shape to per- 
form satisfactorily. Failure of these parts usually is 
by upsetting, chipping, spalling, or galling - caused 
by high compressive loads and by the flow of metal 
being cut. Impact and abrasion are seldom problems. 

High-speed steel is applied where high tempera- 
tures are encountered, while the less expensive tool 
steels are applied for service below 600OF. Deposits 
of either of these alloys are homogeneous and fine- 
grained. They can thus be ground to a sharp thin 
edge that resists upsetting or chipping. 

Entirely different materials are recommended if 
dimensional wear is not of concern. Typical applica- 
tions of this type are earth-scraping tools, earth- 
drilling bits, ensilage knives, and shredder blades. 

An important aspect of this class of hardsur- 
facing is the principle of self sharpening. If a wear- 

TABLE 13-32. Typical Tool and Die Steels 

C Cr MO w V 

Cr-Type 0.35 5.0 1.5 1.5 0.4 

W-Type 0.70 4.0 - 18.0 1 .o 

MO-Type 0.85 4.0 5.0 6.2 2.0 
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Fig. 1349. Producing a self~sharpening surface by hardfacing. A thin. 
wear-resistant advancing surface la) promotes a wear pattern that 
tends to maintain a sharp front edge. A thin. hard coating (bl provides 
fast cutting but short life. while a thick deposit provides longer life 
but slower cutting. 

resistant coating is placed only on the advancing 
edge of the tool, the back surface wears away at a 
greater rate and thus tends to promote a sharp cut- 
ting edge as shown in Fig. 13-49. Rate of wear and 
sharpness of the cutting edge are both inversely 
proportional to the thickness of the hardsurfacing. 
Thin deposit provides a sharp, fast-cutting tool that 
wears relatively fast, while a thicker deposit wears 
more slowly but provides a duller edge. If both front 
and back sides of the tool are hardsurfaced, the tool 
tends to dull rapidly and soon begins to slide over 
rather than cut into the earth or workpiece. 

In this class of applications where sharpness 
rather than dimensional wear is of main concern, 
carbide materials are often selected. Coarse particles 
of tungsten carbide provide longest life for earth- 
cutting tools used in highly abrasive sandy forma- 
tions. As the bonding material in the hardsurfacing 
wears away, coarse particles of tungsten carbide are 
exposed to produce a rough, fast-cutting edge. Fine 
carbide deposits are preferred where smoother wear 
patterns are required as with various types of knives. 

Chromium carbides are used on cutting edges 
where abrasive conditions are not particularly severe 
and where a lower-cost material is preferred. These 
materials readily self-sharpen and provide smoother, 
lower-friction edges than those of tungsten carbide. 

Neither tungsten carbide nor chromium carbide 
are suited to applications where high impact loads 
occur. The semiaustenitic and austenitic manganese 

,‘, ,,, ~,,,:,, ~~~~~,,; ,::,, ,.~, ,,,~ ,,,,: ~,::,,,~I, ,,,, +d{$ 
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steels provide longest life for edges subjected to 
chipping and impact. Edges protected by these 
materials are not self-sharpening, but wear to a 
rounded contour that is tough and ductile. Tungsten 
carbide and chromium carbide tend to chip away 
from dipper teeth handling large rock. But austenitic 
manganese or semiaustenitic deposits work-harden 
and, thus, become resistant to abrasion, while 
impact forces are cushioned by the softer metal 
below the surface. 

Selecting to Protect a Single Surface 
The need to protect a single surface accounts for 

the largest number of hardsurfacing applications. 
The objective is to prevent wear of the surface with- 
out regard for a cutting edge or for wear on a con- 
tacting surface. It may be desirable to have a low- 
friction surface that polishes well (a plowshare or 
moldboard, for example), or a rough high-friction 
surface (dredge stud clamps) may be preferred. 

Chutes for conveying bulk materials are com- 
monly hardsurfaced. In general, hard materials such 
as chromium carbide are preferred if fine-grained 
ores or earth are being conveyed without large rocks 
or other objects that could cause impact. Semi- 
austenitic or manganese steels are preferred if heavy 
bulky pieces are being dumped onto a chute or if 
other service demands are likely to produce high 
impact forces. 

Screw conveyors and earth-drilling tools are 
normally protected by hard materials such as the 
carbides. Stainless steels are used to provide cor- 
rosion resistance and protection against erosion in 
water pumps, and for applications requiring good 
impact resistance. 

Selecting To Protect Contacting Surfaces 
This type of application normally entails metal- 

to-metal wear under various combinations of 
abrasion, impact, friction, and corrosion. The sur- 
facing material must wear smoothly,~ have a low 
coefficient of friction, and have little or no ten- 
dency to seize or gall. One type of hardsurfacing 
definitely not suitable for this class of application is 
tungsten carbide. 

Often one surface requires more protection than 
the other. In such cases, one surface may be coated 
with bronze while the other surface is not coated. 
The bronze then wears sacrificially, thereby pro. 
tecting the other surface. 

High-carbon electrodes are usad to build up 
shafts that are to operate with lubrication. The 
high-carbon deposit when machined or ground pro. 



. 
: vldes a smoother surface than is readily obtainable 

with a mild-steel electrode deposit. Bearings 
aperated at elevated temperatures are surfaced with 

~ the chromium carbides, the stainless steels, and the 
,: high-chromium and nickel alloys. 

Parts operating under corrosive conditions are 
c protected by surfacing with chromium carbides and 
:, some of the stainless steels. Chromium carbide 

~1 facings also give good service on parts operating in 
:‘,, ‘sand or ‘mud. Rubber, though obviously not applied 
,“,: by welding, is quite wear-resistant Andy is a good 

,,wearing material for journals and bushings used 
:‘,,,,underwater. Steel shafts give long service when they 
::, run in rubber bearings and are lubricated with water 
I;;,~,~ to keep out sand and mud. 
;;:,I;, Galling is the major problem in nonlubricated 

tal contact. Two alloys of identical type 
ore prone to seize or gall than two different 
als, probably because the materials are alike in 
al analysis or in surface condition. Two alloys 

at provide good service underwater and fair service 
sandy mud may soon chew each other up when 

e run dry. Soft iron alloys are more likely to 
than harder ones, and rough surfaces gall more 
ily than smooth ones. 

nning-in period with lubricant is recom- 
for freshly machined or ground surfaces 

often have irregularities that intermesh 
e tears that promote seizing. 

siderations in Selection 
$;;z,:,;,,’ A tough, ductile hardsurfacing material may be 
::;:;~specified for a new application where no prior 
:;:,,,experience exists. With a tough material, any failure 
,,’ that may occur is likely to be gradual rather than 

~’ ‘catastrophic. The semiaustenitic steels are recom- 
mended for such initial trials. If these materials hold 
up without chipping or impact fracture, one of the 
tougher chromium carbides might be used on the 
next trial. Progressively harder alloys could then be 
tried to improve abrasion resistance. 

Examination of prior hardsurfacing failures pro- 
vides valuable clues to selecting a superior material. 
However, meaningful information can be gained by 
examining a part that is only partially worn, since a 
totally worn part often tells very little about the 
way the wear progressed. For example, it may be 
impossible to determine whether hardsurfacing was 
worn away by abrasion or by impact if no hard- 
surfacing material remains on the part. 

Also, it is often less costly to refinish a part 
while it is only partially worn instead of waiting 
until it is severely worn. The reason is that rate of 

Fig. 1350. Configuration where rate of wear increases as wear prog- 
resses. Minimal bulk material is abraded from slightly warn dipper 
tooth (a). but increasingly larger amounts of bu!k material are 
removed (b) as advancing edges wears, because more wearing surface 
is exposed to the abrading action of earth flow. 

wear often increases as wear progresses. A rock that 
scratches a dipper ~tooth, for example, will remove 
only a small amount of surface material if it abrades 
against hardsurfacing. But if the hardsurfacing is 
worn away, the same rock will likely create a large 
gouge in the tooth, thereby requiring expensive 
rebuilding of underlying metal prior to hardsurfac- 
ing. Self-sharpening blades in particular, where 
hardsurfacing is applied only to the advancing edge, 
should be hardsurfaced regularly (Fig. 13-50) to 
avoid excessive wear of the softer blade material. 

The hardsurfacing job may have restrictions that 
narrow the field of possible surfacing materials. 
Examples are where: 

l The deposit must be machinable as welded. This 
requirement eliminates ad materials except the 
medium-carbon, low-alloy types. The machina- 
bility of a medium-carbon, deposit depends on 
the rate of cooling; preheating must be used on 
large members ta provide a deposit that is 
readily machinable. Deposits of austenitic 
manganese steel, chromium carbide, and stain- 
less steel can be finished by grinding. The possi- 
bility of using an alloy that requires grinding 
should always be considered, for the increased 
life may more than offset the higher finishing 
costs. 

l The deposit is to be machined, but may be 
annealed after welding and then hardened after 
finishing. This requirement increases the number 
of deposits that may be used. Possible surfacing 
materials are high-carbon tool steel and some of 
the low-carbon, low-alloy types. Materials that 
should not be used include stainless steel, 



chromium carbides, tungsten carbides, and high- 
manganese steel. 

l The part and the deposit are to be hots-forged. 
This requirement eliminates the tungsten car- 
bides and the chromium carbides. The high- 
carbon and medium-carbon deposits are 
forgeable at red heat and are also ductile enough 
to be straightened and forged to some extent 
after quenching for hardening. These steels form 
hard martensite when quenched, but the trans- 
formation does not take place until the work has 
cooled to 300 or 200OF. The part may be taken 
from the quenching bath at 400-500°F and then 
straightened or forged a small amount while it is 
still in the ductile austenitic state. If then cooled 
in air or in the quenching bath, it will be just as 
hard as if it had been given a complete quench. 
It may also be tougher, for the martensite is 
given more time to form. 

l A cutting edge is required for cutting or turning 
steel. This specification necessitates the use of a 
material with high hardness,. high red hardness, 
and a high edge strength. The field is limited to 

,,, ,: one of the high-speed tool steels or a tungsten 
::,, ,, carbide insert. 

i;:, l The deposit must have maximum resistance to ,: _: 
:z,;, grinding abrasion. Tungsten carbides or 
j: ::,,,, 

chromium carbides are likely to be best for this 
requirement. Chromium carbides are preferred if 

,,,, ,:,, low cost is important. 

i 

‘,,, METHODS FOR DEPOSITING 
HARDSURFACING 

Arc welding processes are generally preferred for 
hardsurfacing for reasons of speed and low cost. 
However, some hardsurfacing is still done by 
oxyacetylene processes. The arc processes used are 
simply counterparts of the methods used to join 
metals, except that hardsurfacing electrodes are used 
in place of other welding electrodes or filler wires. 
In submerged-arc hardsurfacing, alloy elements can 
be added to the deposit by the flux. Carbon-arc 
processes are also used. 

On steels that are sensitive to overheating, such 
as adstenitic manganese steel, the oxyacetylene and 
gas tungsten-arc processes should be avoided. Other 
steels and other surfacing materials may be hardsur- 
faced by the oxyacetylene or gas tungsten-arc 
processes as well as the metal-arc processes. 

,The oxyacetylene and the carbon-arc processes 
are used for small, delicate pats and where only a 

thin layer of surfacing is to be applied. Coal cutter 
bits, for example, often are hardsurfaced by 
oxyacetylene welding. 

Either the oxyacetylene or the carbon-arc 
process is recommended to deposit nonferrous 
chromium carbide alloys in cases where the sur- 
facing must be iron-free. By careful manipulation, 
the alloy may be sweated to the steel base metal and 
welded without penetration or alloying with the 
steel. Corrosion resistance and abrasion resistance 
are lowered when these alloys are diluted with iron. 

A possible drawback of metal-arc processes for 
hardsurfacing is the deep penetration they produce. 
The more the base metal is melted, the greater the 
alloying of the deposit with the base metal. Deep 
penetration is usually a disadvantage since it 
increases the thickness of the hardsurfaced deposit. 
The total amount of hardsurfacing is the build-up 
from the surface plus the penetration below. If the 
amount of build-up is limited, then deep penetration 
may be desirable. 

In most cases, the first layer of surfacing has 
lower abrasion resistance but more resistance to 
impact-than the undiluted alloy. This gives a gradual 
change from the base metal to the hardsurface. But 
diluted surfacing may produce brittle alloys, as 
sometimes occurs when carbon steel is deposited on 
austenitic manganese steel. 

Hardsurfacing alloys containing boron should be 
deposited with an oxyacetylene torch, and care 
must be taken to prevent the formation of the 
brittle iron-boride crystals. 

Manual hardsurfacing for repair or renewal of 
worn surfaces is usually done by metal-arc welding 
and coated or bare electrodes. Semiautomatic and 
automatic hardsurfacing techniques are often used 
on large volume production or for protection of 
large contact areas, such as tread-type tractor idler 
rolls, or where composite hardsurfacings must be 
provided on new equipment. 

Control of Properties 
Once a specific hardsurfacing deposit is selected, 

the alloy content and cooling rate of the deposit 
must be carefully tailored to provide the desired 
abrasion resistance and impact properties. Alloy 
content is determined primarily by the material 
selected, the procedures employed to lay the 
deposit, and by the resulting admixture of deposit 
and base metal. Important procedural considerations 
are: 

Surface Preparations: Remove grease and oil 
with a solvent, and remove rust and dirt by wire- 
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brushing. If contaminants are not removed, they can 
cause porosity, cracking, and poor deposit quality. 
For a good bond between base metal and weld, use 
arc-gouging or grinding to remove cracks, the 
remains of old high-alloy hardsurfacing deposits, or 
badly work-hardened or distorted surfaces. Fill 
cracks, gouges, and surface depressions by manual 
welding. 

Preheating: Most hardsurfacing does not require 
preheating, except for bringing the part to a room 
temperature of 70-100oF. Medium to high-carbon 
and low-alloy steels may require higher preheat to 
prevent underbead cracking, weld cracking, spalling, 
or stress failure. Higher preheat is needed for mas- 
sive or rigid parts and when cracking actually is 
encountered. Parts are normally preheated by gas or 
oil torches, ovens, or electrical heating devices. The 

,,:’ particular method used depends upon the size of the 
i;;jpart and the equipment available. Preheating is of no 
@enefit if the part cools before welding. 
gg, gzlstY,:,’ Always be sure the area to be surfaced is at the 
#@ecified preheat temperature before starting to 
$@veld. Sometimes it is advisable to check the tem- 
&glp, f@ erature of the p& during welding to be sure it has 
&ot cooled. More heating may be needed if welding 
&&mterrupted. Interpass temperature - the tempera- 
&tire of the surface when welding all layers except 
&he first - is just as important as preheat tempera- 
&ure and should usually be as high as the preheat. 
“;f:( sp ecial care should be taken to avoid overheating 
!j:I manganese steel.) 
I_ Build-up: Some hardsurfacing deposits are 
,:: limited to two or three layers, therefore badly worn 
” surfaces are normally rebuilt to within 3/16-3/S in. 
or original size before hardsurfacing. The electrode 
for the preliminary build-up usually should have a 
strength similar to the base metal. 

Pattern of Deposit: Pattern of deposition usually 
is not important. However, these guidelines can be 
applied: 

l The best pattern is usually the one most 
economical to apply. 

l The pattern affects shrinkage stresses and can 
thus be used to help control distortion and 
cracking tendencies. 

l A pattern with openings between beads is 
acceptable if the openings fill with abrasive 
material in service. 

l For roller applications, beads placed on the rolls 
across the flow of material help pull material 
through the rolls, for example, rock crusher 
rolls. 

l Beads placed parallel to the flow of abrasive 
material smooth the flow and thereby reduce 
wear. 

Admixture and Cooling Rate: Small beads made 
with small electrodes and low currents have fast 
cooling rates and low admixture. Using two layers 
reduces admixture in the final layer. 

Although cooling rate affects wear resistance of 
some deposits, it has a much greater effect on the 
control of spalling, cracking, and distortion. There- 
fore, a slow cooling rate may be required to reduce 
these undesirable effects even if wear resistance is 
reduced as a result. 

Methods of controlling cooling rate include: 

l Providing adequate preheat. 

l Utilizing heat input from the arc or flame during 
hardsurfacing. 

l Insulating the hot part immediately after hard- 
surfacing with dry sand, lime, or an asbestos 
blanket. This method helps minimize residual 
cooling stresses, weld cracking, and distortion 
but does not affect wear resistance of most 
deposits. Large parts draw heat away from the 
weld more quickly than small parts and thus 
cool the weld faster. 

Avoiding Spalling 
Spalling is the breaking of weld metal particles 

away from the base metal or underlying hardsurfac- 
ing layers. The broken pieces may vary in size from 
small chips to large chunks that expose the base 
metal. To avoid spalling: 

Prepare the Surface: As in production welding, 
hardsurfacing welds must have a sound crack-free 
bond with the base metal. Such bonds are obtained 
when the workpiece surface is clean and all cracks 
and surface damage are repaired. 

Avoid Underbead Cracking: Rapid cooling from 
welding temperature can cause brittle, crack- 
sensitive heat-affected zones in some base metals. 

High point on track 
Fig. 13-51. Conditions that promote spaillng. nlgn polnrs on a ruuyrl 
deposit or a bead higher than the rest of the deposit (aI absorb a 
disproportionate amount of load and may thus tend to break away. 
Mismatched mating surfaces or improper alignment (bl produce load 
concentrations that promote wear or fracture in the coating. 



These zones tend to crack in service and thus lead to 
spalling. Proper preheating is the surest way to avoid 
this problem. 

Limit Deposit Thickness: Applying hardsur- 
facing in thick deposits builds up shrinkage stresses 
that promote spalling. Do not use more hardsur- 
facing layers than specified for each type of deposit. 
If thicker welding is required, rebuild before 
hardsurfacing. Peen each layer of thick build-up to 
relieve stresses. 

Other causes of spalling are presented in Fig. 
13-51. 

Avoiding Underbead Cracking 
Underbead cracks are small cracks that may 

occur in the heat-affected zone of the base metal 
under the weld. The cracks do not usually show on 
the surface but can promote spalling or cracking in 
the deposit. 

The tendency for underbead cracking depends 
primarily upon the carbon and alloy content of the 
base metal. It is independent of the type of weld 
deposit when low-hydrogen processes or electrodes 
are used. Electrodes that are not the low-hydrogen 
type may require 100 to 300°F higher preheat than 
other build-up or hardsurfacing electrodes. However, 
welding with these electrodes on hot build-up layers 
usually avoids problems. All build-up and hardsur- 
facing should be completed without long delays to 
keep the part hot. 

The easiest way to prevent underbead cracking is 
to slow the cooling rate by preheating. Always be 
sure the part is up to room temperature (70-lOOoF) 
before welding or use higher preheats if specified for 
the particular base metal. 

Recommended Preheats 
Low-Carbon Steel: Materials with carbon con- 

tents of approximately 0.10 to 0.30% are only 
slightly hardenable, thus preheating above room 
temperature is rarely needed. However, heavy, mas- 
sive, or rigid parts containing more than 0.20% 
carbon should be preheated to 100 to 300OF. 

Medium-Carbon Steel: Materials of 0.30 to 
0.45% carbon are moderately hardenable, especially 
in large parts and heavy sections. Preheats to 
300-500°F are recommended for higher carbon 
contents and for large, rigid, or complex parts. 

High-Carbon Steel: Materials of approximately 
0.45 to 0.80% carbon are highly hardenable and 
crack-sensitive in all sizes and shapes. Preheat to 
500-800°F, using the higher temperatures for the 
higher carbon contents and for large, rigid, or com- 

plex shapes. When carbon content is near 0.80%, 
deposit a “buttering” layer with E7018 electrode 
(or with a mild-steel submerged-arc flux and elec- 
trode) prior to depositing build-up or hardsurfacing 
layers. The buttering layer minimizes the danger of 
underbead cracking and provides a good bond 
between base metal and hardsurfacing deposits. 

Low-Alloy Steel: These steels vary from medium 
hardenable to highly hardenable, depending upon 
carbon and alloy content. Preheat to 100-500oF, 
using the higher temperatures for higher carbon and 
alloy contents and for large, rigid, or complex 
shapes. Preheat temperatures up to 800oF or a but- 
tering layer may be required if the carbon content is 
over 0.35%. 

Manganese Steel: Steels containing 12 to 14% 
manganese are not particularly hardenable or crack- 
sensitive. Preheat is not often required. But if parts 
are massive or highly rigid, preheat to lOO-2000F. 
Prolonged heating over 500°F can cause embrittle- 
ment, so avoid high localized heating. On small 
parts, avoid high localized heating by using a skip 
welding technique. 

Cast Iron: This material is extremely crack sensi- 
tive. The heat-affected zone may be full of cracks 
even with preheat temperatures of 1200-14000F. 
Therefore, hardsurfacing cast iron is generally 
uneconomical. If it must be welded, follow standard 
cast-iron welding precautions. 

Avoiding Stress Failure 
Some parts contain high retained internal 

stresses. When welding stresses are added to these 
retained stresses, the part can fracture. 

Several typical failures are shown in Fig. 13-52. 
Such failure can occur near the weld or at any weak 
pomt m the part, and is most commonly encoun- 
tered when hardsurfacing: 
. 

. 

. 

. 

. 

Highly rigid parts. (Massive parts and complex 
shapes are inherently rigid.) 

Shrink-fit parts. 

Some large castings, particularly when they are 
made of medium to high-carbon steel or 
medium-carbon low-alloy steels. 

Parts hardened by heat treatment. 

The danger of stress failure can be minimized 
by: 

Preheating slowly to the high side of the temper- 
ature range specified for the particular type of 
base metal. This preheat should be as uniform as 
possible. ~Shrink-fit parts should be preheated 
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Shrink-fit 

,%rfacing Break 
tire 

I lb) 

baked tractor idler-complex shape is inherently rigid. Pre- Mine locomotive wheel-shrink-fit tire is highly prestressed. 

!at to prevent stress failure at any weak point. Expand by preheating to prevent stress failure of the tire. 

Working pressure 
f 

Distortion 

Surfacing 

rusher roller-massive size and jammed end pieces cause ex- Jaw crusher-if distortion leaves crusher plate unsupported at 
‘eme rigidity. Loosen through bolts and expand the rol! the ends, working pressure causes bending stresses that can 
‘ith preheat to loosen plugs. lead to failure. 

Fig. 13-52. Typic& part failures encountered with hardsurfacing. Comple%‘shapes (a) frequently have weak sec- 
tions easily fractured by thermal stresses. Special precautions are advised in shrink-fit parts. (b). Cracks 28” be 
avoided in crusher ro11s (4 by loosening bolts and expanding the roll by preheat. Distortion may leave working 
surfaces unsupported Id) so that service stresses produce cracks. 

until they are loose. (Manganese steel requires a 
lower temperature because it has a higher 
coefficient of expansion.) 

Controlled-atmosphere annealing and slow cool- 
ing to the specified preheat temperature parts 
that have been hardened by heat treatment. 

Arranging the welding schedule so it can be 
completed without long interruptions. 

Cooling the part slowly and uniformly. This can 
be done by covering the part with a blanket of 
asbestos, glass, or some other insulating material, 
or by cooling in a furnace. 

ivoiding Weld Cracking 
Transverse or Cross Cracking: Hardsurfacing 

Ieposits for resisting severe abrasion commonly 
:ross-crack. This cracking is beneficial because it 
,elieves stresses that could otherwise cause spalling 
rr distortion. The cracking does not impair the wear 
resistance of the deposit, but it can be minimized by 

preheating to 1200OF. In other types of deposits, 
cross cracking can be detrimental. It generally 
occurs in parts that are massive, rigid, or of complex 
shape. The preheating used to prevent underbead or 
stress-failure cracking will also minimize cross 
cracking. 

Longitudinal or Center-Line Cracking: This type 
of cracking is associated with poor bead shape and is 
caused by making the bead too flat. Several 
measures help avoid this problem: 

l Use a stringer-bead or minimum weaving tech- 
nique and low current. 

a Be sure fillet welds are slightly convex. 

l Use submerged-arc surfacing with the weave- 
bead technique. (Center-line cracking does not 
often occur with submerged-arc because the high 
heat input of the process assures sufficiently 
slow cooling.) 

l With submerged-arc hardsurfacing, decrease the 
stepover (or increase the bead overlap) enough 



to remelt the center of the previous bead. 

l When submerged-arc surfacing on roundabouts, 
set the correct electrode displacement from the 
center line. 

Avoiding Distortion 
Distortion in welding is caused principally by 

the unbalanced stresses that result from expansion 
of the metal during heating and from contraction 
during cooling. These stresses and their effects are 
uneven both in strength and direction. They depend 
on many factors. 

In many cases the amount of workpiece distor- 
tion resulting from hardsurfacing is negligible. 
Consequently, clamping the part in position for 
welding is the only precaution needed. In some cases 
the part is hardsurfaced oversize to allow for distor- 
tion. It is then machined or ground to size. This 
method is most often used on. parts that must be 
machined or ground to finish after surfacing. Some- 
times the part is allowed to distort and then 
straightened while still hot enough to bend without 
cracking. 

Where distortion forces must be controlled, the 
following methods may be used: 

Preforming can be employed with flat pieces and 
with thin or simply shaped parts. Here the part 
is bent, formed, or clamped with the proper pre- 
set before welding. The distortion forces then 
pull the part back to its original shape, Fig. 3-7. 

Stresses may be balanced in parts that cannot be 
straightened after welding (where the increased 
rigidity does not cause underbead cracking). In 
this method, two similar parts are welded or 
clamped back to back. Welding is then alter- 
nated back and forth from one part to the other. 
Or the parts may be welded or clamped to a 
strongback, fixture, or platen, Fig. 3-7. 

Limit the temperature of the part, particularly 
when high rigidity could cause cracking. This 
can be done by a number of methods. One is to 
distribute the heat evenly by first welding one 
area, then welding a different area as the first 
cools. Another is to reduce the heat input by 
using a procedure with low current. Yet another 
is to remove some of the heat by blowing air 
over the part or by circulating water through 
copper jacket clamped to the surface, Sec. 3.1. 

Relieve stresses, especially with large parts, rigid 
shapes, shrink-fitted parts, and other highly 
stressed pieces. This can be done by peening 
each layer during cooling, a practice most effec- 
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tive with deposits designed for impact or 
abrasion and impact. Another way to relieve 
stress is to preheat the entire part slowly and 
uniformly, Sec. 3.1. 

l Use a cross-cracking deposit, namely those 
designed for resistance to severe abrasion. The 
cracks minimize distortion by relieving stresses. 

HARDSURFACING WITH ALLOY FLUXES 

As mentioned previously, alloy fluxes can be 
used with mild-steel or alloy electrodes when hard- 
surfacing with the submerged-arc process to give the 
desired alloy composition in the weld deposit. By 
combining various alloy fluxes with various types of 
electrodes and changing procedure variables to 
change the melt-off rates and penetration, a wide 
range of properties can be developed in the weld 
metal. The use of an alloy flux gives the most flex- 
ible and least expensive method of controlling weld 
chemistry. In many instances, a mild-steel electrode 
with an appropriate alloy flux will give the desired 
hardsurfacing properties at the minimal cost. 

The alloy fluxes used are referred to as “agglom- 
erated” alloy fluxes. Agglomeration is the process of 
mixing properly formulated, finely ground particles 
together with a binder and drying to give a homog- 
enous mass. The properly sized grains of flux pro- 
duced from this mass have identical chemical 
constituency; the alloy particles cannot settle out or 
separate from the individual grains during shipping 
or use. Agglomerated alloy fluxes for hardsurfacing 
are produced in low-alloy, medium-alloy, medium- 
high alloy, and high-alloy types. 

When using these fluxes with mild-steel elec- 
trodes, carbon and alloy content of the deposit is 
increased as: 

l The welding current is decreased. 

l The arc voltage is increased. 

l The carbon or alloying content of the base 
metal is increased. 

l The electrode size is increased. 

l Welding speed is decreased. 

l The bead overlap is increased. 

l The number of layers up to and including 
three is increased. 

Low-Alloy Hardsurfacing Flux 
With mild-steel electrode, a typical low-alloy 

type of hardsurfacing flux produces a machinable 



deposit of fair to good abrasion resistance and excel- 
lent impact resistance. The deposit, depending on 
the procedure, can be machined either with carbide 
or high-speed tools. It will produce a dense deposit 
less sensitive to cracking than a high-carbon deposit 
of the same abrasion resistance. A typical two-layer 

,~ deposit made with this flux and O.l2%C mild-steel 
“, electrode will have 1.5-2.5 times the abrasion resist- 

ante of a machinable hot-rolled medium-carbon 
steel and up to twice the abrasion resistance of a 
deposit made with SAE 6150 wire and mild-steel 
flux. 

~,~ This flux with mild-steel wire is ideal for both 
:i, build-up and hardsurfacing. Different deposits can 
;;, be obtained by varying the arc voltage. Machinable 
& deposits or built-up deposits, as required on tractor 
& rollers and idlers, are easily obtainable at the low- 
!&,;: voltage setting (28V). After the work is built up to 

layers of gage, a hardsurfacing deposit of 
brasion resistance and hardness can be 

ade simply by increasing the arc voltage to 32 
, it is possible to build-up and hardsurface 
x or wire change. The deposit is magnetic 

room temperature and has a consistent hardness. 
e hardness, depending on the procedure, will 
ge between 33 and 57 Rockwell C. This marten- 
-type deposit is a low-carbon alloy steel, which 

be annealed or which may be quenched from 
e the critical temperature to harden. 
he weld metal is typically an alloy of carbon, 

ese, silicon, chromium, molybdenum, and 

;:,: ,, ,, The flux and mild-steel wire may be used wher- 
:::, ~‘~ ever a smooth, dense, crack-free, machinable deposit 

is required. Typical applications include rolls used in 
,processing steel, kiln ro!lers, crane wheels, rams, and 
rollers and idlers on tread-type tractors. 

MediumAlloy Hardsurfacing Flux 
The deposit made with mild-steel wire and 

medium-alloy flux is useful wherever smoothness 
and minimum porosity are the essential require- 
ments in the particular alloy range. A minimum of 
two layers is recommended for good abrasion resist- 
ance. The deposit is a good selection for applications 
wherever metal-to-metal wear exists. A typical 
deposit is magnetic at room temperature, and, with 
recommended procedures, has a consistent hardness 
of 44-53 Rockwell C. It is heat-treatable with 
normal heat-treating practices. 

The impact strength may be increased by 
reheating a multilayer deposit from room tempera- 
ture to some predetermined temperature up to 
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1050°F and holding at that temperature 1 hour for 
each inch of thickness without sacrificing hardness 
or abrasion resistance at room temperature. 

For all practical purposes, the hardness, abrasion 
resistance, and deposit analysis change only very 
slightly after the third layer. A typical weld deposit 
is an alloy of carbon, manganese, silicon, chromium, 
molybdenum, and vanadium. 

This flux and 0.12%X mild-steel electrode are 
recommended for: 

(a) Deposits to be forged, such as plow share 
blanks. 

(b) Metal-to-metal wear, such as tractor rollers, 
idlers, and extruder rams. 

(c) Smooth deposits without porosity and 
underbead cracking, such as steel-mill 
roughing rolls that do not require machining. 

Medium-High-Alloy Hardsurfacing Flux 
The deposit made with O.l2%C mild-steel elec- 

trode and medium-high-alloy flux should be used 
where a single-layer deposit of high abrasion resist- 
ance and good impact strength is required. Base 
metal should not contain over 0.60% carbon. This 
flux is recommended for fabricated parts, such as 
scraper blades, and to produce multiple-layer 
deposits requiring high abrasion resistance, such as 
required on crusher rolls, whether originally made 
from carbon steels, manganese steeis, or cast iron. 

A typical deposit is magnetic, semiaustenitic at 
room temperature, and has, with recommended 
procedures, a consistent hardness. A broad range of 
36 to 62 Rockwell C can be developed by control- 
ling the weld metal analysis and the cooling rate. It 
is dense and forgeable, but is nonmachinable and 
can be finished to size only by grinding. The deposit 
is heat-treatable by following normal heat-treating 
practices. 

As with medium-alloy flux, the impact strength 
may be increased by reheating the multilayer 
deposit from room temperature to some predeter- 
mined temperature up to 1050OF and holding at 
that temperature 1 hour for each inch of thickness 
without sacrificing hardness or abrasion resistance at 
room temperature. The hardness, abrasion resist- 
ance, and deposit analysis change only very slightly 
after the third layer. 

The deposit is typically an alloy of carbon, 
manganese, silicon, chromium, and molybdenum. 

High-Alloy Hardsurfacing Flux 
When used with a mild-steel electrode, a typical 
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high-alloy flux produces a high-carbon, high-alloy 
weld deposit. It is recommended for fabrication and 
maintenance of wearing parts where the service 
involves severe abrasion under medium impact or 
high compression loads. It may be used for abrasive 
service at temperatures up to 1100OF. 

The microstructure of the deposit is composed 
of complex chromium carbides and some secondary 
carbides in a chromium-iron matrix. Deposit will 
have a hardness of 53 to 61 Rockwell C, cannot be 
torch-cut or forged, and retains hardness and resist- 
ance to scaling at high temperatures. It will not 
respond to heat treatment; resists galling and seizing, 
but will cross-crack on cooling, thereby minimizing 
locked-up stresses and warpage. It will retain a high 
polished surface when subjected to metal friction or 
earth scouring. Hardness and abrasion resistance are 
unaffected by coolingrates normally encountered in 
welding. 

High-alloy flux and mild-steel wire are used for 
hardsurfacing crusher rolls and rings of various types 
used in the coal, rock, cement, and clay industries; 
mixer parts used in the rubber industry; lining the 
inside of catalyst towers and oiping; lining baffle 
plates in refinery equipment; linmg the inside of ball 
mills; and in many similar applications in the extrac- 
tive and processing industries. 

Single Submerged-Arc Hardsurfacing Procedures 
Most hardsurfacing submerged-arc fluxes are 

designed to be used with mild steel electrodes. The 
alloying elements are in the flux, and when the flux 
is melted the alloys blend with the molten electrode 
and base metal to produce an alloy deposit. 

The recommended power source is DC variable 
voltage, although DC constant voltage or AC 
variable voltage can be used. 

Almost any automatic or semiautomatic wire 
feeder can be used, but it should be equipped with 
good meters. 

DC negative (straight polarity) is recommended 
for the best deposition rate and less penetration into 
the base metal. AC or DC positive (reverse polarity) 
can be used, but the deposition rate and buildup are 
lower and the alloy content of the deposit tends to 
be slightly higher. 

The electrical stickout should be about 1 in. 
with a flux depth just enough to prevent flash- 
through of the arc. 

Select a travel speed that produces weld beads 
that are sound, well shaped, and of the desired 
width and thickness. With a single arc and stringer 
bead technique, the travel speed should be within 

the range listed below: 

Ed 1 Electrode ‘1 Travel Speed, ipm / 

I 1 5/32 1 I 

,,:: 
~,, 

As discussed earlier, the alloy recovery in the 
weld deposit can be varied by changing the welding 
procedure. Once a satisfactory weld deposit has 
been obtained with a certain procedure, it is neces- 
sary to follow strictly to that procedure in order to 
get consistent results. Accurate meters are necessary 
to measure voltage and current so the procedures 
can be reproduced consistently. 

Typical procedure guides are given in Fig. 13-53 
for high-alloy recovery and low-alloy recovery. Each 
line of a guide represents a constant alloy recovery 
for a given electrode size. Further, all lines in the 
guide provide the same constant alloy recovery. For 
a small increase in alloy recovery, select a procedure 
above the line. For a small decrease in alloy 
recovery, select a procedure below the line. For a 
large change in alloy content of the deposit, use a 
different flux or a different procedure guide. 

Twin-Electrode and Oscillating Submerged-Arc 
Hardsurfacing Procedures 

Many flat parts are economically hardsurfaced 
with single submerged-arc stringer beads. However, 
wider and more economical beads are possible with 
automatic heads equipped to feed twin electrodes 
and which have mechanical attachments to oscillate 
the arc to produce a wide bead. 

Automatic heads can be equipped to feed two 
electrodes (5/64, 3/32, l/8 in.) through one set of 
drive rolls into one weld puddle. For the same pene- 
tration into the base metal, higher welding current 
can be used on twin electrodes than on a single large 
electrode. This can increase the deposition rate as 
much as 50%. 

Twin electrodes used on an oscillating welding 
head produce smooth beads up to 4 in. wide with a 
minimum of admixture. Typical procedures are 
given in Table 13-33 and the welding is illustrated in 
Fig. 13-54. 

Adjust oscillation speed as needed to improve 
bead appearance. Decrease oscillation speed to 
increase buildup at the center of the bead. Increase 
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(HIGH ALLOY RECOVERY) 

Welding Current (amp) 

Fig. 13-53. Typical procedure guides for high and low-alloy recovery. 



TABLE 13-33. Typical Procedures with Twin-Electrode Welding Head 

Bead Size 
Wire C”rE”t Travel 

Width Thickness3 Spacing *Oscillations DC- SpHd 
in. in. in. per min. amp VOhS ipm 
2 l/8 - 5/32 5/8 30 700 32 8-9 

4 l/8 - 3/16 518 15 800 35 5 

3 3/16 - l/4 3/8 20 700-750 / 33 4.5 

oscillation speed to eliminate rough or scalloped 
edges. Always be sure the work is level. 

Oscillating with a single electrode limits bead 
width to 3 inches. The bead tends to be rougher and 
has much greater admixture. With a single electrode, 
make two complete oscillations before starting 
forward travel. 

Circumferential Submerged-Arc Hardsurfacing 
Procedures 

In circumferential hardsurfacing, 3-in.-diameter 
and larger cylindrical objects are rotated under the 
welding head. The welds differ from those made in 
the flat position in that the flux and molten metal 
tend to sag or spill off the work. 

To prevent spillage or bead distortion, the weld 
must solidify as it passes the vertical center of the 
part. (See Fig. 13-55). 

Recommended circumferential hardsurfacing 
voltage, current, and off-center distance ranges are 

Fig. 13-54. Typical hardsurfacing weld bead made with submerged- 
arc alloy flux. twin electrodes, and oscillating the arc. 

given in the tables below. Speed also must be care- 
fully controlled to make the small beads of proper 
shape. For a thorough description of circumferential 
submerged-arc welding, refer to Section 6.3. 

Threading: The temperature of the work should 
be kept below 700°F for easy slag removal and 
control of spilling. In addition to depositing small 
beads and using air jets or water cooling (when prac- 
tical), temperature can be controlled by depositing a 
stringer bead like a screw thread along the work. Fill 
the space between beads with successive welds. (See 
Fig. 13-56). 

afion 

Approximate 
Displacement (d) 
of the Electrode 

Girth Diameter 
(in.) 

3- 18 
18-36 
36-48 
48 - 73 
over 18 

I 
Electrode Position “d” 

(In. ahead of vertical center) 

314 - 1 
?-l/4 ~ l-112 
l-112 - 2 
2 - 2-112 
3 

Ouerlap: The amount one bead overlaps the 
adjacent bead affects both admixture of base metal 
into weld metal - greater overlap reduces admixture 
- and appea,rance of the finished weld. Control 
overlap by adjusting the amount of longitudinal 
travel with each revolution. 



Rigidly mounted 
non-combustible 

Light metal ring Flux spills 
clamped or tack 
welded to end of work 

r-i 

Welds tend to have 
center-line cracks 

Fig. 13.55. Correct and incormct methods to prevent spillage and bead distortion, 

First threaded bead 
_;’ 

Space will be filled with 2nd or 2nd and 
3rd beads 

Welding Current and Voltage 

Diameter (in.) Current (amo) 
3-6 
6- 12 

12 - 18 
wer 18 

250 - 350” 
300 - 400 
350 - 500 

Standard hardsurfacing procedures 
(single electrode or twin electrodes) 

* “Threading” may be necerrary. 
Narmal Voltage Range is 28 - 32 Volt. 

Fig. 13-56. The threading, spiral, and stepover methods of circum- 
ferential hardsurfacing. 

Longitudinal travel is accomplished either by 
spiraling the bead or indexing the welding head 
across the work after each complete revolution 
(stepover). Unless a lathe -with a slow screw feed 
mechanism is available, the stepover method is 
recommended because of ease of operation. 

For automatic stepover, mount a limit switch 
that is operated by a cam-type trip on the rotating 
fixture. Connect the limit switch into the travel car- 
riage motor circuit so the motor runs when the 
switch is operated. The distance moved is controlled 
by the size of the cam and speed of the travel 
motor. A time delay can be used in place of the 
cam. 

Slag must be removed before each bead makes a 
complete revolution. If slag removal is a problem, 
the threading technique should be considered. 

TESTS FOR ABRASION AND IMPACT 
RESISTANCE 

There are no standardized methods for testing 
abrasion or impact resistance because of the many 
different types of wear and service environments. 
There are, however, various tests that are commonly 
applied to give relative measures of these properties. 
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One type of test drags the specimen over a 
copper slab in a mixture of quartz sand and water; 
the abrasion factor is the loss of weight of the speci- 
men compared to the loss of weight of a standard 
annealed SAE 1020 steel specimen. A material that 
loses the same weight as the SAE 1020 steel will 
have an abrasion factor of 1.00. The ideal material 
would not lose any weight and would have a factor 
of 0.00. 

Another test presses the specimen against a 
notched rubber wheel, which is rotated in a slurry of 
sand and water; the loss of weight is taken as the 
abrasion value. 

A preferred method is the use of a grinding 
wheel of aluminum oxide as the abradant. The 
amount of wheel that is ground away to remove a 
standard weight of the hardsurfacing material is 
taken as the abrasion index. This test is excellent for 
evaluating the cutting ability of hardsurfacing 
materials used to dig earth. The loss of weight of the 
specimen when run against the wheel at standard 
conditions is taken as the abrasion value for the 
material when it is to be used for wear-resistant pur- 

poses. It is important to have both values, because ‘1: 
the material that shows the least loss of weight may ,- 
not be the one that cuts the best on, for example, a ,,; 
rotary well-drilling bit. 

The grinding wheel test is preferred to the wet- ,,:I 
sand test because the wet sand results do not show ; 
as much difference in hardsurfacing materials as is ,:;, 
usually found in the field. The grinding wheel :F:i 
method gives a very large difference in weight loss::~?; 
0.02 gram loss for a hard grade of sintered tungsten :,:! 
carbide and about 10.0 grams loss for mild steel - a’ ‘,f;, 
ratio of 1 to 500. 

Abrasion values are not directly applicable to I” 
field service. Some of the variables that can change :: 
the order of abrasion resistance of hardsurfacing are 1,‘: 
temperature, size, properties of the abradant, and 
the amount of impact. 

Impact tests are commonly made on commercial 
hardsurfacing materials by pounding weld deposits 
against each other and against standards. The ” 
materials are then arranged according to their 
resistance to cracking, chipping, or spalling. 

Automatic hardsurfacing using submerged-arc alloy flux and twin electrodes. 



While an arc welder is not specifically designed 
,, for this purpose, it can be used for thawing frozen 
,water pipes. It is a good soume of low voltage elec- 
tric current. This low voltage current is a fast and 
low-cost method of thawing pipes without digging 
or the need for an open flame. 

Under no circumstances should any pipe thaw- 
i ping activity take place without a knowledgeable 
iZ’: person in attendance during the entire time. This is 
&true regardless of the number of times a particular 
1~;:,]oint may have been thawed because conditions 
@&bge unho~ngly* The possibjities of water 
$g; 
%d,ani~ge due to melted solder in pipe joints or fire #a>; 
$&+hage due to failure to follow &ctric~ con- ef&, 
&@.ion instructions can be minimized by proper 

~~~ERE~s “0~ 1-r WORKS 
&+ pj$%;;,:,: 1 &:i:j,l-,, When electric current passes through a pipe, 
&&ire, or any conductor resistance is encountered. 
&his generates heat. The heat. thaws the frozen 
g!:water. Here are the factors which effect the time 
;i;; irequired for thawing. 

‘, .PIPE MATERIAL 

A material which is a good conductor of elec- 
tricity has low resistance and vice versa. Steel is a 
poorer conductor than copper. Therefore, steel has 
higher resistance and heats more rapidly than copper 
when a given amount of electric current passes 
through it. 

SIZE OF PIPE 

When an electrical cord is overloaded it gets 
warm. The same principle applies to thawing pipe. A 
small diameter pipe will heat more rapidly than a 
large diameter pipe when a given amount of current 
is passed through it. Thus, it takes higher currents 
and longer times to thaw large diameter pipes. When 
using DC current, the time and current required for 
thawing is about the same for any length of pipe. 

Thawing Frozen Water Pipes 

CURRENT 

The amount of thawing time is most dependent 
upon the amount of electrical current available. The 
greater the current passed through a pipe the greater 
the heat generated. With twice as many amperes the 
heating rate is four times as fast. If the number of 
amperes is increased three times, the heating rate is 
nine times as fast. 

TIME REQUIRED 

The time required for thawing different sizes of 
steel pipe using different currents are given in the 
following table. Copper pipe requires more current 
than steel pipe for the same thawing time. To thaw 
l/2-inch copper pipe increase the figures for steel 
pipe by 10%. Increase the current for steel pipe by 
25% to thaw 3/4-inch copper pipe. Larger copper 
pipes require an even larger percentage increase of 
current. 

TABLE 13-33. Amperage* and Time for Thawing Steel Pipe 
Pipe Size (in.1 

112 314 1 1-l/4 1 l-1/2 1 2 1 y;;Jlme 1 

* There figures are actual meter read ~"rrents reqtiired. The c 
indicated by the welder current control did is less than actua 
thawing CUrrent being urea 

60 1 67 1 100 1 135 1 160 

EQUIPMENT REQUIRED 

Large gasoline or diesel engine driven welders 
(200 amp and larger) are commonly used for thaw- 
ing because they will produce the high currents 
required for fast thawing and can be used where 
there is no electric power available. Most industrial 
type welders rated 40 volts and 60% duty cycle are 
suitable for pipe thawing. Also some of the smaller 
welders rated 25 volts and 30% duty cycle can be 
used with competent supervision. For specific 
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fuse size is important so when ordering a kit always ’ 
specify the make, model number, and the capacity ‘> 
of the welder. 

recommendations for pipe thawing consult the 
instruction manual for the machine or write to the 
manufacturer for instructions. 

DO NOT USE A CONSTANT VOLTAGE 
WELDER FOR THAWING PIPE. A constant voltage 
welder has no control for limiting the current. 

Some manufacturers furnish kits as an accessory 
that is connected to the welder when thawing pipe. 
These kits, Fig. 13-53, contain an ammeter which 
indicates the output current, and a fuse to protect 
the welder. The electrode and ground cables from 
the welder are connected to one side of the meter- 
fuse kit and cables connected to the pipe are 
attached to the other side of the kit. The proper 

Fig. 13-53. Meter-fuse kit used with a DC welder when thawing frozen 
water pipe. 

PIPE THAWING PROCEDURES 

1. Isolate the frozen section of pipe. This can be :9 
easily done by turning various faucets on until <,:( 
the specific frozen areas are determined. :; 

2. Be sure the welder or, the polarity switch is ::I 
turned off. Failure to do this may cause arcing ,:i 
when the cables are connected and result in a 
hole in the pipe. 

3. Connect a cable to one end of the pipe. Connect 
the other cable to the other end. Be sure this 
connection makes a complete electrical circuit 
from the welder through the frozen section of 
the pipe, and back to the welder. Sample con- 
nections are shown in Fig. 13-54. 

4. The connection to the pipe must be good. Clean 
the pipe, preferably by sanding with coarse 
emery paper before connecting. Bad connections 
may cause arcing and result in a hole in the pipe. 
Poor connections will overheat resulting in loss 
of thawing current. 

5. The cables must be large enough to handle the 
current and should be kept as short as possible. 
Recommended cable sizes are shown in Table 
13-33. 

6. Connect the cables as close to the frozen area as 
possible. A small empty pipe in the circuit could 
get hot before a larger frozen pipe thaws. This 
could melt solder in copper pipes or, in an 
extreme case, CAUSE A FIRE. 

‘7. Always be certain that there are no insulated 
joints or plastic pipe sections that could prevent 

Fig. 13-54. Typical cable connections for thawing frozen water pipe. 
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the electric current from passing through the 
frozen pipe between the two cable connection 
locations. Such interruptions in the electrical 
circuit could force all of the current to find 
alternate circuits through electrical grounds 

,connected to the pipe and possibly CA.USE A 
FIRE. 

8. Confine all pipe thawing activity within the 
property boundaries and to fire hydrants or 
water mains in the immediate vicinity of the 
property. DO NOT attempt to thaw pipes by 
making connections to neighboring houses. 

9. Be sure the valves or faucets at both ends of the 
line being thawed are open. When the heat melts 

:;~: ,, a thin layer of water next to the pipe wall, the 
Sri,,,,, water starts to flow. A small flow of water will 
$& ,, help to melt the rest of the ice more rapidly. 

&O,. When the connections are complete, adjust the 
~~~:‘;’ output current to a value shown in Table 13-33 
&& : ‘but do not exceed the capacity of the welder. &n&$;,~ An a gg;; mmeter 
fg 

in the output circuit is a great help 

@;;: 1, 
to prevent overloading. 

&, l&pp, ,, 
#f& 

There are many different types of welders and 
equally as many types of circuits to adjust out- 
put current. Therefore, there are no safe general 
instructions for all types of welders. Refer to the 
welder instruction manual for specific directions 
for adjusting the output current when thawing 
water pipes. If the instruction manual does not 
have these directions, request them from the 
welder manufacturer giving the data on the 
welder nameplate. 

11. Turn the welder on. When the water starts flow- 
ing freely, stop the welder. 

12. Do not overload the welder. Pipe thawing 
involves heavier sustained loads than welding. 
And because pipe thawing establishes close to a 
short across the welder terminals, actual amperes 
drawn is always greater than indicated by the 
current control dial. Therefore, specific pipe 
thawing instructions for each type machine must 
be followed. Also, since the welder may over- 
heat if it is overloaded, leaving the machine in a 
cold place or outside will help to keep it cool. 





Section 14 

INSTALLATION AND MAINTENANCE 

SECTION 14.1 

INSTALLING, MAINTAINING AND 
TROUBLE-SHOOTING EQUIPMENT 

Page 
Instaliation of Welding Equipment . . . . . . . .14.1-l 
Operating and Maintaining Equipment . . . . .14.1-l 

Keeping the Machine Clean and Cool . . . .14.1-2 
Cautions Against Abuse . . . . . . . . . . .14.1-2 
Maintenance Procedures . . . . . . . . . . . . . .14.1-3 
Periodic Overhaul and Rebuilding . . . . . . .14.1-5 

Trouble-Shooting . . . . . . . . . . . . . . . . . . . .14.1-6 



A welding machine and the accessory equipment 
!d withy it are tools required to accomplish a 
rductive goal - and just as the tools of a car- 
ater or a machinist, they must be used properly 
1 be properly maintained. In the small shop, the 
!r is usually the owner of the equipment and, 
?refore, is likely to use and maintain it properly. 
e employed weldor in a large shop, however, 
dom has responsibility for equipment main- 
mnce - so it behooves management to set up a 
;tem for assuring its care and maintenance. Good 
lding, the best production rates, and highest 
iciencies in operation result when equipment is 
‘talled, used, and maintained properly. 

STALLATION OF WELDING EQUIPMENT 

Good welding begins with properly planned and 
?cuted installation. Equipment should be installed 
uncluttered areas where there is room for hand- 
g the materials to be welded without bumping 
o columns, walls, or adjacent machinery. The area 
mid be reasonably clean - no litter on the floors 
and regular housekeeping practices should be 

lowed. There should be provisions for a con- 
uous supply of clean air for ventilation. Welding 
!as should be separated from areas where the 
)ductive operations generate excessive moisture, 
st, or corrosive or flammable fumes. The area 
nperature should not be high, since the heat of 
lding would drive the temperature up excessively. 
uipment installed outdoors should be provided 
th protection against rain, dew, or snow. 

The following points should be kept in mind 
Len making a welding installation: 

1. Be sure an adequate supply of the right type 
of electrical power is available. Consult the 
power company if there is any question. 

2. Follow the manufacturer’s installation 
instructions as to input and ground-wire size 
and fuse size. These will conform to the 
National Electrical Code. In lieu of such 

Installing, Maintaining, 
and Trouble-Shooting Equipment 

instructions, wire and fuse sizes meeting the 
National Electrical Code for various types of 
60-cycle motor generator sets and trans- 
former welders can be found in Tables 14-1 
14-2. Output and input ratings are taken 
from the name plate. 

3. Provide adequate and even support for the 
welding equipment. 

4. Be sure that there are safeguards from 
mechanical accidents, such as the striking of 
equipment by materials being moved by 
cranes or loaders. 

5. Atmospheric conditions should be proper - 
no corrosive or flammable fumes, no exces- 
sive moisture (such as from steam or water 
spray), no excessive heat, no corrosive or 
abrasive dust. Large quantities of fresh air 
should be available for ventilation and 
cooling. 

6. The frame of the weldor should be solidly 
grounded electrically. 

‘7. All electrical connections to and on the 
welding equipment should be checked for 
tightness. 

8. Be sure the welding cables are of sufficient 
capacity to handle the current and are well 
insulated (see Section 4.3). 

9. Follow closely the installation instructions 
that come with the machine. 

OPERATING AND MAINTAINING EQUIPMENT 

Maximum trouble-free service is obtained from 
welding equipment with the observance of several 
precautions and practices. The machine should be 
kept clean and cool, should not be abused, and 
should be maintained regularly. Generally, the 
manufacturer supplies special instructions on main- 
tenance that are pertinent to the particular machine; 
these should be followed closely. 
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Keeping The Machine C!ean and Cool 
Because of the large volume of air pulled 

through welders by the fans to keep the machines 
cool, the greatest enemies of continuous, efficient 
performance are air-borne dust and abrasive 
materials. Where machines are subjected to ordinary 
dust, they shou!d be blown out at least once a week 
with dry, clean compressed air at a pressure not over 
30 psi. Higher pressures may damage windings. 

In foundries or machine shops, where cast-iron 
or steel dust is present, use vacuum cleaning rather 
than compressed air. Compressed air at high pressure 
tends to drive the abrasive dust into the windings. If 
vacuum-cleaning equipment is not available, com- 
pressed air may be used at low pressure. Abrasive 
material in the atmosphere grooves and pits the 
commutator and wears out brushes. 

Greasy dirt or lint-laden dust quickly clogs air 
passages between coils and causes them to overheat. 
Since resistance of the coils is raised and the conduc- 
tivity lowered by heat, it reduces the efficiency and 
can result in burned-out coils if the machine is not 
protected against overload. Overheating makes the 
insulation between coils dry and brittle. 

Do not block the air intake or exhaust vents. 
Doing so will interrupt the proper flow of air 
through the machine. 

Keep the covers on the welder. Removing them 
destroys the proper path of ventilation. 

Cautions Against Abuse 
Never leave the electrode grounded to the work. 

This condition creates a “dead” short circuit. The 
machine is forced to generate much higher currents 
than it was designed for, which can result in a 
burned-out machine. 

Do not work the machine over its rated capa- 
city. A 200~amp machine will not do the work of a 
400-amp machine. Operating above capacity causes 
overheating; the insulation may be destroyed or the 
solder in the commutator connections melted. 

Use extreme care in operating a machine on a 
steady load other than arc welding, such as thawing 
water pipes, supplying current for lighting, running 
motors, charging batteries, or operating heating 
equipment. For example, a DC machine, NEMA- 
rated 300 amp at 32 volts or 9.6 kw should not be 
used for any continuous load greater than 7.7 kw, 

TABLE 14-1. Installation Data (Wire and Fuse Size) for Typical Motor-Generator Sets (60 hertz) 

MOTOR 
GENERATORS 

Ground Wire Sire 
lCo,,per ConductorI 

“ariabie-“oltaQe. Manual 
or mechanized. 



and not more than 240 amp. This precaution applies 
to machines with a duty cycle of at least 60%. 
Machines with lower load-factor ratings must be 
operated at still lower percentages of the rated load. 

Do not handle roughly. A welder is a precisely 
aligned and balanced machine. Mechanical abuse, 
rough handling, or severe shock may disturb the 
alignment and balance of the machine, resulting in 
serious trouble. Misalignment can cause bearing 
failure, bracket failure, unbalanced air gap, or 
unbalance in the armature. 

Never pry on the ventilating fan or commutator 
to try to move the armature. To do so will damage 
the fan or commutator. If the armature is jammed, 
inspect the unit for the cause of the trouble. Check 
for dirt or foreign particles between the armature 

and frames. Inspect the banding wire on the arma- 
ture. Look for a frozen bearing. 

Do not neglect the engine, if the welder is an 
engine-driven unit. It deteriorates rapidly if not 
properly maintained. Follow the engine manufac- 
turer’s recommendations. Change oil regularly. Keep 
air filters and oil strainers clean. 

Do not allow grease and oil from the engine to 
leak back into the generator. Grease quickly accum- 
ulates dirt and dust, clogging the air passages 
between coils. 

Maintenance Procedures 
Bearings. The ball bearings in modern welders 

have sufficient grease to last the life of the machine 
under normal conditions. Under severe conditions - 

TABLE 14-2. Installation Data (Wire and Fuse Size) for Typical Transformer Welders (60 hertz) 



heavy usage or in a dirty location - the bearings 
should be greased about once a year. Add about one 
ounce (one cubic inch) of grease to each bearing. 

Many bearing failures can be traced to overgreas- 
ing but dirt is responsible for more bearing failures 
than any other cause. Before greasing wipe the 
grease fitting completely clean. Use clean grease. An 
open container of grease exposed to a factory 
atmosphere can contaminate the grease and make it 
unsuitable for ball bearings. 

If too little grease is applied, bearings fail. 
Too light grease will run out. Grease containing 

solid materials may rum anti-friction bearings; 
rancid grease will not lubricate. 

Dirty grease or dirty fittings or pipes cause bear- 
ing failures. 

Bearings do not need inspection. They are 
shielded against dirt, and it is inadvisable to open 
them unless necessary. 

If it is necessary to pull bearings, it should be 
done with a special puller designed to act against the 
inner race. 

Never clean new bearings before installing. 
Handle them with care. Put them in place by driving 
against the inner race. Make sure that they fit 
squarely against the shoulders. 

Brackets or end bolts. If it becomes necessary to 
remove a bracket, to replace a bearing or to 
disassemble the machine, do so by removing the 
bolts and tapping lightly and evenly with a babbitt 
hammer all around the outside diameter of the 
bracket ring. Do not drive off with a heavy steel 
hammer. 

The bearing housing may become worn oversize, 
caused by the pounding of the bearing when the 
armature is out-of-balance. Bracket bearing housings 
may be checked for size by trying a new bearing for 
fit. The bearing should slide into the housing with a 
light drive fit. Replace the bracket if the housing is 
oversize. 

Brushes and brush holders. Set brush holders 
approximately 0.030 to 0.090 in. above the surface 
of the commutator. If brush holders have been 
removed, be certain that they are set squarely in the 
rocker slot when replaced. Do not force the brush 
holder into the slot by driving on the insulation. 
Check to make sure that the brush-holder insulation 
is squarely set. 

Tighten brush holders firmly. When properly set, 
they are parallel to the micasegments between com- 
mutator bars. 

Use the grade of brushes recommended by the 
manufacturer of the welder. Brushes may be too 

hard or too soft and cause damage to the commu- 
tator. Brushes will be damaged by excessive clear- 
ance in the brush holder or uneven brush spring 
pressure. High commutator bars, high mica seg- 
ments, excessive brush spring pressure, and abrasive 
dust also will wear out brushes rapidly. 

Inspect brushes and holders regularly. A brush 
may wear down and lose spring tension. It will then 
start to arc, with damage to the commutator and 
other brushes. 

Keep the brush contact surface of the holder 
clean and free from pit marks. Brushes must be able 
to move freely in the holder. Replace them when 
the pigtails are within l/4 in. of the commutator.or 
when the limit of spring travel is reached. 

New brushes must be sanded in to conform to 
the shape of the commutator. This may be done by 
stoning the commutator with a stone or by using 
fine sandpaper (not emery cloth or paper). Place the 
sandpaper under the brush, and move it back and 
forth while holding the brush down in the normal 
position under slight pressure with the fingers. 

See that brush holders and springs seat squarely 
and firmly against the brushes and that the pigtails 
are fastened securely. 

Corn mu tutors. Commutators normally need 
little care. They will build up a surface film of 
brown copper oxide, which is highly conductive, 
hard, and smooth. This surface helps to protect the 
commutator. Do not try to keep a commutator 
bright and shiny by constant stoning. The brown 
copper oxide film prevents the build-up of a black 
abrasive oxide film that has high resistance and 
causes excessive brush and commutator wear. 

Wipe clean occasionally with a rag or canvas to 
remove any unnatural films. 

If brushes are chattering because of high bars, 
high mica, or grooves, stone by hand, or remove and 
turn in a lathe if necessary. 

Most commutat.or troubles start because the 
wrong grade of brushes is used. Brushes that contain 
too much abrasive material or have too high a 
copper content usually scratch the commutator and 
prevent the desired surface film from building up. A 
brush that is too soft may smudge the surface with 
the same result as far as surface film is concerned. In 
general, brushes that have a low-voltage drop will 
give poor commutation. Conversely, a brush with 
high-voltage drop commutates better but may cause 
overheating of the commutator surface. 

If the commutator becomes burned, it may be 
dressed down by pressing a commutator stone 
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against the surface with the brushes raised. If the 
surface is badly pitted or out of round, the armature 
must be removed from the machine and the com- 
mutator turned in a lathe. It is good practice for the 
commutator to run within a radial tolerance of 
0.003~in. 

The mica separating the bars of the commutator 
is undercut to a depth of l/32 to l/16 in. Mica 
exposed at the commutator surface causes brush and 
commutator wear and poor commutation. If the 
mica is even with the surface, undercut it. 

When the commutator is operating properly, 
there is very little visible sparking. The brush surface 
is shiny and smooth with no evidence of scratches. 

Generator frame. The generator frame and coils 
need no attention other than inspection to ensure 

;,, tight connections and cleanliness. Blow out dust and 
t: dirt with compressed air. Grease may be cleaned off 
@::with naphtha. Keep air gaps between armature and 
&pole pieces clean and even. 
p;>q 
&,?:; g&e, Armature. The armature must be kept clean to 
&ensure proper balance. Unbalance in the set will 
&5ound out the bearings and wear the bearing hous- 
@&g oversize. Blow out the armature regularly with a@;;, 
b$Ican, dry compressed air. Clean out the inside of 
&the armature thoroughly by attaching a long pipe to 
~~~~he compressed air line and reaching into the 
&&-mature coils. 

” Motor stator. Keep the stator clean and free 
‘~,, from grease. When reconnecting it for use on 
:“I, another voltage, solder a!! connections. If the set is 
~,:, to be used frequently on different voltages, time 
:’ may be saved by placing lugs on the ends of all 

stator leads. This eliminates the necessity for loosen- 
ing and resoldering to make connections, since the 
lugs may be safely joined with a screw, nut, and lock 
washer. 

Exciter generator. If the machine has a separate 
exciter generator, its armature, coils, brushes, and 
brush hoiders wiil need the same general care recom- 
mended for the welder set. 

Keep the covers over the exciter armature, since 
the commutator can be damaged easily. 

Controls. Inspect every time the welder is used 
to ensure that the ground and electrode cables are 
connected tightly to the output terminals. Loose 
connections cause arcing that destroys the insulation 
around the terminals. 

Do not bump or hit the control handles. Impact 
damages the controls, resulting in poor electrical 
contacts. If the handles are tight or jammed, inspect 
for the cause. 

Check the contact fingers of the magnetic start- 
ing switch regularly. Keep the fingers free from deep 
pits or other defects that will interfere with a 
smooth, sliding contact. Copper fingers may be filed 
lightly. All fingers should make contact simultane- 
ously. 

Keep the switch clean and free from dust. Blow 
out the entire control box with compressed air. 

Connections of the leads from the motor stator 
to the switch must be tight. Keep the lugs in a verti- 
cal position. The line voltage is high enough to jump 
between the lugs on the stator leads if they are 
allowed to become loose and cocked to one side or 
the other. 

Keep the cover on the control box at all times. 

Condensers. Condensers may be placed in an AC 
welder to raise the power factor if required. When 
condensers fail, it is not often apparent from the 
appearance of the condenser. Consequently, if it is 
desired to check to see if they are operating cor- 
rectly, the following should be done: At rated input 
voltage and with the welder drawing the rated 
output load current, the input current reading 
should correspond to the name-plate amperes. If the 
reading is 10 to 20 percent more, at least one 
condenser has failed. 

Never touch the condenser terminals without 
first disconnecting the welder from the input power 
source. Then discharge the condenser by touching 
the two terminals with an insulated screwdriver. 

Relays. The delay relay contacts may be cleaned 
by passing a cloth soaked in naphtha between them. 
Do not force the contact arms or use any abrasives 
to clean the points. Do not file the silver contacts. 
The pilot relay is enclosed in a dustproof box and 
should need no attention. Relays are usually 
adjusted at the factory and should not be tampered 
with unless faulty operation is obvious. 

Periodic Overhaul and Rebuilding 
Welding machines that are operated day after 

day in fabrication or field work are usually candi- 
dates for a complete overhaul after a year, or a 
factory rebuilding job after two years. Whenever 
downtime for repair becomes frequent, a factory- 
type overhaul or rebuilding job is indicated as 
desirable. 

It is good practice to schedule periodic overhauls 
as a part of a regular preventive maintenance pro- 
gram, keeping on hand one or more “extra” welders 
as substitutes for the one or ones taken out of 



production for overhaul. In a high-production shop, 
this is not an extravagance; a had weld resulting 
from a machine not operating properly m~ight well 
lead to as much cost for its repair as the cost of 
overhauling a welder. Also, such maintenance costs 
are entirely deductibles items for tax purposes, 
whereas the purchase of a new machine must be 
depreciated over time. A complete rebuilding job 
generally costs about 60% of the original cost of the 
machine - and, for all practical purposes, a factory- 
rebuilt machine is the same functionally as a new 
machine. 

TROUBLE-SHOOTING 
The manufacturer of arc-welding equipment 

usuaiiy supplies a trouble-shooting guide as well as 

TABLE lr 

TROUBLE 

Velder will not start 

Variable or Sluggish wdding arc 

Welding arc is loud and soatlers excessively 

Polarity switch won’t turn 

Welder won’t shut Off 

Arcing at ground clamp 

Electrode holder becomes hot 

Touching welder gives shock 

installation and maintenance instructions in the 
operating manual that accompanies the machine 
Table 14-3 shows a typical trouble-shooting guide 
for a welder. Obviously, there are as many trouble 
shooting guides as components of welding system! 
and as brand names for such components, so that nc 
one can be universally applicable. 

In general, a trouble-shooting guide enables the 
user to match a recognized trouble with possible 
causes and possible remedies. The use of the gui 

2 shows up errors in settings and overr@@+as well a 
faults in the equiprnent_~a~~.d~-s time in makin 
corrections ~o,r ~re@rs~“~Such data, as well as thl 
mdriG5ince data, should be carefully preserved, ye 
should be readily available for reference by thl 
operator or his foreman. 

. Typical Trouble-Shooting Guide for a W 

CAUSE 

Line switch nor turned “ON” 
Supply line fuss blown 
Power circuit dead 
Overload relay tripped 
Loose or broken power, electrode, or 

ground lead 
Wrong voltage 
Polarity witch not centered (AC-DC 

units only1 
Own circuit to starter button 

Short circuit in motor or other mnnecfion 
Fuw fOO Small 

Proper venfilafion hindered 

Overloading welding in excess of rating 
Fan inoperative 
Motor Generator sets - 

Wrong direction of rotation 
Brushesworn 3.x missing 
Wrong driving speed 

Excessive dus‘ ac;umulation in welder 

current too low 

LOW line voltage 
Welding leads too sm811 

Poor ground. electrode. or conlro!-ciriui: 
ConnectlOnS 

Motor Generator Sets - Brushes improper, 
weak springs. not properly fitted 

Rough or din” csmmufafor 

currenr setting is too high 
Polarity wrong 

Contacts rough and piffed from im,~o~r 
turning under load 

Line witch has failed mechanically 

Loose connecfio” or weak rpriw 

Loose connection, loose jaw. inadequate 
duty cycle 

Frame not grounded 

REMEDY 

‘lace line switch in “ON” position 
Replace (check reason for blown fuss firnl 
Check input voftage 
Let coo1, remove cause of overloadir,g 
Replace lead or tighten and repair 

Check input voltage against in~fructions 
Center switch handle on +, -, or AC 

Repair 

Check connections and lead insulation 
Check inzfructio” manwl for correct size 

Make sure all case openings are free for 
proper circulation of air. 

Operate welder at rated load and duty cycle 
Check leads and connections 

Check mnnecfion diagram 
Check brusher for ,xess”re on cammutaf~r 
Check nameplate for correct mofor speed 
Clean thermostat. coils. and other comw”ent 

Check recommended ixients ior rod t”pe a” 
size being used 

Check with power comwny 
Check insrucfion manual for recommended 

cable sizes 
Check all connections. Clean, repair or replau 

as required 
Check and repair 

Turn down or clean cor”m”fafot 

Check setting and output with ammeter 
Check polarity: try reversing or an electrode 

of opposite polarity 

Replace witch 

Replace switch 

Tighten connection or replace clamp 

Tighten connection or replace holder 

See instruction manual for proper grounding 
procedure 
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Wire and flux-feeding equipment is subject to substantially reduce the downtime on a job. 
erratic action as the result of physical difficulties. An alternative is to contract for a preventive 
Some of the common troubles, their causes, and the maintenance service from a firm specializing in weld- 
remedies are given in Table 14-4. ing equipment maintenance. Such services usually 

On large fabrication and field jobs, a main- provide for the monthly inspection of equipment 
tenance mechanic who is well versed in the opera- and the making of any needed repairs or adjust- 
tion, maintenance, and repair of welding equipment ments. Although contracted maintenance services 
may be justified as a full-time employee. When not have proved their worth, they do not, however, ‘::~ 
trouble-shooting, he can devote his time to the provide immediate availability for trouble-shooting ‘:i 
routine maintenance of any items of equipment not as does the company-employed welding-equipment ,~:i 
in use at that moment. Such a mechanic can mechanic. 

TABLE 14-4. Typical Trouble-Shooting Guide for Wire and Flux-Feeding Eauipment _ 

TROUBLE 

WIRE FEEDING 
wire feeding rough or jerky or wire feeding 

S,OPS completeI”. 

FLUX FEEDING (Submerged-Arc) 
Flux flow stopswhile welding. If there is 

flux in the hose right behind the gun 
(test by squeezing), the stoppage is in 
the gun. 

Flux stoppage not in the gun. (Be certain 
there are no kinks or collapsing of the 
hose.1 

Flux stoppage not in the gun. (Be certain 
there are no kinksor collapsing of the 
hose.) 

Excessive air blow and “neven flux flow 
from the gun. 

Flux in tank gets wet. 

i 

CAUSES 

Cable liner may be dirty 
Electrode may be dirty or rusty, 

Nozzle contact tip may have been 
burned or partly melted causing hole 
to be undersized. 

Flux tube in the gun may be blocked. 

Magnetic particles may cause bridging at 
the nozzle tip. Bridging only occurs 
when welding. 

There may be a piece of slag in the hose. 

Flux tank outlet may be clogged. 

Pressure in the tank may be set improw:lv. 

Tank may be ahost empty. (May look 
like the tank is full at the sides but 
it will be down fo the bottom in the 
center.1 

Flux may be falling way from theweld 
faster than it is being fed. 

Pressure in the tank may be too high. 

There may be water in the air line. 

The copper bleeder may be clogged. 

WHAT TO DO 

Clean cable 
Replace with clean electrode. 
If conditions are extremely dirty or electrode 

isold (solidwire only). put a wiper on the 
wire before it enters the guide tubes. UO~ 
a piece of cloth or felt saturated with 
“Pyroil B” held around the wire with a 
light clamp. 

Replace with new tip. 
Dritl contact tip: 

l/6 wire - No. 28 drill 
,120wire -No. 29 drill 
3/32 wire - No. 36 drill 
5/64wire - No. 40 drill 

Remove the gun from the cable. Check the 
tube in the gun and the cable handle. 

~asr flux over a magnetic separator when 
filling the flux tank. 

Work back along the hose squeezing it until 
flux can be felt. Shake the hose and feel 
for slag at this point. Blow r~“t hose with 
air if necessary. 

If there is no flux in the hose, check the fanI 
outlet for large piecesof slag or paper. 

Set prersure regulator for 26-30 Ibs./sq. in. 
Set oressure for 55-60 Ibs./sd. in. when 
using a gun-cable extension &nbly. 

Refill the tank. 

Alter procedure or make a flux dam. 

Set pressure regulator for 26-30 Ibs./sq. in. 
Set pressure for 55-60 lb&q. in. when 
“sing a gun-cable extension assembly. 

lt is possible to getwater from air lines wher 
first starting in the morning. Blow o”t air 
lines before connecting them to the tank, 

Be certain that a slight amount of air is 
escaping from the crimped end of the 
copper t”be below the flux tank. 
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Section 15 

SAFETY IN ‘MELDING 

SECTION 15.1 

SAFETY PRACTICES IN WELDING 
Page 

Personnel Protection . . . . . . . . . . 
Eye and Face Protection . . . . . . 
Protective Clothing . . . . . . . . . 

Fire Prevention . . . . . . . . . . . . . . . 
Precautions in Welding Containers . 
Ventilation . . . . . . . . . . . . . . . . 

Exhaust Hoods and Booths . . . . 
Welding in Confined Spaces . . . . 

. 

. 

. . . 15.1-l 

. . .15.1-l 

. . .15.1-z 

. . .15.1-2 

. . .15.1-3 

. . .15.1-4 

. . .15.1-4 
. .15.1-4 



15.1-I 

Safety Practices In Welding 

Observing strict safety measures during welding 
and cutting operations is necessary to prevent injury 
to personnel and damage to property. Some of the 
recommended safe practices discussed here are man- 
datory and are governed by code requirements. 
Others are based on shop experience. 

Because of the variables in the hazards involved 
“, in welding operations, the subject of safety must be 
treated here in a rather general way. Standards, pub- 

i’.lished by the AWS, ANSI, and other organizations, 
‘~&hat detail specific situations are listed at the end of 
k!:this section for reference. 
*j;8;;:; *ifi:,,q @f,,, 
~~~,ERSONNEL PRoTEcmoN 
@j(;; : 
gt+;,:,,,, Proper equipment and clothing should be used 
@y weldors, helpers, and personnel working near the 
&welding stations to protect them from burns and 
jfytter and from the radiant energy of the arc. 

@ye and Face Protection 
T;::, The welding arc should never be observed at 
::::close quarters with unprotected eyes. Failure to 
,;,observe this rule can result in various degrees of eye 
::~burn. These burns do not usually cause permanent 

injury, but they can be very painful for several days 
after exposure. 

A helmet-type head shield, as shown in Fig. 

(al fbl 
Fig. 15-1. A helmet-type head shield la) required for protecting the 
weldor’s eyes and face and lb) a hand-held face shield that is con- 
venient for the use of foremen. inspectors. and orher specfators. 

15-l(a), is standard equipment for protecting the 
weldor’s face and eyes from the direct rays of the 
arc. A hand-held face shield, as in Fig. 15-l(b), is 
convenient for the use of onlookers. (Sun glasses or 
gas-welding goggles are not adequate protection.) 
These shields are generally made from a nonflam- 
mable insulating material and are black or gray in 
color to minimizes reflection. They are shaped to 
protect the face, neck, and ears from direct radiant 
energy from the arc. 

The shields are equipped with a standard-size (2 
x 4-l/4-in.) glass window through which the weldor 
observes the work in the area of the arc. A proper 
glass lens screens almost 100% of infrared and ultra- 
violet rays and most of the visible rays from the 
weldor’s eyes. The lens should be made from a 
tempered glass, free from bubbles, waves, or other 
flaws. Except for lenses that are ground for correc- 
tion of vision, their flat surfaces should be smooth 
and parallel. 

TABLE 15-1. Recommended Lens Shade Numbers 

for Use in Various Welding Operations 

Welding or 
Cutting 

Ooeration 

Shielded Metal-Arc Welding 

Gas Tungsten-Arc Welding 
Ferrovs 
Nonferrous 

Gas Metal-Arc Welding 

FWPXS 
Nonferrous 

Atomic Hydrogen Welding 

Carbon-Arc Welding 

I 
f i 

Oxygen Cutting 

Light -TV 1 in. - 
Medium - 1 to 6 in - 
Heavv - over 6 in. - 

oata from AWS A6.2.68 and ANSI 249.1-67. 

Electrode 
Sire (in.) 

l/l6 - 5/32 
3/16 - l/4 
5/16 - 3/8 

l/16-5/32 
l/16 - 5/32 

! c 

I 



15. I-2 Safety in Welding 

A piece of ordinary colored glass may look like a 
welding lens, but it would not have the necessary 
light-screening characteristics needed for eye pro- 
tection. Special equipment is required to measure 
the amount of infrared and ultraviolet rays a lens 
will absorb. Welding lenses should be purchased only 
from suppliers who can be depended upon to 
furnish quality products. 

Lenses are available in a number of shades for 
various types of work. Recommended shade num- 
bers for common welding and cutting operations are 
listed in Table 15-1. Note that the shade number 
varies with the electrode-size range in shielded 
metal-arc welding and with the thickness range of 
material when oxygen cutting. 

Lenses in head shields and face shields should be 
protected from breakage and from spatter by a 
cover lens or plate. This is a clear glass that is treated 
to resist damage from spatter. It covers the exposed 
surface of the lens. 

In addition to a helmet or shield, goggles with 
side shields should also be worn during arc welding 
or cutting operations. Goggles provide protection 
from spatter or rays from adjacent operations, par- 
ticularly at times when the shield is removed, as is 
necessary when replacing electrodes, removing slag, 
or inspecting the weld. Goggles should be worn by 
weldors’ helpers, foremen, inspectors, and others 
working near the arc to protect their eyes from 
occasional flashes. Goggles should be lightweight, 
ventilated, and sterilizable, and the frames should be 
made of a heat-insulating material. Clear, spatter- 
resistant cover glasses and tinted lenses are used in 
the goggles. 

Submerged-arc weldors do not need head shields 
but they should use goggles to protect against an 
accidental flash through the flux. 

Protective Clothing 
Ultraviolet energy from welding and cutting 

operations produces a skin burn, which, like a sun- 
burn, is not immediately apparent. Thus, weldors 
should wear clothing to protect, all exposed skin 
areas. Woolen clothing is preferred over cotton or 
synthetic-fiber clothing because it is less easily 
ignited and it offers better protection from rapid 
changes in temperature. Any cotton or synthetic- 
fiber clothing worn for welding should be chemical- 
ly treated to reduce its flammability. Dark-colored 
shirts are recommended to minimize reflection of 
rays under the helmet. Outer clothing, such as over- 
alls, should be free from oil or grease. Low shoes 
with unprotected tops should not be worn; high-top 

safety shoes are recommended. 
Shirt collars and cuffs should be kept buttoned, 

and pockets should be removed from the front of 
overalls. These measures prevent sparks or hot metal 
from lodging in the clothing. For the same reason, 
legs of trousers or overalls should not be turned up 
on the outside. 

Minimum additional protection commonly used 
by weldors consists of flameproof gauntlet gloves, 
and a flameproof apron made of leather, asbestos, 
or other suitable material. 

For heavy work, fire-resistant leggings of high 
boots and leather sleeves or a full jacket should be 
used. For overhead operations, a leather cape or 
shoulder cover is essential. A leather skull cap 
should also be worn under the helmet to prevent 
head burns. Ear protection is desirable for overhead 
welding or for 0peration.s in confined areas. Wire 
screen ear protectors are recommended for such 
operations. 

FIRE PREVENTION 

Fires connected with welding or cutting opera- 
tions are usually caused by failure to keep com- 
bustible materials away from the work area. Fires 
rarely occur at permanent production welding facili- 
ties; most fires involve portable equipment in areas 
not properly isolated or protected. If the work can 
be moved, it should be taken to a safe place such as 
a fireproof booth for cutting or welding. If the work 
cannot be moved from a hazardous location, weld- 
ing should not be done until the area has been made 
safe. (See Bulletin NFPA No. 51B, published by the 
National Fire Protection Association.) 

Welding or cutting should not be done in 
potentially explosive atmospheres - those contain- 
ing mixtures of flammable gas, vapor, liquid, or dust 
with air - or near stored ignitable materials. A safe 
distance for welding in the general area of corm 
bustible materials is generally considered to be 35 ft. 

If relocation of combustible materials is imprae 
tical, they should be protected with flameproofed 
covers or shielded with metal or asbestos screens 01 
curtains. Edges of covers at the floor should be 
sealed to prevent sparks from getting underneath, 
Portable screens are used for isolating welding and 
cutting operations and for general protection ol 
personnel from rays, spatter, and sparks. 

Combustible floors in temporary welding arear 
should be swept clean, then protected with metal, 01 

other noncombustible material. The floor may be 
protected with damp sand or simply wet with water 
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be welded or cut unless they have been properly 
cleaned and marked as safe. Combustible materials 
include not only the common volatile petroleum 
products, but also: 

1. Acids that react with metals to produce 
hydrogen. 

2. Normally nonvolatile oils or solids that can 
release hazardous vapors when heated. 

3. Fine, dust-like particles of a combustible 
solid that are potentially explosive. 

Acceptable cleaning methods for such containers 
(which will not be detailed here) include water 
cleaning, hot chemical-solution cleaning, and steam 
cleaning. The method used depends, of course, on 
the type of material that must be removed from the 
vessel. Details of approved cleaning procedures are 
given in AWS A6.0 and in other standards listed at 
the end of this section. Containers that have been 
cleaned and proved safe should be ta,gged or 
stenciled with the words, “safe for welding and 
cutting,” and should bear the date and the name of 
the person who certified the safety. 

A supplementary precaution - filling then con- 
tainer with water or inert gas - is recommended for 
welding or cutting containers, even after they have 
been cleaned by approved methods. The container, 
of course, must be vented or open, so the water or 
gas can drive out any dangerous fumes. Acceptable 
inert gases for this purpose are carbon dioxide 
(CO* ) and nitrogen. Carbon dioxide is available in 
pressure cylinders and in solid form (“dry ice”). 
Because the gas is heavier than air, it sinks to the 
bottom of containers that have top openings, and, as 
more gas is added, replaces the air or lighter- 
than-CO1 fumes. 

,,‘; 

,, ,,, 

Minimum concentration of CO2 in a container is 
50% for most work, and 80% if the previously con- 
tained material or vapor was principally hydrogen, 
carbon monoxide, or acetylene. Thorough flushing 
with CO?, however, is desirable practice when the 
container has held such explosive gases. Recom- 
mended minimum concentrations of nitrogen are 
60% and 90%, respectively, for the same general 
conditions. Procedures for filling and maintaining 

$ut special care must be taken with a wet floor to 
protect weldors and other personnel from the 
m-&rd of shock. 

‘, All openings in floors or walls should be closed 
so that any combustible materials on the floor 
;below and in adjacent rooms are not exposed to 
sparks from the welding operation. 

When welding must be done close to wooden 
construction or other combustible material, addi- 
tional protection should be provided in the form of 
suitable fire-extinguishing equipment. This could 
consist of buckets of water or sand, a connected fire 
hose, or portable chemical fire extinguishers, 
depending on the nature and the amount of 
combustible material at hand. 

Workers should be encouraged to be fire- 
conscious and to be on the lookout for potential fire 
hazards. It is good practice to have supervisory 
personnel walk through the welding areas after pro- 
duction operations have been shut down and to have 
night watchmen give immediate attention to such 
areas when they come on duty. 

PRECAUTIONS IN WELDING CONTAINERS 

Tanks, vessels, or other closed containers that 
have held combustible materials or gases should not 

Fully insulated type electrode holder should always be used when 
welding with AC. 
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~1514 Saf&y in Welding,: 

Welding or cutting operations that involve fluxes 
or other materials containing fluorine compounds, 
or that involve toxic metals such as zinc, lead, beryl- 
lium, cadmium, or mercury, require that hose 
masks, hose masks with blowers, or self-contained 
breathing equipment be used. Such equipment 
should meet US. Bureau of Mines standards. 

Some degreasing compounds such as tricblor- 

,:- :., 

,‘,~; ,,., 
‘,’ ethylene and perchlorethylene decompose from the ‘, 

heat and from the ultraviolet radiation of an arc. 
The products of decomposition are irritating to the 
eyes and respiratory system. Parts that have been 
vapor-degreased should not be welded until all 
degreasing compound and vapors are completely 
removed. 

Fig. 15-Z. A typical ventilated booth for exhausting air from the 
welding operation. 

minimum concentrations of inert gases in containers 
‘, for welding and cutting operations are detailed in 
-~ AWS A6.0. 

:I: VENTILATION 

The respiratory health hazards associated with 
” welding operations are caused principally by inhala- 

tion of gases, dusts, and metal fumes. The type and 
quantity of toxic fumes in a welding area depend on 
the type of welding being done, the filler and base 
metals used, contam&nts on the base metal, sol- 
vents in the air, and the amount of air movement or 
ventilation in the area. Coed ventilation is a primary 
key to avoiding or mi:limizing respiratory hazards. 

When -weldir:g alid cutting mild steels, natural 
ventilation is usunll:: c?nsiG i,red adequate to remove 
fumes; provided iha~~: 

1. The room or welding srta contains at least 
10,000 cubic fee? for each weldor. 

2. The cei!ing height is not less than 16 ft. 

3. Cross ventilation is not blocked by par- 
titions, eqiGpment, or other structural 
barriers. 

Spaces that do not meet these requirements 
should be equipped with mechanical vPnt,ilating 
equipment that exhausts at least 2000 cfm of air for 
each weldor, except where local exhaust hoods or 
booths or air-line respirators are used. 

Because of the chemical breakdown of vapor- 
degreasing materials under ultraviolet radiation, arc 
welding should not be done in the vicinity of a 
vapor-degreasing operation. Carbon-arc welding and 
gas tungsten-arc welding should be especially 
avoided in such areas, because they emit more ultra- 
violet radiation than other processes. 

Exhaust Hoods and Booths 
Local exhaust of welding fumes can be provided 

by adjustable hoods or by fixed enclosures or 
booths. Individual movable hoods are particularly 
suitable for bench welding, but can be used for any 
weldings or cutting job provided that the hood can 
be moved so that it is always close to the joint being 
welded. These hoods are more economical to 
operate than a general ventilation system, particu- 
larly in cold weather, because they require less 
replacement air to be brought into the room and 
heated. 

Minimum required air velocity at the zone of 
welding is 100 fpm when the hood is at its farthest 
position from the joint being welded. For a 3-in. 
wide-flanged suction opening, this velocity requires 
an air volume of 150 cfm at 4 to 6 in. from the arc, 
and 600 cfm at 12 in. from the arc. 

A ventilated booth (Fig. 15-2) is a second type 
of local exhaust arrangement. A booth is a fixed 
enclosure that consists of a top and at least two 
sides that surround the welding opemtion. Airflow 
requirements are similar to those for movable hoods 
- sufficient to maintain a velocity away from the 
weldor of at least 100 fpm. 

Welding in Confined Spaces 
Welding in small and restricted spaces - such as 

tanks: boilers, or small compartments of a ship - 
require particular care to prevent the accumulation 
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of toxic materials and to ensure th~at personnel have 
,: adequate air for breathing. All air that is exhausted 

must be replaced with clean air. 
Where it is impossible to provide such ventila- 

tion in confined spaces, weldors and helpers should 
wear hose masks, hose masks with blowers, or self- 

,” contained breathing equipment of a hype that is 
:, approved for such use by the U.S. Bureau of Mines. 
” In addition, a worker should be stationed outside of 

each enclosed or confined space during welding to 
ensure the safety of those working inside. 

Bibliography - Welding Safety Practices 
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E% 
0:4oAl.70 

EEI::; 
0.40-0.75 

- 

3.Cw.M 

EE: 
0.15X1.25 
0.150.25 
0.15.0.25 
0.15-0.25 

%Fi;: 
O.lMiS 

II:% 
0:15-&5 

Ki::: 
O:lW25 

Et!:: E% . . 
0.4r#.60 0.3W.40 

~%:~ 
O.W.85 - 

1:80-2.20 
- 
- - 

0.20-0.35 l.wmO o.0ao.15 
0.20-0.35 o.oaO.15 
0.20-0.35 Ei:Z 

0:3om 
2E:E o.0aa.15 

0.20-5.35 0.30-5.50 o.NI-o.15 
VP 

Ired as incidental. Ibey are acceptable lo the following amounts: 0.35 Cu. 0.2! 

E5Gl 
E5211Xl 

22 

8115 
BIB451 

0.160.21 
0.48553 

po:;; 

0.040 
0.045 

i:% 

k% 
0.040 

K3 
0.040 
0.040 
0.040 
0.040 

L% 

Ei 

iii 

0.70-0.90 
0.75-1.00 
0.70-0.90 
0.70-0.90 
0.70-0.90 
0.70-0.90 
0.70-0.90 
0.70-0.90 
0.70-0.90 
0.75-1.00 
0.75-1.00 
0.75-1.00 
0.75-1.00 
0.75-1.00 
0.75-1.00 
0.75.1.00 
0.7s1.w 

0.035 
0.035 

k% 

2% 
0.035 
0.035 
0.035 

E: 

i%: 
0.035 

E: 
0.035 

8115 
81945 

8615 
w& 

8622 

% 

%i 
8640 

2: 
868451 

86M 
8655 
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0.13-0.18 

Es! 
ok& 

E% 
y&.KJ 

0.404l.45 

E% 
0.48-0.53 

EkE 

8642 
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- 

8iii 

8720 
8740 
8822 

0.18-0.23 0.70-0.90 
0.38-0.43 0.7~1.00 
0.20-0.25 
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b%:z 
0.08-0.13 
O.BO.18 
0.15-0.20 
0.28-0.33 

0.035 
0.035 

0.040 
0.040 

8720 
8740 
8822 

9255 
9260 

0.75-1.00 

E%~ 
0:75-1:cil 
0.456.65 

0.035 0.040 

E % 
0.035 0.040 
0.025 0.025 

9254 
9255 
9260 

9310 
94815% 
948171 
94830X 

* Small qu 

Et:: 
0.75-1.00 

0.040 
0.040 
0.040 

94817 
94830 

, 0.20 Cr. and 0.06 :h are not specit or required. Con! nes or cens,n emmen,S are present 
MO. iElectric furnace steel. %0.0005% B min 



16.1-I 

Terms and Definitions 

The following figures and definitions all pertain 
to arc welding and are taken from the American 
Welding Society publication “Terms and Defi- 
nitions,” AWS A3.0-69. The complete standard may 
be ordered from the American Welding Society, 
2501 N.W. 7th Street, Miami, Florida 33125. The 
complete standard covers all types of welding and 

: cutting. 

A 

&Accelerating Potential: In electron beam welding the 
(‘es, !$&@I otential that imparts the velocity to the electrons, 

&&us, giving them energy. 
$f& 
&Actual Throat: See Throat of a Fillet Weld. 
*; 
&Air Carbon-Arc Cutting (AAC): An arc-cutting 
#j recess wherein the severing of metals is effected by 
~~~:~elting with the heat of an arc between an electrode 
@&nd the base metal and an air stream is used to 
~~~~~cilitate cutting. 

stall-Weld-Metal Test Specimen: A test specimen 
~$vherein the portion being tested is composed 
<:jjj; ,:wholly of weld metal. 

7: ” Angle of Bevel: See preferred term Bevel Angle. 

,,:’ :Arc Blow: The deflection of an electric arc from its 
normal path because of magnetic forces. 

Axis of weld 4 

Horizontal position 

Arc Cutting (AC): A group of cutting processes 
wherein the severing or removing of metals is 
effected by melting with the heat of an arc between 
an electrode and the base metal. See Carbon-Arc 
Cutting, Metal-Arc Cutting, Gas Metal-Arc Cutting, 
Gas Tungsten-Arc Cutting, Plasma-Arc Cutting, and 
Air Carbon-Arc Cutting. Compare with Oxygen-Arc 
Cutting. 
Arc Force: The pressure developed on tine surface of 
the molten metal by the Arc Plasma. 

Arc Gouging: An application of arc cutting wherein 
a bevel or groove is formed. 

Arc Oxygen Cutting: See preferred term Oxygen- 
Arc Cutting. 

Arc-Spot Weld: A spot weld made by an arc welding 
process. 

Arc-Spot Welding: A term erroneously used to 
describe a spot weld made by an arc-welding 
process; last defined in 1961 as follows: 

An arc-welding process wherein coalescence at the 
faying surfaces is produced in one spot by heating 
with an electric arc between an electrode and the 
work. The weld is made without preparing a hole 
in either member. Filler metal or a shielding gas 
or flux may or may not be used. 

Arc-Time: The length of time the arc is maintained 
in making an arc weld. 

Axis of weld7 

.-- 

Overhead position 

FIe 
Axis of weld -“- 

Flat position 

Fig. 1. Positions of Welding for Groove Welds 



Horizontal position 

Overhead position 

Fig. 2. Positions of Welding for Fillet Welds 

Vertical position 

Arc Voltage: The voltage across the welding arc. 

Arc Welding: A group of welding processes wherein 
coalescence is produced by heating with an arc or 
arcs, with or without the application of pressure and 
with or without the use of filler metal. 

; As-Welded: The condition of weld metal, .welded 
: joints and weldnients after welding prior to any sub- 

sequent aging, thermal, mechanical or chemical 
treatments. 

Atomic Hydrogen Welding (AHW): A term of 
limited use, no longer of industrial significance, last 
defined in 1961 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc main- 
tained between two metal electrodes in an atmos- 
phere of hydrogen. Shielding is obtained from the 
hydrogen. Pressure may or may not be used and 
filler metal may or may not be used. 

Automatic Welding: Welding with equipment which 
performs the entire welding operation without con- 
stant observation and adjustment of the controls by 
an operator. The equipment may or may not per- 
form the loading and unloading of the work. See 
Machine Welding. 

Axis of a Weld: A line through the length of a weld, 
perpendicular to the cross-section at its center of 
gravity. See Figs. 1 and 2. 

Back Bead: See preferred term Back Weld. 

Back Gouging: The forming of a bevel or groove on 

.,,, ,,~, ,;.,, ,, ,,,,,, ,,,,, :,,~,,,~,,,~,?,: ,, ,~,, _~, ,~,,, ,,,, ,,,, ~,,, ,,,, ,,,. ,: ,,,, ,,,, ,,~,,,:,,:,,: ,,,, ,,,, ;;:,;,,-,,11 
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the other side of a partially welded joint to assure 
compiete penetration upon subsequent welding 
from that side. 

Backhand Welding: A welding technique wherein 
the welding torch or gun is directed opposite to the 
progress of welding. See Fig. 3. 

Backing: Material (metal, weld metal, asbestos, 
carbon, granular flux, gas, etc.) backing up the joint 
dming welding. 

Backing Bead: See preferred term Backing Weld. 

Backing Filler Metal: Filler metal in the form of a 
ring, strip or consumable insert, fused in a single- 
welded joint. 

Backing Pass: A pass made to deposit a backing 
weld. 

Backing Ring: Backing in the form of a ring, gener- 
ally used in the welding of piping. 
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Groove 

Strap: See preferred term Backing Strip. 

Strip: Backing in the form of a strip. 

Weld: Backing in the form of a weld. See 

Pass: A pass made t.o deposit a back weld. 

@#Back Weld: A weld deposited at the hack of a 
~~~ngle-groove weld. See Fig. 5. 

$j -Backstep Sequence: A longitudinal sequence where- 
;z;~,;~cin~ the weld bead increments are deposited in the 
“--_di&tion opposite to the progress of welding the 
:‘::,,:joint. See Fig. 6. See Block Sequence, Longitudinal 
,5 Sequence, etc. 
,‘, ,Bare Electrode: See Electrode. 

Bare Metal-Arc Welding (BMAW): A term of limited 
use, no longer of industrial significance, last defined 
in 1961 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc between 
a bare or lightly-coated metal electrode and the 
work and no shielding is used. Pressure is not used 
and filler metal is obtained from the electrode. 

Base Metal: The metal to be welded, soldered or cut. 

-Il+,Root opening 

Root 

I 
‘gJ 

1 wenw3l 
i ,,/Bevel angle 

; r--q---2 
_1 

i 

__- 
- Groove radius- 

Fig. 7. Bevel Angle. Groove Angle, Groove Radius and Root Opening 

Unwelded spaces filled after deposition 

Fig. 8. Block Sequence 

Base-Metal Test Specimen: A test specimen com- 
posed wholly of base metal. 

Bead: See preferred term Weld Bead. 

Bead Weld: See preferred term Surfacing Weld. 

Bevel: An angular type of edge preparation. See Fig. 
7. 

Bevel Angle: The angle formed between the 
prepared edge of a member and a plane perpendic- 
ular to the surface of the member. See Fig. 7. 

(Fusion zones indicated by cross-hatching) 
Fig. 9. Bond Line and Fusion Zone Fig. 6. Backstep Sequence 



Fig. 10. Boxing 

Fig. 11. Buildup Sequence 

,i ,, 
:,,, 
:: ,, Block Sequence: A combined longitudinal and 
:;,;,, buildup sequence for a continuous multiple-pass ,, 
;&:, weld wherein separated lengths are completely or 
iii;:: partially built up in cross-section before intervening 
;,, : ‘, lengths are deposited. See Backstep Sequence, 

,’ I,,,~,?, Longitudinal Sequence, etc. See Fig. 8. 

Blowhole: See preferred term Gas Pocket. 
Bond Line: The junction of the weld metal and the 

,‘, base metal or the junction of the base metal parts 
~‘~ when weld metal is not present. See Fig. 9. 

Boxing: The operation of continuing a fillet weld 
around a corner of a member as an extension of the 
principal weld. See Fig. 10. 

Buildup Sequence: The order in which the weld 
beads of a multiple-pass well are deposited with 
respect to the cross-section of the joint. See Block 
Sequence, Longitudinal Sequence, etc. 6ee Fig. 11. 

Rurnoff Rate: See preferred term Melting Rate. 

Burn-Thru: A term erroneously used to denote 
excessive Melt-Thru or a hole. See Melt-Thru. 

Burn-Thru Weld: A term erroneously used to denote 
a Seam Weld and Spot Weld. 

Buttering: See preferred term Surfacing. 

Butt Joint: A joint between two members lying 
approximately in the same plane. See Fig. 12. 

Butt Weld: A weld in a butt joint. 

Fig. 12. Types of Joints 

“+7roo”e Fla;h ” 
upset 

l-l 
Butt Joint 

Applicable welds 

Flare-Vqroove 

Joint ~~~~~~~~~~~ 
Flare-bevel-grow 
Edoe-flanae 

Applicable welds 
,l----- -3 

r 
7i2 

./‘,’ Fillet 

.I-“r”““P _ ~.____ 
Flare-V-groove 

Flare-bevelqroov 
Edge-flange 
Corner-flange 
spot 
Projection 
SlSll 
Flash 

Corner Joint 

Applicable welds 

square-groove 
Bevel-groove 
J-groove 

(cl Tee Joint 

Flare-bevel-groovl 
spot 
Projection 
Seam 
Flash 

*-T----- 7 Applicable welds 

Fillet J-groove 
Plug Flare-bevel-groove 
Slot spot 
Bevel-groove Proiection 

Seam 
Lap Joint 

Applicable welds 

Plug J-groove 
Slot Edge-flange 
square-groove Corner-flange 
Bevelqroove Sp0t 
Vqroove Projection 
U-groove Seam 

Edge Joint 



C 

Carbon-Arc Cutting (CAC): An arc-cutting process 
wherein the severing of metals is effected by melting 
with the heat of an arc between a carbon electrode 
and the base metal. 

Carbon-Arc Welding (CAW): An arc-welding process 
wherein coalescence is produced by heating with an 
arc between a carbon electrode and the work and no 
shielding is used. Pressure may or may not be used 
and filler metal may or may not be used. 

Carbon Electrode: See Electrode. 

Carbon-Electrode Arc Welding: A term of limited 
use, no longer of industrial significance, last defined 
in 1961 as follows: 

A group of arc-welding processes wherein carbon 
electrodes are used. See Shielded Carbon-Arc 
Welding, Gas Carbon-Arc Welding, Carbon-Arc 

;:;;,, Welding, and Twin-Carbon Arc Welding. 
$>iY, 

Fig. 13. Cascade Sequence 

Cascade Sequence: A combined longitudinal and 
buildup sequence wherein weld beads are deposited 
in overlapping layers. (In manual shielded metal arc 
welding a backstep sequence is normally used.) See 
Block Sequence, Buildup Sequence, Longitudinal 
Sequence, etc. See Fig. 13. 

Caulk Weld: See preferred term Seal Weld. 

Chain Intermittent Fillet Welding: Two lines of 
intermittent fillet welding on a joint wherein the 
filet weld increments in one line are approximately 
opposite to those in the other line. See Fig. 14. 

Chamfer: See preferred term Bevel. 

Chill Ring: See preferred term Backing Ring. 

Cladding: See preferred term Surfacing. 

Closed Joint: A term erroneously used to indicate a 
zero root opening. 

Coalescence: The growing together, or growth into 
one body, of the base metal parts. 

Coated Electrode: See preferred terms Covered 
Electrode and Lightly-Coated Electrode. 

Coil without Support: A filler metal package type 
consisting of a continuous length of electrode in coil 
form without an internal support. It is appropriately 
bound to maintain its shape. 

Coil with Support: A filler metal package type con- 
sisting of a continuous length of electrode in coil 
form wound on an internal support which is a 
simple cylindrical section without flanges. See Fig. 

Fig. 14. Chain Intermittent Fillet Welding 

Coil!cd 
filler “+I 

0 Support 

AJ Section A-A 

Fig. 15. Coil with Support Fig. 16. Complete Fusion 



Joint penetration - 

I-” \, 

-ai 

-1 

L- / -A 

Fig. 17. Complete Joint Penetration 

Theoretical 
and actual 

!---I[ throat 

7-- -L Concavity 

;& _- 

i--- - --.J 

Legs 

Fig. 18. Concave Fillet Weld 

15. (A previous name for this package type was 
Rim.) 

Complete Fusion: Fusion which has occurred over 
the entire base-metal surfaces exposed for welding, 
and between all lawyers and passes. See Fig. 16. 

Complete Joint Penetration: Joint penetration 
which extends completely through the joint. See 
Joint Penetration. See Fig. 17. 

Complete Penetration: See preferred term Complete 
Joint Penetration. 

Composite Electrode: See Electrode. 

Composite Joint: A joint wherein welding is used in 
conjunction with a joining process other than 
welding. 

Concave Fillet Weld: A fillet weld having a concave 
face. See Fig. 18. 

Fig. 19. Concave Root Surface 

f- 

Actual throat 

Jw-Convexity 

1 /I\ ,Theoretical 

Actual 
throat 

Fig. 20. Convex Fillet Weld 

Concave Root Surface: A root surface which 
concave. See Fig. 19. 

Concavity: The maximum distance from the face ( 
a concave fillet weld perpendicular to a line joinir 
the toes. See Fig. 18. 

Concurrent Heating: The application of suppl 
mental heat to a structure during a welding 
cutting operation. 

Consumable Guide Electroslag Welding: See EL 
troslag Welding. 

Consumable Insert: See preferred term Backi 
Filler Metal. 

Contactor: A device for repeatedly establishing al 
interrupting an electric power circuit. 

Continuous Sequence: A longitudinal sequen 
wherein each pass is made continuously from o 
end of the joint to the other. See Backst 
Sequence, Longitudinal Sequence, etc. 

Fig. 21. Coiner-Fl;‘noe Weld 



y:: Continuous Weld: A weld which extends continu- 
ously from one end of a joint to the other. Where 

: the joint is essentially circular, it extends completely 
around the joint. 

: Convex Fillet Weld: A fillet weld having a convex 
face. See Fig. 20. 

;,,~’ Convexity: The maximum distance from the face of 
a convex fillet weld perpendicular to a line joining 

; ~ the toes. See Fig. 20. 

‘, : Corner-Flange Weld: A flange weld with only one 
~,: member flanged at the location of welding. See Fig. 
i,, 21. 

iI,, Corner Joint: A joint between two members located 
_” approximately at right angles to each other in the 
i;, ,’ form of an L. See Fig. 12. 

&:Corrosive Flux: A flux with a residue that chemic- 
&ally attacks the base metal. It may be composed of 

organic salts and acids, organic salts and acids or 

Crater Crack: A crack in the crater of a weld bead. 

Cross Wine Weld: A weld made between crossed 
wires or bars. 

Cup: See preferred term Nozzle. 

Cutting Process: A process wherein the severing or 
removing of metals is effected. See Arc Cutting and 
Oxygen Cutting. 

‘;“: 
/’ 

Double-vee-groove weld 

:2 

..i 

-< 
..’ 

evel-groove weld 

‘;r! 

.,i 

c= 
:i.. 

Single-we-groove weld 

Double-J-groove weld Single-J-groove weld’ 

Square-groove weld 

Double-U-groove weld Single-U-groove weld 

Square-groove weld 

activated rosins or resins. 

Cover Glass: A clear transparent material used in 
goggles, hand shields, and helmets to protect the 
filter lens from spattering material. 

Covered Electrode: See Electrode. 

CO1 Welding: See preferred term Gas Metal-Arc 
Welding. 

Crater: In arc welding, a depression at the termi- 
nation of a weld bead or in the weld pool beneath 
the electrode. 

Double-flare-bevel groove weld Double-flare-we groove weld Single-flare-bevel-groove weld Single-flare-vee-groove weld 

Fig. 22. Types of Groove Welds 
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D 

Deposit Sequence: See preferred term Deposition 
Sequence. 

Deposited Metal: Filler metal that has been added 
during a welding operation. 

Deposition Efficiency: The ratio of the weight of 
deposited metal to the net weight of electrodes 
consumed, exclusive of stubs. 

Deposition Bate: The weight of metal deposited in a 
unit of time. 

Deposition Sequence: The order in which the incre- 
ments of weld metal are deposited. See Longitudinal 
Sequence and Buildup Sequence. 

Depth of Fusion: The distance that. fusion extends 
into the base metal or previous pass from the surface 
melted during welding. See Fig. 31. 
Double-Bevel-Groove Weld: A type of groove weld. 
See Fig. 22. 

Double-Flare-Bevel-Groove Weld: A type of groove 
weld. See Fig. 22. 

Double-Flare-Vee-Groove Weld: A type of groove 
weld. See Fig. 22. 

Double-J-Groove Weld: A type of groove weld. See 
Fig. 22. 

Double-U-Groove Weld: A type of groove weld. See 
Fig. 22. 

Double-Vee-Groove Weld: A type of groove weld. 
See Fig. 22. 

Double-Welded Joint: In arc and gas welding, any 
joint welded from botll sides. See Fig. 23. 

Downhand: See preferred term Flat Position. 

Drop-Thru: An undesirable sagging or surface irregu- 
larity, usually encountered when brazing or welding 
near the solidus of the base metal caused by over- 

heating with rapid diffusion or alloying between the 
filler metal and the base meLal. 

Drum: A filler metal package type consisting of a 
continuous length of electrode wound or coiled 
within an enclosed cylindrical container. 

Duty: A statement of operating conditions to which 
the machine or apparatus is subjected, their repre- 
sentative durations and their sequence in time. 

E 

Edge-Flange Weld: A flange weld with two members 
flanged at the location of welding. See Fig. 24. 

Edge Joint: A joint between the edges of two or 
more parallel or nearly parallel members. See Fig. 
12. 

Edge Preparation: The contour prepared on the edge 
of a member for welding. 

Edge Weld: A term erroneously used to denote a 
weld in an edge joint. 

Effective Length of Weld: The length of weld 
throughout which the correctly proportioned cross- 
section exists. In a curved weld, it shall be measured 
along the centerline of the throat. 

Electrode: 
Arc Welding - A component of the welding circuit 
through which current is conducted between the 
electrode holder and the arc. 

Bare Electrode - A filler-metal electrode, used in 
arc welding, consisting of a metal wire with no 
coating other than that incidental to its manu- 
facture or preservation. 
Carbon Electrode - A non-filler-metal electrode, 
used in welding or cutting consisting of a carbon 
or graphite rod. The electrode may or may not be 
coated with copper. 
Composite Electrode - A filler-metal electrode, 
used in arc welding, consisting of more than one 
metal component combined mechanically. It may 
or may not include materials which protect the 
molten metal from the atmosphere, improve the 

Fig. 23. Double-Welded Joint Fig. 24. Edge-Flange Weld 
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Work lead, 

Ground 
ccwxxtion - 

- @ Negative 
D.C. 

welding 

0 
machine 

Positive 

Electrode lead 

Fig. 25. Reverse Polarity 

,’ properties of the weld metal or stabilize the arc. 
: ,Covered Electrode - A filler-metal electrode, 
‘, ,used in arc welding, consisting of a metal core 
‘:wire with a relatively thick covering which pro- 

the source of arc-welding current and the electrode 
holder. See Figs. 25 and 26. 

Electrogas Welding: A method of Gas Metal-Arc 
Welding or Fiux Cored Arc Welding wherein an 
external gas is supplied and molding shoes confine 
the molten weld metal for vertical position welding. 

Electron Beam Welding ,(EBW): A welding process 
wherein coalescence is produced by the heat 
obtained from a concentrated beam composed pri- 
marily of high velocity electrons impinging upon the 
surfaces to be joined. 

vides protection for the molten metal from the 
:,‘, atmosphere, improves the properties of the weld 
:: metal and stabilizes the arc. 
&,Emmissive Electrode - A filler metal electrode 
‘&used in Gas Metal-Arc Welding consisting of a 
%&metal wire with a very light coating applied &~:;::z 
#bzz,,~ during manufacture. 
~~~~.:Flux Cored Electrode -A continuous filler metal 
k% lectrode v*&,;~~; f! consisting of a meti tube containing 

~~~,~. Additional ingredients may be included. 
~~;~~i,,Lightly-coated El&rode - A filler-m&l elec- &@ 
~~~~~~trode, used in arc welding, consisting of a metal 
haywire with a light coating applied subsequent to 
&&e drawing operation, primarily for stabilizing 
@;&he arc. 

Electroslag Welding (EW): A welding process where- 
in coalescence is produced by molten slag which 
melts the filler metal and the surfaces of the work to 
be welded. The weld pool is shielded by this slag 
which moves along the full cross-section of the joint 
as welding progresses. The conductive slag is main- 
tained molten by its resistance to electric current 
passing between the electrode and the work. 

Consumable Guide Electroslag Welding. - A 
method of electroslag welding wherein filler metal 
is supplied by an electrode and its guiding 
member. 

Emissive Electrode: See Electrode. 

End Return: See preferred term Boxing. 

F 

,$:+!;:m,Metal Electrode - A filler- or non-filler-metal 
&;;,ebsctrode, used in arc welding, consisting of a 
::,:::- ,metal wire, with or without a covering or coating. 
,,T;,-: ‘, ~,Tungsten Electrode - A non-filler-metal elec- 
‘), ,‘:,trode, used in arc welding, made principally of 

,’ tungsten. 

Face Reinforcement: Reinforcement of weld at the 
side of the joint from which welding was done. See 
Fig. 27. 

Face of Weld: The exposed surface of a weld on the 
side from which welding was done. See Fig. 28. 

Face Shield: See preferred term Hand Shield and 
Helmet. 

Electrode Holder: A device used for mechanically 
holding .the electrode and conducting current to it. 

Faying Surface: That surface of a member which is 
in contact or in close proximity with another 

Electrode Lead: The electrical conductor between member to which it is to be joined. 

Ground 

Electrode lead 

Fig. 26. Straight Polarity 

Face reinforcement 

A/ 

Root reinforcemen- 

Fig. 27. Reinforcement of Weld 
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Groove Weld 

Fig. 28. Face. Root Surface, and Toe of Weld 

Filler Metal: The metal to be added in making a 
welded, brazed, or soldered joint. See Electrode, 
Welding Rod and Backing Filler Metal. 

Fiiet Weld: A weld of approximately triangular 
cross-section joining two surfaces approximately at 
right angles to each other in a lap joint, tee joint, or 
corner joint. See Figs. 18,20 and 29. 
Fillet We!d Size: See preferred term Size of Weld. 

Filter Glass: See preferred term Filter Lens. 

Size = a by b 

Size = a Size = a 

Fig. 29. Size of Fillet Welds 

Filter Lens: A filter, usually colored glass, used in 
goggles, helmets and handshields to exclude harmful 
light rays. 

Fixture: A device designed to hold parts to be 
joined in proper relation to each other. 

Flange Weld: A weld made on the edges of two or 
more members to be joined, at least one of which is, 
flanged. See Figs. 21 and 24. 

Flare-Bevel-Groove Weld: See Single-Flare-Bevel- 
Groove Weld and Double-Flare-Bevel-Groove Weld. 
See Fig. 22. 

Flare-Vee-Groove Weld: See Single-Flare-Vee- 
Groove Weld and Double-Flare-Vee-Groove Weld. 
See Fig. 22. 

Flat Position: The position of welding wherein weld- 
ing is performed from the upper side of the joint 
and the face of the weld is approximately hori- 
zontal. See Figs. 3 and 5. 

Flowability: The ability of molten filler metal to 
flow or spread over a metal surface. 

Flow Point: A term erroneously used to denote the 
temperature at which the filler metal will flow. 

Flux: Material used to prevent, dissolve or i-ilitate 
removal of oxides and other undesirable substances. 

Fiux Cored Arc Welding (FCAW): An arc welding 
process wherein coalescence is produced by heating 
with an arc, between a continuous filler metal (con- 
sumable) electrode and the work. Shielding is 
obtained from a flux contained within the electrode. 
Additional shielding may or may not be obtained 
from an externally supplied gas or gas mixture. 

Flux Cored Electrode: See Electrode. 

Focal Point: The point of minimum diameter in 
electron beam welding where the electrons cross 
from one side of the beam to the other. 

Fig. 30. Forehand Welding 
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Depth of fusion 
measured normal 
to the original 

Fig. 31. Depth of Fusion 

:!’ Forehand Welding: A welding technique wherein the 
: welding torch or gun is directed toward the progress 
i;:,, of welding. See Fig. 30. 

iG>;:,Freezing Point: See preferred terms Liquidus and 
@>, Solidus. 
& kz#&$: 
@$?ull Fillet Weld : A fillet weld whose size is equal to 
@he thickness of the thinner member joined. 
fj:;; : :Pused Zone: See preferred terms Fusion Zone, 
&ffj&gget and Bond Line. 
j@>, B;@& ;~, 
!4@Fusion: The melting together of filler metal and @&y,, ~, 
&base metal, or of base metal only, which results in &p 
~~~2zcoalescence. See Depth of Fusion. j@j;$$;:,,, 
&Fusion Welding: A term defined as follows: 
&;;,~;, ,, 
$$;;,;;::,::A group of processes in which metals are welded 
I:?,:? together by bringing them to the molten slate at 
::v the surfaces to be joined, with or without the 
ir:::: ;,,addition of filler metal, without the application 

,‘~ of mechanical pressure or blows. 

:’ ,Fusion Zone: The area of base metal melted as 
determined on the cross-section of a weld. See Fig. 
31. 

G 

Gas Carbon-Arc Welding (GCAW): A term of limited 
use, no longer of industrial significance, last defined 
in 1961 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc between 
a single carbon electrode and the work. Shielding 
is obtained from a gas or gas mixture (which may 
contain an inert gas). 

Gas Metal Arc Cutting: Method of metal-arc cutting 
wherein the severing of metals is effected by melting 
with an arc between a continuous metal (consum- 
able) electrode and the work. Shielding is obtained 
entirely from an externally supplied gas or gas 
mixture. 

Fig. 32. Globular Transfer 

Gas Metal-Arc Welding (GMAW): An arc welding 
process wherein coalescence is produced by heating 
with an arc between a continuous filler metal (con- 
sumable) electrode and the work. Shielding is 
obtained entirely .from an externally supplied gas, or 
gas mixture. Some methods of this process are called 
MIG or CO2 welding. 

Gas Pocket: A cavity caused by entrapped gas. 

Gas Regulator: See preferred term Regulator. 

Gas-Shielded Arc Welding: A general term used to 
describe Gas Metal-Arc Welding and Gas Tungsten- 
Arc Welding. 

Gas-Shielded Stud Welding (GSSW): A stud welding 
method wherein coalescence is produced by heating 
with an arc drawn between a metal stud or similar 
part, and the other work part, until the surfaces to 

Fig. 33. Groove Face, Root Face and Root Edge 
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be joined are properly heated, when they are 
brought together under pressure. Shielding is 
obtained from an inert gas such as helium or argon. 

Gas Torch: See preferred terms Welding Torch and 
Cutting Torch. 

Gas Tungsten-Arc Cutting (GTAC): An arc-cutting 
process wherein the severing of metals is effected by 
melting with an arc between a single tungsten 
(nonconsumable) electrode and the work. Shielding 
is obtained from a gas or gas mixture. 

Gas Tungsten-Arc Welding (GTAW): An arc-welding 
process wherein coalescence is produced by heating 
with an arc between a single tungsten (nonconsum- 
able) electrode and the work. Shie!.ding is obtained 
from a gas or gas mixture. Pressure may or may not 
be used and filler metal may or may not be used. 
(This process is frequently called TIG welding.) 

Globular Transfer: A mode of metal transfer in gas 
metal-arc welding in which the consumable elec- 
trode is transferred across the arc in large droplets. 
See Fig. 32. 

Goggles: See preferred term Welding Goggles. 

Gouging: The forming of a bevel or groove by 
material removal. See also Back Gouging, Arc 
Gouging, Oxygen Gouging. 

Groove: The opening provided for a groove weld. 

Groove Angle: The total included angle of the 
groove between parts to be joined by a groove weld. 
See Fig. 7. 

Groove Face: That surface of a member included in 
the groove. See Fig. 33. 

Groove Radius: The radius of a J- or U-Groove. See 
Fig. 7. 

Groove Weld: A weld made in the groove between 
two members to be joined. The standard types of 
groove welds (Fig. 22) are as follows: 

Square-Groove Weld 
Single-Vee-Groove Weld 
Single-Bevel-Groove Weld 
Single-U-Groove Weld 
Single-J-Groove Weld 
Single-Flare-Vee-Groove Weld 
Single-Flare-Bevel-Groove Weld 
Double-Vee-Groove Weld 
Double-Bevel-Groove Weld 
Double-U-Groove Weld 
Double-J-Groove Weld 
Double-Flare-Vee-Groove Weld 
Double-Flare-Bevel-Groove Weld 

m -Weld metal area 

Fig. 34. Heat-Affected Zone and Weld Metal Area 

Ground Connection: An electrical connection of the, 
welding machine frame to the earth for safety. (See, 
also Work Connection and Work Lead). See Figs. 25 
and 26. 

Ground Lead: A term erroneously used to denote 
Work Lead. 

Gun: 
a) Arc Welding - In semiautomatic, machine and 

automatic welding, a manipulating device to 
transfer current and guide the electrode into 
the arc. It may include provisions for shielding 
and arc initiation. 

b) Resistance Welding -A manipulating device to 
transfer current and provide electrode force to 
the weld area. 

H 

Hand Shield: A protective device, used in arc weld- 
ing, for shielding the face and neck. A hand shield is 
equipped with a suitable filter lens and is designed 
to be held by hand. 

Hard Surfacing: See Surfacing. 

Heat-Affected Zone: That portion of the base metal 
which has not been melted, but whose mechanical 
properties or microstructure have been altered by 

Horizontal fixed position (pipe stationary during welding) 
Horizontal rolled position (pipe rotated during welding) 

is of pipe 

Vertical position 

Fig. 35. Positions of Pipe During Welding 
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, brazing, soldering or cutting 

device, used in arc welding, for 
d neck. A helmet is equipped 
lens and is designed to be worn 

o&ion of a pipe joint 

pipe is approximately 
onhl and the pipe is not rotated during 

'_ "'~'z~ ~~~,Fillet Welt-J - The position of welding wherein 

Jo!: -“,“:welding is performed on the upper side of an ~:, 
,, approximately horizontal surface and against an 

approximately vertical surface. See Fig. 2. 
Groove Weld - The position of welding wherein 
the axis of the weld lies ln an approximately 
horizontal plane and the face of the weld lies in 
an approximately vertical plane. See Fig. 1. 

Horizontal Rolled Position: 
Pipe Welding - The position of a pipe joint 
wherein welding is performed in the flat position 
by rotating the pipe. See Fig. 35. 

I 
Impregnated-Tape Metal-Arc Welding: A term of 
limited use, no longer of industrial significance, last 
defined in 1949 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc between 
a metal electrode and the work. Shielding is 

obtained from decomposition, of an impregnated 
tape wraj)ped around the electrode as it is fed to 
the arc. Pressure is not used and filler metal is 
obtained from the electrode. 

Inad i --.~te Joint Penetration: Joint penetration 
whici is ,+ 5s than that specified. 

Includea Angle: See preferred term Groove Angle. 

Incomplete Fusion: Fusion which is less than 
complete. See Fig. 36. 

Inert Gas: A gas which does not normally combine 
chemically with the base metal or filler metal. (See 
also protective atmosphere.) 

Inert-Gas Metal-Arc Welding: See preferred term Gas 
Metal-Arc Welding. 

Inert-Gas Tungsten-Arc Welding: See preferred term 
Gas Tungsten-Arc Welding. 

Intermittent Weld: A weld wherein the continuity 
of the weld is broken by recurring unwelded spaces. 
See Figs. 14 and 37. 

Interpass Temperature: In a multiple-pass weld, the 
temperature (minimum or maximum as specified) of 

Fig. 37; Staggered Intermittent Fillet Welding 

Fig. 36. Incomplete Fusion 
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the deposited weld metal before the next pass is 
started. 

J 

Joint: The location where two or more members are 
to be joined. 
Joint Clearance: The distance between the faying 
surface; of a joint. (In brazing this distance is 
usually referred to as that which is present before 
brazing, at the brazing temperature, or after brazing 
is completed. 

Joint Design: The joint geometry together with the 
required dimensions of the welded joint. 

Joint Efficiency: The ratio of the strength of a joint 
to the strength of the base metal (expressed in 
percent). 

Joint Geometry: The shape and dimensions of a 
joint in cross-section prior to welding. 

Joint Penetration: The minimum depth a groove or 
flange weld extends from its face into a joint, 
exclusive of reinforcement. See Fig. 38. 

Joint Welding Procedure: The materials, detailed 
methods and practices employed in the welding of a 
particular joint. 

Joint Welding Sequence: See preferred term Buildup 
Sequence. 

1 
: Lack of Fusion: See preferred term Incomplete 
,~ Fusion. 

r Root penetration 

Joint penetration 

penetration - I 
Fig. 36. Root Penetration and Joint Penetration of Groove Welds 

Weld beads 

Fig. 39. Weld Beads and Layers 

Lack of Joint Penetration: See preferred term 
Inadequate Joint Penetration. 

Lap Joint: A joint between two overlapping 
members. See Fig. 12. 

Land: See preferred term Root Face. 

Layer: A stratum of weld metal, consisting of one or 
more weld beads. See Fig. 39. 

Lead Angle: The angle that the electrode makes in 
advance of a line perpendicular to the weld axis at 
the point of welding, taken in a longitudinal plane. 
See Fig. 40. 

Leg of a Fillet Weld: The distance from the root of 
the joint to the toe of the fillet weld. See Figs. 18 
and 20. 

Lens: See preferred term Filter Lens. 

Lightly Coated Electrode: See Electrode. 

Liquidus: The lowest temperature at which a metal 
or an alloy is completely liquid. 

Local Preheating: Preheating a specific portion of a 
structure. 

Local Stress-Relief Heat Treatment: Stress-relief 
heat treatment of a specific portion of a structure. 

Locked-Up Stress: See preferred term Residual 
Stress. 

Longitudinal Sequence: The order in which the 
increments of a continuous weld are deposited with 
respect to its length. See Backstep Sequence, Block 
Sequence, etc. 

M 

Machine Welding: Welding with equipment which 
performs the welding operation under the constant 



:/’ 
,‘~ :: 

Progress of weld 
into page 

Progress of weld 

Fig. 40. Lead Angle and Work Angle 

#observation and control of an operator. The equip- 
&$mt may or may not perform the loading and 
&nl,oading of the work. See Automatic Welding. 
g$& 
&Manifold: A multiple header for interconnection of y!*,-, 
&as ‘or fluid sources with distribution points. 
@$&uaJ Welding: Welding wherein the entire welding 
i&peration is performed and controlled by hand. 
>,!,<, ;,:,~~‘, 
y@Ielting Range: The temperature range between 
:,;:$‘olidus and liquidus. 

-Melting Rate: The weight or length of electrode 
‘melted in a unit of time. 

Melting Ratio: An obsolete term, last defined in 
1940 as follows: 

The ratio of the volume of weld metal below the 
original surface of the base metal to the total 
volume of the weld metal. 

Melt-Thru: Complete joint penetration of weld 
metal in a joint welded from one side, with visible 
root reinforcement. See Fig. 41. 

Metal-Arc Cutting (MAC): An arc-cutting process 
wherein the severing of metals is effected by melting 
with the heat of an arc between a metal electrode 
and the base metal. See Shielded Metal-Arc Cutting 
and Gas Metal-Arc Cutting. 

Metal-Arc Welding: See Shielded Metal-Arc Welding, 
Flux Cored-Arc Welding, Gas Metal-Arc Welding, 
Gas-Tungsten-Arc Welding,. Submerged Arc-Welding, 
Plasma-Arc Welding and Stud Welding. 
Metal Electrode: See Electrode. 
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Metal-Electrode Arc Welding: An obsolete term, last 
defined in 1961 as follows: 

A group of arc-welding processes wherein metal 
electrodes are used. See shielded Metal-Arc Weld- 
ing, Atomic Hydrogen Welding, Gas Metal-Arc 
Welding, Submerged Arc-Welding, Gas-Shielded 
Stud Weldiing~X%s~~Tungsten-Arc Welding, Arc- 
Spot Welding, Arc-Seam Welding, Stud Welding 
and Bare Metal-Arc Welding. 

Method: An orderly arrangement, or definite 
system, of proceeding in a certain manner to 
accomplish a particular type of result. 

MIG Welding: See preferred term Gas Metal-Arc 
Welding. 

Mixing Chamber: That part of a gas-welding or 
oxygen-cutting torch wherein the gases are mixed. 

N 

Nonpressure Welding: An obsolete term, last defined 
in 1942 as follows: 

A group of welding processes wherein the weld is 
made without pressure. 

Nozzle: A device which directs shielding media. 

0 

Open-Circuit Voltage: The voltage between the out- 
put terminals of the welding machine when no 
current is in the welding circuit. 
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Fig. 41. Melt-Thru 
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~‘- ~~~::~~o”eriap 
L-e -1 __ 

Fig. 42. Undercut and Overlap 

Overhead Position: The position of welding wherein 
welding is performed from the underside of the 
joint. See Figs. 1 and 2. 

Overlap: Protrusion of weld metal beyond the toe or 
root of the weld. See Fig. 42. 

Overlaying: See preferred term Surfacing. 

Oxygen-Arc Cutting (AOC): An oxygen-cutting 
process wherein the severing of metals is effected by 
means of the chemical reaction of oxygen with the 
base metal at elevated temperatures, the necessary 
temperature being maintained. by means of an arc 
between a consumable tubular electrode and the 
base metal. 

Oxygen Cutter: One who is capable of performing a 
manual oxygen-cutting operation. 

Oxygen Cutting (OC): A group of cutting processes 
wherein the severing or removing of metals is 
effected by means of the chemical reaction of 
oxygen with the base metal at elevated tempera- 
tures. In the case of oxidation-resistant metals the 
reaction is facilitated by the use of a chemical flux 
or metal powder. See Oxygen-Artiutting, Oxy-Fuel 
Gas Cutting, Oxygen-Lance Cutting, Chemical Flux 
Cutting, and Metal Powder Cutting. 

Oxygen-Cutting Operator: One who operates 
machine or automatic oxygen-cutting equipment. 

Oxygen Gouging: An application of oxygen cutting 
wherein a bevel or groove is formed. 

Oxygen Grooving: See preferred term, Oxygen 
Gouging. 

P 

Parent Metal: See preferred term Base Metal. 

Partial Joint Penetration: Joint penetration which is 
less than complete. See Fig. 43. 

Pass: A single longitudinal progression of a welding 

operation along a joint or weld deposit. The result 
of a pass is a weld bead. 

Pass Sequence: The order of deposition of passes in 
a joint. 

Peel Test: A destructive method of inspection where 
a lap joint is mechanically separated by peeling. 

Peening: The mechanical working of metals by 
means of impact blows. 

Penetration: See preferred terms Joint Penetration, 
and Root Penetration. 

Plasma-Arc Cutting (PAC): An arc cutting process 
wberein severing of the metal is obtained by melting 
a localized area with a constricted arc and removing 
the molten material with a hiih velocity jet of hot, 
ionized gas issuing from the orifice. 

Plasma-Arc Welding (PAW): An arc welding process 
wherein coalescence is produced by heating with a 
constricted arc between an electrode and the work 
piece (transferred arc) or the electrode and tbe 
constricting nozzle (non-transferred arc). Shielding 
is obtained from the hot, ionized gas issuing from 
the orifice which may be supplemented by an auxili- 
ary source of shielding gas. Shielding gas may be an 
inert gas or a mixture of gases. Pressure may or may 
not be used, and filler metal may or may not be 
supplied. 

Plug Weld: A circular weld made through a hole in 
one member of a lap or tee joint joining that mem- 
ber to the other. The walls of the hole may or may 
not be parallel and the hole may be partially or 
completely filled with weld metal. (A fillet-welded 
hole or a spot weld should not be construed as 
conforming to $!his definition.) See Fig. 44. 

Joint penetration 
I 

-! 
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Fig. 44. P!ug ‘Weids 

Porosity: Gas pockets or voids in metal. 

Positioned Weld,: A weld made in a joint which has 
been So placed as to facilitate making the weld. 

Position of Welding: See Flat, Horizontal, Vertical 
and Overhead Positions and Horizontal Rolled, Hori- 
zo,ntal Fixed and Vertical Pipe Welding Positions. 

,Postheating: The application of heat to an assembly 
after a welding, brazing, soldering or cutting 
,operation. 

!,peheat: See preferred term Preheat Temperature. 

&$eatmg: The application of heat to the base 
&eta1 immediately before welding, brazing, 
:@dering or cutting. @,: 
seeheat Temperature: &:: Fr The temperature specified 
$&t, the base metal must attain in the welding, 
&;@ng, soldering or cutting area immediately 
&%fore these operations are performed. s&~~~;,~~ ,:, 
Q,,, 6 ~.:Xedure: Tine detailedelements (wi+.scribed 
&lves or ranges of val-res) of a process or method 
@&t6 produce a specific result. ,, 
ff?&ced~e Qulificaticm: The demonstration that 
&#&s made by a specific procedure can meet 
$&$ibed Stan&&s. 

‘&X&S: A distinctive progressive action, or series of 
‘&t&s, involved in the course of producing a basic 
type of result. 

Progressive Block Sequence: A block sequence 
wherein successive blocks are completed progres- 
sively along the joint, either from one end to the 
other or from the center of the joint toward either 
end. 

Protective Atmosphere: A gas envelope surrounding 
the part to be brazed or welded where the gas 
composition is controlled with respect to chemical 
composition, dew point, pressure, flow rate, etc. 
Examples are inert gases, combusted fuel gases, 
hydrogen, vacuum. 

Pulsed Power Welding: Any arc welding method in 
which the power is cyclically promammed to pulse 
to utilize effective, but short duration, values of a 
parameter. Such short duration values ‘are signifi- 
cantly different from the average value of the 

parameter. Equivalent terms are Pulsed Voltage or 
Pulsed Current Welding; see also Pulsed Spray 
Welding. 

Pulsed Spray Welding: An arc welding method in 
which the current is pulsed to utilize the advantages 
of the spray mode of metal transfer at average cur- 
rents equal to or less than the globular to spray 
transition current. 

Q 
Qualification: See preferred terms Weldor Qualifi- 
cation and Procedure Qualification. 

R 
Random Sequence: See preferred term Wandering 
Sequence. 

Rate of Deposition: See preferred term Deposition 
Rate. 

Reaction Flux: A flux composition in which one or 
more of the ingredients reacts with a base metal 
upon heating to deposit one or more metals. 

Reaction Stress: The residual stress which could not 
otherwise exist if the members or parts being welded 
were isolated as free bodies without connection to 
other parts of the structure. 

Reactor: A device used in arc-welding circuits for 
the purpose of minimizing irregularities in the flow 
of welding current. 

Reducing Atmosphere: A chemically active protec- 
tive atmosphere which at elevated temperature will 
reduce meta! oxides to their metallic state. (Reduc- 
ing Atmosphere is a relative term and such an 
atmosphere may be reducing to one oxide but 
oxidizing to another 0xide.j 

Size 
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Size 
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Fig. 45. Size of Groove Welds 
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Circular Coiled 

.J Section A-A 

Fig. 46. Rim 

Regulators: A device for controlling the delivery of 
gas at some substantially constant pressure regard- 
less of variation in the higher pressure at the source. 

Reinforcement of Weld: Weld metal in excess of the 
specified weld size. See Figs. 27 and 45. 

Residual Stress: Stress remaining in a structure or 
member as a result of thermal or mechanical 
treatment or both. 

Reverse Polarity: The arrangement of direct current 
arc-welding leads wherein the work is the negative 
pole and the electrode is the positive pole of the 
welding arc. See Fig. 25. 

Rim: A filler metal package type consisting of a 
continuous length of electrode wound in a circular 

channel. (This package type is a proposed standard 
of the In+.ernational Organization for Standardiza- 
tion and i; not currently used by U.S. industry. See 
Fig. 46.) This term was previously used to denote 
coil with support. 

Root: See preferred terms Root of Joint and Root ‘;! 
of Weld. 

Root Crack: A crack in the weld or heat-affected,::. 
zone occurring at the root of a weld. ,,,,,,: 

y; 
Root Edge: A root face of zero width. See Root ::~ 
Face. See Fig. 33. ,,’ 

Root Face: That portion of the groove face adjacent 1’ 
to the root of the joint. See Fig. 33. 

Root Gap: See preferred term Root Opening. 

Root of Joint: That portion of a joint to be welded 
where the members approach closest to each other. 
In cross-section the root of the joint may be either a 
point, a line or an area. See Fig. 47. 

Root of Weld: The points, as shown in cross-section, 
at which the back of the weld intersects the base 
metal surfaces. See Fig. 48. 

Root Opening: The separation between the mem- ‘, 
bers to be joined, at the root of the joint. See Fig. ‘7. 

Root Penetration: The depth a groove weld extends 
into the root of a joint measured on the centerline 
of the root cross-section. See Fig. 38. 

Root Radius: See preferred term Groove Radius. 

Fig. 47. Root of Joint 
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L-4: -9_ L -1 
Root Of ,,,,G 

r:G”otof’B, __/ ._ 
Fig. 48. Root of Weld 

Root Reinforcement: Reinforcement of weld at the 
&de other than that from which welding was done. 
$;$e Fig. 27. 
&rot Surface: The exposed surface of a weld on the 
$fde other than that from which welding was done. 

@f ,:;, : 
&$ s 
;$?&a$; See preferred term Edge Preparation. 
“;& 1 ,, 
;&ml Weld: Any weld designed primarily to provide a 
$pecific degree of tightness against leakage. 

:Se$ondary Circuit: That portion of a welding 
‘matibine which conducts the secondary current 
:between the secondary terminals of the welding 
transformer and the electrodes, or electrode, and 
work. 

S,elective Block Sequence: A block sequence 
wherein successive blocks are completed in a certain 
order selected to create a predetermined stress 
pattern. 

Semiautomatic Arc Welding: Arc welding with 
equipment which controls only the filler metal feed. 
The advance of the welding is manually controlled. 

Semiblind Joint: A joint in which one extremity of 
the joint is not visible. 

Shielded Carbon-Arc Welding (SCAW): A term of 
limited use, no longer of industrial significance, last 
defined in 1961 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc between 
a carbon electrode and the work. Shielding is 
obtained from the combustion of a solid material 

fed into the arc or from a blanket of flux on the 
work or both. Pressure may or may not be used 
and filler metal may or may not be used. 

Shielded Metal-Arc Cutting: A method of metal-arc 
cutting wherein the severing of metals is effected by 
melting with the heat of an arc between a covered 
metal electrode and the base metal. 

Shielded Metal-Arc Welding (SMAW): An arc- 
welding process wherein coalescence~ is produced by 
heating with an arc between a covered metal elec- 
trode and the work. Shielding is obtained from 
decomposition of the electrode covering. Pressure is 
not used and filler metal is obtained from the 
electrode. 

Short Circuiting Arc Welding: A method of gas 
metal-arc welding using short circuiting transfer. 

Short Circuiting Transfer: A mode of metal transfer 
in Gas Metal-Arc Welding in which the consumable 
electrode is deposited during repeated short circuits. 
See Fig. 49. 

Shoulder: See preferred term Root Face. 

Shrinkage Stress: See preferred term Residual Stress. 

Single-Bevel-Groove Weld: A type of groove weld. 
See Fig. 22. 

Single-Flare-Bevel-Groove Weld: A type of groove 
weld. .See Fig. 22. 

Single-Flare-Vee-Groove Weld: A type of groove 
weld. See Fig. 22. 

SingleJ-Groove Weld: A type of groove weld. See 
Fig. 22. 

Single-U-Groove Weld: A type of groove weld. See 
Fig. 22. 

Single-Vee-Groove Weld: A type of groove weld. See 
Fig. 22. 

Fig. 49. Short Circuiting Transfer 
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I I 

Fig. 50. Single-Welded Joint 

Single-Welded Joint: In arc and gas welding, any 
joint welded from one side only. See Fig. 50. 

Size of Weld: 
Groove Weld - The joint penetration (depth of 
chamfering plus the root penetration when 
specified). See Fig. 45. 
Fillet Weld - 

For equal leg fiIlet welds, the leg length of the 
largest isosceles right-triangle which can be 
inscribed within the fillet-weld cross-section. 
See Fig. 29. 
For unequal leg fillet welds, the leg length of 
the largest right-triangle which can be inscribed 
within the fillet-weld cross-section. See Fig. 29. 

Flange W’eld - The weld metal thickness 
measured at the root of the weld. See Fig. 51. 

Skip Sequence: See preferred term Wandering 
Sequence. 

Slag Inclusion: Non-metallic solid material 
entrapped in weld metal or between weld metal and 
base metal. 

Slot Weld: A weld made in an elongated hole in one 
member of a lap or tee joint joining that member to 
that portion of the surface of the other member 
which is exposed through the hole. The hole may be 
open at one end and may be partially or completely 
filled with weld metal. (A fillet-welded slot should 
not be construed as conforming to this definition.) 
See Fig. 52. 

Fig. 51. Size of Flange Weld 

Fig. 52. Slot Welds 

Slugging: The a,ct, of adding a separate piece or 
@es of material in a joint I: <fore or during welding : 
resulting in a welded joint which does not comply : 
with design, drawing or specification requirements. 

Solidus: The highest tempt?rature at which a metal 
or alloy is completely solid. 

Spacer Strip: A metal strip or bar inserted in the 
root of a joint prepared for a groove weld to serve as 
a backing and to maintain root opening during 
welding. See Fig. 53. 

Spatter: In arc and gas welding, the metal particles 
expelled during welding and which do not form a 
part of the weld. 

Spacer 
strip 

Fig. 53. Spacer Strip 

Spatter Loss: Metal lost due to spatter. 

Spool: A filler metal package type consisting of a 
continuous length of electrode wound on a cylinder, 
(called the barrel) which is flanged at both ends. The 
flange extends below the inside diameter of the 
barrel and contains a spindle hole. See Fig. 54. 

Spot Welding: The making of spot welds. 

Spray Transfer: A mode of metal transfer in gas” 
metal-arc welding in which the consumable elec- 
trode is propelled axially across the arc in small 
droplets. See Fig. 55. 

Square-Groove Weld: A type of groove weld. See 
Fig. 22. 

Staggered Intermittent Fillet Welding: Two lines of 
intermittent fillet welding on a joint wherein the 



qJ”“,r;” 

filler 

A J Flange 
Section A-A 

Fig. 54. Spool 

~ fillet weld increments in one line are staggered with 
,~ respect to those in the other line. See Fig. 37. 

:Stepback Sequence: See preferred term Backstep 
@equence. 

&tick Electrode: See preferred term Covered 
f&Electrode. 
& 
@Stitch Welding: The use of intermittent welds to 
8@3 two or more parts. 

&traight Polarity: lrhe arrangement of direct current 
&@:w’elding leads wherein the work is the positive 
&le and the electrode is the negative pole of the 
&&ding arc. See Fig. 26. 
,;;!;!:,. i 
:~$ltrength Weld: An obsolete term, last defined in 
j::l929 as follows: 
‘i,l:,:, :A’, weld intended to develop a predetermined 
:I,: 1 ~strength. 

Stress-Corrosion Cracking: Spontaneous failure of 
metals by cracking under combined action of corro- 
sion and stress, residual or applied. In brazing, 
applied to cracking of stressed base metal by the 
presence of a liquid filler metal. 
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Fig. 56. Stringer Bead 

Stress-Relief Heat Treatment: Uniform heating of a 
structure or portion thereof to a sufficient tempera- 
ture, below the critical range, to relieve the major 
portion of the residual stresses, followed by uniform 
cooling. (Note: Terms Normalizing, Annealing, etc., 
are misnomers for this application.) 

Stress Cracking: Cracking of a weld or base metal 
containing residual stresses. 

Stringer Bead: A type of weld bead made without 
appreciable transverse oscillation. See Fig. 56. 

Stud Welding (SW): An arc-welding process wherein 
coalescence is produced by heating with an arc 
drawn between a metal stud, or similar part, and the 
other work part until the surfaces to be joined are 
properly heated, when they are brought together 
under pressure. Partial shielding may be obtained by 
the use of a ceramic ferrule surrounding the stud. 
Shielding gas or flux may or may not be used. 

Submerged Arc-Welding (SAW): An arc-welding 
process wherein coalescence is produced by heating 
with an arc or arcs between a bare metal electrode 
or electrodes and the work. The arc is shielded by a 
blanket of granular, fusible material on the work. 
Pressure is not used and filler metal is obtained from 
the electrode and sometimes from a supplementary 
welding rod. 

Fig. 56. Spray Transfer Fig. 67. Surfacing Welds 



Fig. 58. Toe Cracks 

Suck-Back: See preferred term Concave Root 
Surface. 

Surfacing: The deposition of filler metal on a metal 
surface to obtain desired properties or dimensions. 

Surfacing Weld: A type of weld composed of one or 
more stringer or weave beads deposited on an 
unbroken surface to obtain desired properties or 
dimensions. See Fig. 57. 

T 
Tack Weld: A weld made to hold parts of a weld- 
ment in proper alignment until the final welds are 
made. 

Taps: A means for controlling welding voltage and 
current by varying the welding transformer turns 
ratio. 

:’ Tee Joint: A joint between two members located 
approximately at right angles to each other in the 

,,: form of a 7’. See Fig. 12. 

Temporary Weld: A weld made to attach a piece or 
pieces to a weldment for temporary use in handling, 

‘shipping or working on the weldment. 

Theoretical Throat: See Throat of a Fillet Weld. 

Thermal Stresses: Stresses set up within a metal or 
joint caused by differential heating or cooling. 

Throat of a Fillet Weld: 
Theoretical - The distance from the beginning of 
the root of the joint perpendicular to the hypote- 
nuse of the largest right-triangle that can be 
inscribed within the fillet-weld cross-section. See 
Figs. 18 and 20. 

Bond line 

cracks 

Fig. 59. Underbead Cracks 

Actual - The shortest distance from the root of a 
fillet weld to its face. See Figs. 18 and 20. 

Throat of a Groove Weld: See preferred term Size of 
Weld. 

TIG Welding: See preferred term Gas Tungsten-Arc 
Welding. 

Toe Crack: A crack in the base metal occurrmg at 
the toe of a weld. See Fig. 58. 

Toe of Weld: The junction between the face of a 
weld and the base metal. See Fig. 28. 

Tungsten Electrode: See Electrode. 

Twin-Carbon Arc Welding (TCAW): A term .of 
limited use, no longer of industrial significance, last 
defined in 1961 as follows: 

An arc-welding process wherein coalescence is 
produced by heating with an electric arc main- 
tained between two carbon electrodes and no 
shielding is used. Pressure is not used and filler 
metal may or may not be used. 

U 
Underbead Crack: A crack in the heat-affected zone 
generally not extending to the surface of the base 
metal. See Fig. 59. 

Undercut: A groove melted into the base metal 
adjacent to the toe or root of a weld and left 
unfilled by weld metal. See Fig. 42. 

Underfill: A depression on the face of weld or root 
surface extending below the surface of the adjacent 
base metal. See Fig. 60. 

Unshielded Carbon Arc Welding: A term of limited 
use, no longer of industrial significance, last defined 
in 1942 as follows: 

A carbon-arc welding process wherein no 
shielding medium is used. 

Unshielded Metal Arc Welding: A term of limited 
use, no longer of industrial significance, last defined 
in 1942 as follows: 

A metal arc welding process wherein no shielding 
medium is used. 

V 
Vertical Position: The position of welding wherein 
the axis of the weld is approximately vertical. See 
Fig. 1 and 2. 

Vertical Position: 
Pipe Welding - The position of a pipe joint 
wherein welding is performed in the horizontal 
position and the pipe may or may not be rotated. 
See Fig. 35. 



Underfill 

j 

Fig. 60. Underfill 

-Voltage Regulator: An automatic electrical control 
@evice for maintaining a constant voltage supply to 
&he primary of a welding transformer. t:, :~ 

W 
$Wandering Block Sequence: A block sequence 
g;wherein successive blocks are completed at random 
E:;after several starting blocks have been completed. 
$@$ndering Sequence: A longitudinal sequence 
f&herein the weld bead increments are deposited at 
!fiandorn. 

?Weave Bead: A type of weld bead made with 
,:transverse oscillation. See Fig. 61. 

:,Weld: A localized coalescence of metal wherein 
,coalescence is produced either by heating to suitable 
temperatures, with or without the application of 
pressure, or by the application of pressure alone, 
and with or without the use of filler metal. The filler 
metal either has a melting point approximately the 
same as the base metals or has a melting point below 
that of the base metals but above 800°F (427OC). 

Weld Bead: A weld deposit resulting from a pass. 
See Stringer Bead and Weave Bead. See Fig. 39. 

Weld Crack: A crack in weid metai. 

Weld Gage: A device designed for checking the 
shape and size of welds. See Fig. 29. 

Weld Length: See preferred term, Effective Length 
of Weld. 

Weld Line: See preferred term Bond Line. 

Weld Metal: That portion of a weld which has been 
melted during welding. 
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Weld Metal Area: The area of the weld metal as 
measured on the cross-section of a weld. See Fig. 34. 

Weld Penetration: See preferred terms Joint Pene- 
tration and Root Penetration. 

Weld Size: See preferred term Size of Weld. 

Weldability: The capacity of a metal to be welded 
under the fabrication conditions imposed into a 
specific, suitably designed structure and to perform 
satisfactorily in the intended service. 

Welder:* One who is capable of performing a 
manual or semiautomatic welding operation. Used in 
this handbook to denote a welding machine. 

Welding (Noun): The metal joining process used in 
making welds. (See the Master Chart of Welding 
Processes.) 

Welding Current: The current in the welding circuit 
during the making of a weld. 

Welding Electrode: See preferred term Electrode. 

Welding Generator: A generator used for supplying 
current for welding. 

Welding Goggles: Goggles with tinted lenses, used 
during welding, brazing or oxygen cutting, which 
protect the eyes from harmful radiation and flying 
particles. 

Welding Ground: See preferred term Work 
Connection. 

Welding Leads: The work lead and electrode lead of 
an arc-welding circuit. See Figs. 25 and 26. 

Welding Machine: Equipment used to perform the 
welding operation. For example, spot-welding 
machine, arc-welding machine, seam-welding 
machine, etc. 

Welding Operator: One who operates machine or 
automatic welding equipment. 

*This handbook deviates from AWS practice by using “welder” to 
indicate a machine an.3 “Weldor” to indicate one who is capable Of 
performingt a welding o*eration. 

rPath of electrode 

--- ---I-- 
( ..* * -- 

..\*La:-:3 
Fig. 61. Weave Bead 



Welding Procedure: The detailed methods and prac- 
tices including all joint welding procedures involved 
in the production of a weldment. See Joint Welding 
Procedure. 

,Welclmg Process: A metal-joining process wherein 
coalescence is produced by heating to suitable 
temperatures, with or without the application of 
pressure or by the application of pressure alone, and 
with or without the use of filler metal. (See the 
Master Chart of Welding Processes.) 

Welding Rod: A form of filler metal used for weld- 
ing or brazing wherein the filler metal does not 
conduct the electrical current. 

Welding Sequence: The order of making the welds in 
a weldment. 

Welding Technique: The details of a welding opera- 
tion which, within the limitations of the prescribed 
joint welding procedure, are controlled by the 
weldor or welding operator. 

Welding Transformer: A transformer used for 
supplying current for welding. 

Welding Wire: See preferred terms. Electrode and 
Welding Rod. 

:‘: Weldment: An assembly whose component parts are 
:1, joined by welding. 

Weldor: The term used in this handbook to mean 
person capable of welding. 

Weldor Certification: Certification in writing that 
weldor has produced welds meeting prescribe 
standards. 

Weldor Qualification: The demonstration of a wek 
or’s ability to produce welds meeting prescribe 
standards. 

Weldor Registration: The act of registering a weld< 
certification or a photostatic copy. 

Wetting: The bonding or spreading of a liquid fill1 
metal or flux on a solid base metal. 

Wetting: The bonding or spreading of a liquid fillr 
metal or flux on a solid base metal. 

Work Angle: The angle that the electrode make 
with a line perpendicular to the weld axis at tk 
point of welding, taken in a transverse plane. SC 
Fig. 40. 

Work Connection: The connection of the work lea 
to the work. See Figs. 25 and 26. 

Work Lead: The electric conductor between ti 
source of arc-welding current and the work. SC 
Figs. 25 and 26. 



STANDARD WELDING SYMBOLS* 

The weld symbols presented here have been 
standardized and adopted by the American Welding 
Society. Like any systematic plan of symbols, they 
quickly describe to the designer, draftsman, produc- 
tion supervisor, and weldor the weld that will 
develop the required joint or connection strength 
and meet the prevailing in-service performance re- 
quirements. 

A welding symbol consists of basic elements. 
,&These elements can be joined in various combina- 
@ions to denote any type of weld needed for any 
&type of joint. The condensed summary presented 
&here identifies these elements and will serve as a 
~dy reference for those associated with a welding 
‘a>>;, gipogram. 
&& Since fillet welds and simple butt welds com- 
@rise 95 percent of most work, it is wise to initially 
&limit the use of the symbols to just these types of 
&welds. Later on, after the draftsmen and shop per- 
&onnel learn to communicate with the symbols, 
&additional, rarely used symbols can be introduced to 

“,, 

‘., 

TYPES of JOINTS 
7 

Butt 

Edge 

c@ 

J-4 0 

16.1-25 

Welding Symbols 

aid in detailing special welds. 
Adoption of this uniform system of symbols will 

assure that the correct welding instructions are being 
transmitted to all concerned with the work. This can 
help to cut drafting time and reduce shop costs 
arising from misinterpretation of instructions. In 
addition, since this system is in general use today, it 
simplifies the transmission of this type of informa- 
tion to outside suppliers. 

In a joint, the adjoining members may contact 
each other in several ways, as illustrated by the butt, 
T, corner, lap, and edge joints. These general 
descriptions of the joint geometry, however, do not 
define the weld joint configuration, since it can be 
made in various ways. Thus, a welded butt joint can 
be made square, double-square, single-bevel, double- 
bevel, single-V, double-V, or by four other joint 
configurations. A T connection can be made with a 
double fillet, as shown: or it may be made with a 
single or double bevel or single or double J. V and U 
weld joints are feasible only for butt and corner 
welds because of the need for the preparation of 
both surfaces. 

TYPES of WELDS 

Square 4w7 

Bevel 
Groove 

‘From the Ameliean Welding society “Standard Welding symlm,s ‘42.0-68.” For a complete copy. order from AnltTi- 
can Welding Societv. 2501 N.W. 7th Street, Miami, Florida 33125. 



Locate welds at ends of joint 

2-4 

ziz 

Symbol 

Length and Pitch of Increments 
of intermittent Welding 

Locate welds at ends of joint 2-5 
2-5 

E 

Desired welds Symbol 

Length and Pitch of Increments 
of Chain Intermittent Welding 

Locate welds at end of joint 

Desired welds Symbol, 

Length and Pitch of Increments 
of Staggered Intermittent Welding 

Desired welds 
II 

I II 
Symbols 

Combined Intermittent and Continuous Welding 
tone rids Df ioint, 

Desired Welds Weldr may be placed anywhere 
aL3ng the pint) 

Symbols 

Welds Approximately Located 

V< 
I I 

Desired weld Symbol 

Continuous Fillet Weld 

Desired weld 
Length of Fillet Weld 

Symbol 

- 

a s 
Desired weld 

Size of Sinale-Fillet Weld 

-4-s 5z? 
Desired weld 

Size of Equal Double-Fillet Welds 

~zbk3? gp 
Desired weld 

Size of Unequal Double-Fillet Welds 

II I 
Desired weld 4 

Symbol 

Combined Intermittent and Continuous Welding 
(O~oosite sides of hint) 

Size of Fi!let Weld Having Unequal Legs 

Welds Definitely Located 



Basic Joints - Identification of Arrow Side and Other Side of Joint 

BUTT JOINT CORNER JOINT TEE JOINT 

Arrow-Side and Other-Side Member of Joint 

LAP JOINT EDGE JOINT 

Square ” 

igpijpg 11 
NONPREFERRED SYMBOLS: USE PREFERRED SYMBOL 
WITH PROCESS REFERENCE IN THE TAlL 

Designation of Welding Processes by Letters 

CAW . Carbon-Arc Welding 
cw . . . Cold Welding 
DE.... . . . . . . . . . . Dip Brazing 
DFW . Diffusion Welding 
EBW Electron Beam Welding 
EW Elenroslag Welding 
EXW... . Explosion Welding 
FB ..__ . . Furnace Brazing 
FCAW . FluxCored Arc Welding 
FOW . . Forge Welding 
FRW . Friction Welding 

FW . 
GMAW 
GTAW . 
IB . . . 

‘, IRB 
IW 

. . . Flash Welding 
Gas Metal-Arc Welding 

: ijasTungaen.Are Welding 
Induction Brazing 

. . Infrared Brazing 
induction Welding 

Designation of 
Cutting Proeases by Letters 

LRW ......... Laser Beam Welding AAC ...... 
OAW ...... .Oxyacetylene Welding AC ....... 
OHW ...... .Oxyhydrogen Welding AOC ...... 
PAW ......... Plasma-Arc Welding CAC ...... 
PEW FOC ...... ......... Percussion Welding 
PGW ........ Pressure Gas Welding MAC ...... 

RE 
RPW 
RSEW 
RSW 
SAW 
SMAW 
SW 
TE 
TW . 
usw 
uw 

. . . Resistance Brazing 
. .Projection Welding 

ResistanceSeam Welding 
ResistanceSpot Welding 
Submerged-Arc Welding 

Shielded Metal-Arc Welding 
. . . . . . . . . . . . Stud Welding 
,.“........ Torch Brazing 
. . . . . . . . . . Thermit Welding 

. Ultrasonic Welding 
. . . . . . . . . . . Upset Welding 

Air Carbon-Arc Cutting 
.Arc Cutting 

Oxygen-Arc Cutting 
Carbon-Arc Cuiting 

Chemical Flux Cutting 
Metal-Arc Cutting 

Oxygen Cutting 
Plasma-Arc Cutting 

Metal Powder Cutting 
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AMERICAN WELDING SOCIETY 



Welding Symbols 
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STANDARD WELDING SYMBOLS 

S,NGLE-V-GROOYE WELDlNG S”MBOL 
\ 

CONYEX-CONTO”A SlMBOL 
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CQMMON ‘UNITS FOR CONVERTING FROM 
THE ENGLISH ,TO THE METRIC (SI) SYSTEMt 

~” The International System of Units (SI for short) 
is a modernized version of the metric system. It is 
built upon six base units and two supplementary 

tom 

heat 

length 

To convert from 

It/S: 
in.ls-’ 
ftl 
iaz 

g/cm’ 
lb (m.+/ft’ 
lb (m&/in.’ 
Btu (thermo- 

chemical) 
cal (thermo- 

chemical) 
eV 
w 
ft. lb (force) 
kWh 
Wh 
ft’/min 
fP/S 
in.Jlmin 
lb (mass)/s 
lb (mass)/min 
tons (short. 

mass)/h 
dyne 
kg (force) 
lb (force) 
Btu (therm& 

chemical)/ft’ 
cal (thermo- 

chemical)/cmz 
W/h 

A 
ft 
in. 
p (micron) 
mil 

to Multiply by 

m/P 
m/s? 
mz 
mz 

klm3 
kg/m’ 
kg/m3 

0.3048 * 
2.5400 x lo-1 * 
9.2903 X lo-> 
6.4516 x 10-q * 
1.0000 x 103 * 
16.0185 
2.7680 X lo4 

J 1.0543 x 103 

: 
J 
J 
J 
J 
m=ts 
m’/s 
m’ls 
k/s 
kg/s 

4.1840 * 
1.6021 X 10.lp 
1.0000 x 10-T * 
1.3558 
3.6000 x 106 * 
3.6000 X lo3 * 
4.7195 x 10-4 
2.8317 x 10.2 
2.7312 x 10-7 
0.4536 
7.5599 x lb’ 

kg/s 0.2520 
N 1.0000 x lo-’ * 
N 9.8066 
N 4.4482 

J/r+ 
m’/s 
ill 
m 
m 
m 
m 

1.1349 x 10’ 

4.1640 x 104 * 
2.5806 x 10-s 
1.0000 x 10.‘0 * 
0.3048 * 
2.5400 x 10-s * 
1.0000 x 10.6 * 
2.5400 x IO-5 * 

Conversion Factors #:m 

units. Symbols for units ,with specific names are 
given in parentheses. The information in this Data 
Sheet, adapted from the revised “Metric Practice 
Guide,” Standard E380-68, 1969 Book of ASTM 
Standards, Part 30, includes a selected list of factors 
for converting U.S. customary units to SI units. 

FACTORS 

mass 

power 

pressure 
(stress) 

Valocity 

volume 

tamperatur 

‘o convert from ( To Multiply by 

lb (mass, 
avoirdupois) 

31 (mass, 
avoirdupois) 

ton, long = 
2.240 tb (mass) 

ton. metric 
ton, short = 

2,000 lb (mass) 
Btu (therma- 

chemicatlmin 
cal (thermo- 

chemical)/min 
erg/s 
ft * lb (force)/min 
hp (550 ft * lb/s) 
atm (760 torr) 
dyne/cm’ 
g (force)/cm2 
kg (force)/cm2 
lb (force)/hxz 

(or psi) 

torr (mm Hg 
at 0 deg C) 

ft/min 
hr./s 
mph 

ft’ 
in.’ 
liter 
deg C 
deg F 

kg 
kg 

kg 

w 

Fi 
w W 
wn~ 
N/m9 
N/m’ 
N/m2 

N/rv 
kg (force), 

mm= 

N/m> 

m/s 
m/s 
m/s 
km/h 

;: 

m3 
K 
K 

1.4536 

2.8350 x 10-Z 

1.0160 X lOa 
1.0000 x 10’ * 

0.9072 x 103 

17.5725 

6.9733 X 10ez 
1.0000 x 10.’ * 
2.2597 x lb= 
7.4570 x 10” 
1.0132 x 10s 
0.1000 * 
98.0665 * 
9.8066 X 10” 

6.8948 X 10’ 

7.0307 x 10-4 

1.3332 X 10y 
5.0800 % 10.’ * 
2.5400 X 10-l * 
0.4470 
1.6093 
2.8317 X W 
1.6387 X lO-5 
1.0000 x lo-’ l 

tK = tc + 273.15 
tK = (tF +459.67)/M 

+From Metals Progress Databook December 1959 *exact 



MULIlPLY 

Abamperes 
Abamperes 
abamperer per sq cm 
abtimpere.turnS 
abampere:turns 
abm!xpere-turns per cm 
abbcoulombs : 
abcoulomba I 
~abcoulombs per Sq cm 

“&farads ._.___.__.__. 
abfarads . . . 
abfmads :. 

‘hbhenries 
‘,’ ,tibhennes 

~, abhenries 
abmhos per cm cube.. 
,abmhos per cm cube., 
aboham 
abohnu 
abohms 
abohms 
abohms per cm cube. 
abohms per cm cube.. 
abvolts 
abvolts 
acres 
acres . . . . . 
9cres . . . . . . . . . 
acres . 
acres ..__.._ 
acre-feet . 
acre-feet 
amperes 
amperees .._ 
amperes per sq cm. 

,,, amperes per sq inch. 
amperes per sq inch. 
amperes per sq inch. 
ampere-turns 
ampere-turns 
ampere-turns per cm.. 
ampere-turns per inch 
ampere-turnS per inch 
ampere-turns per inch 

‘, ‘, (Irem 
=reas .._.... 
atmospheres 
atmospheres 
atmospheres 
atmospheres 
atmospheres 
atmospheres 
Bars .._.____ 
Bars .._...__.._..__ 

10 
3xlo~0 
64.52 

47 
25.40 

gl; 

. . 
"& 

9x10'0 

:r * 
1/9x10-~ 

1.6i2G’o* 
lo-‘* 
1oa 
10-g 

” ?05°-m 
6.015xlOJ 
1/3x10-“D 

104 
43.560 
4047 

1.562x10-' 
5645.39 

4040 
43.560 

3.259~10~ 
l/10 
3x100 
6.452 

0.01550 
0.1550 

4.650~10' 
l/l0 
1.257 
2.540 

0.03937 
0.3937 
0.4950 
0.02471 

100 
76.0 
29.92 
33.90 
10.333 
14.70 
1.056 

9.670x10-' 

mrs o.oto20 
Bars .._...__..__... 2.069x10-* 
Bars ..__..._.._ 1.450x10-5 
board-feet 0.2530 
British 14 :rlsq.inxlin. 
Bri 
Bri 
Britfs 

thermal units. 
tfsh thermal units. 
tish thermal units. 

ih thermal units.. 
British thermal units. 
British thermal units. 

I per min. 
I per min. 
L per min. 

Btu per min. . 
Btu per aq ft per min. 
bushels 
bushels . 

sheIs 
,els 

bushels . 

777.5 
3.927x10-' 

1054 
107.5 

2.626x10-’ 
12.96 

0.2356 
0.01757 

17.57 
0.1220 
1.244 
2150 

0.03524 

TABLE OF CONVERSiON FACTORS* 

BY TO OBIAlN 

9*p*ES 
St~tclmpereS 
amperes per sq inch 
.Xmpere-LUlllS 
gilberts 
~npxp-t;rns per inch 

statcoulombs 
coulombs per sq inch 
farads 
microfarads 
statfarads 
henries 
mtilihenries 
stathenries 
mhos per mil foot 
megmhos per cm cube 

izzz 
ohms 
statohms 
mierohms per cm cube 
ohms per mil foot 
statvolts 
volts 
square feet 
square meters 
square miles 
square vara’8 
square yards 
cubic feet 
g&XX 
abamperes 
stat.amperes 
amperes per Sq inch 
abamperes per sq cm 
amperes per sq cm 
statamperes per sq cm 
abampere-turns 
gilberts 
ampare.turns per in 
abampere-tumspercm 
ampere-tumS per cm 
gflberts per cm 
acres 
square meters 
ems of mercury 
inches of mercury 
feet of water 
kgs per sq meter 
pounQ per sq inch 
tons per sq foot 
atmospheres 

BtV 
Bh 
Bit 

&h 

aynes per sq cm 
kgs per Square meter 
pounds per sq foot 
pounds per Sq inch 
cubic inches 
Mogram-calories 
foot-pounds 
horsepower-hours 
joules 
kilogram-meters 
kilowatt-hours 
foot-pounds per Set 
horsepower 
kilowatts 
watts 
wcltts per square inch 
cabic feet 
cubic inches 
cubic meters 
pecks 
pints (dry) 

MULTIPLY 

bushels . 
Centares 
centigrams . 
centjliters 

BY 

32 

t$ 

TO OBTAIN 

cfuarts (dry) 
square metem 

Eli 
centnneters inches 
centjmeters 

o&7 
. pleters 

cent,meters mils 
centimeters ~Yd millimeters 
centimeter-dynes 1.020~10-~ xentimeter-cams 
centimeter-dynes 1.020x10-~ meter-kilograms 
cen!meter-dynes pound-feet 
centfmetex-Fams 

7.3:;;;0- 
centimeter-dynes 

CentImetergrams 10; meter-kilograms 
centimeter-grams 7.233x10-’ pound-feet 
centimeters of ‘mercury 0.01316 atmospheres 
centimeters of mercury 0.4461 feet of water 
centimeters of mercury 136.0 
centimeters of mercury 27.65 

kgs per square mete) 
pounds per sq foot 

centimeters of mercury 0.1934 pounds per sq inch 
centimeters per second I.969 feet per minute 
centimeters per second 0.03261 feet per second 
centimeters per second 0.036 ktlometers per hour 
centimeters per second meters per minute 
centimeters per second 0.0%37 miles per hour 
centimeters per second ,3.726x10-' miles ,per minute 
ems per set per sec.. 0.03261 feet per s*c per set 
ems per set per sec.. 0.036 kms per hour per se< 
ems per set per sec.. 0.02237 miles per hour per set 
crrcular rnllS. 5.067.W square centimeters 
circular mils. 
circular mils. 

7.~5;4;:40-' squcue inches 
sqIume mils 

cord-feet 4 ft x.4 ft,x 1 ft cubic feet 
cords ..__..____.._. 3ftx4ftx4ft cubic feet 
coulombs 
coulombs 
coulombs per sq inch. 
eoulambs per Sq inch. 
coulombs per Sq inch. 
cubic centimeters.. 
cubic centimeters.. 
cubic centimeters. 
cubic centimeters. 
cubic centimeters. 
cubic centfmetem 
cubic centimeters. 
cubic centimeters. 
cubic feet 
cubic feet 
cubic feet 
cubic feet 
cubic feet 
cubic~ feet 
cubic feet 
cubic feet 
cubic feet per minute 
cubic feet per minute 
cubic feet per minute 
cubic feet per minute 
cubic inches. 
cubic inches. . cubx Inches. 
cubic inches. 
cubic inches.~. 
cubic inches. 
cubic inches. 
cubic inches. 
cubic meters.. 
cubic meters. 
cubic meters.......... 
cubic meters. 
cub,c meters. 
cubic meters.. 
cubic meters. 
cubrc meters. 

$! 
0.01550 
0.1550 

4.65Oxlod 
3.531x10-' 
6.102~10" 

lo-’ 
1.306x10-* 
2.642x10-’ 

10-s 
2.113x10-’ 
1.o57xlo-8 
2.632~10’ 

1726 
0.02632 
0.03704 
7.461 
28.32 
59.64 
29.92 
472.0 

0.1247 

"iEO 
16.k 

5.767x10-' 
1.639~10-~ 
2.143~10~ 
4.329x10-' 
1.639x10-* 

0.03463 
0.01732 a 

3Y3l 
61.b23 
1.308 

abcoulombs 
statcoulombs 
abcoulombs per Sq CI 
coulombs per sq cm 
statc0u1s per sq cm 
cubic feet 
cubic inches 
cubic meters 
cubic yards 
gallons 
liters 
pints (liq) 
quarts (liq) 
cubic ems 
cubic inches 
cubic meters 
cubic yards 
gallons 
liters 
pints (liq) 
quarts (liq) 
cubic ems per Set 
gallons per set 
liters per second 
lbs of water per min 
cubic centimeters 
cubic feet 
cubic meters 
cubic yards 
gallons 
liters 
pints (liq) 
quarts (liq) 
cubic centimeters 
cubic feet 
cubic inches 
cubic yards 
gallons 
liters 
pints (lip) 
quarts (liq) 

FromtheEugene DietzenCompany 



‘:Fgigds .............. 
Famds .............. 
fathoms .............. 

,feet ................. 
,‘f*et ................. 
feet ................. 
,feet ................. 
feet ................. 
feet of water. ........ 
fest of wcrter. ........ 
feet of water. ........ 
feet of water ......... 
feet of water ......... 
feet pe* minute. ...... 
f&t per minute. ...... 
feei per minute. ...... 
feet per minute. ...... 
feet PO* minute. ...... 
feet per‘ second. ...... 
feet PO* second ....... 
feet per second. ...... 
feet per second. ...... 
feet per second ....... 

BY 

7.646~10’ 

46:56 

“;‘o’I’, ,: 
‘76i6 
‘616, 
607.9 
a.45 
3.367 
12.74 

24 
1440 

66,400 
0.1 

t: 

0.0?!45 
3600 

0.01745 
0.1667 

o.“ii776 
10 
10 

1.772 
0.0625 

1.020x10-” 
7~;;:;;:’ 6 

1 
9 486x10”’ 
. 1 

7.376x10- 
1.020x103 

10-1 
2 390x10-” 
l:o2oxlo-8 
5.692xW 
4.426x10-’ 
7.376x10-’ 
1 341xlo-‘0 
i.4;;5;0-* 

:"a* D 
9X10"' 

30!48 

O.E48 
.36 
113 

0.02950 
0.8826 
304.6 
62.43 
0.4335 
0.5080 

EE 
6.3040 

o;“o’:~6 
l.dS7 

6.5921 
18.29 

0.6818 

TO OBTAR4 

cubic centimeters 
cubic feet 
cubic inches 
cubic meters 
p&llS~ 

,, 
pints (liq) 
quarts (liq) 
ct&ic feet per second 
gallons per ~second 
liters per second 
hours 
minutes 
seconds 
grams 
liters 
meters 
minutes 
radious 
seconds 
radkms per second 
*evolutions pe* mtn 
revolutions per *es 
*9** 
liters 
meters 

grams 

ounces 

gr.XUlS 

pound& 
pounds 
b9IS 

Btitish thermal units 
dyne-centimete*s 
foot-pounds 
gram-centimeters 
joules 
kilogram-adories 
kilogram-meters 
Btu per minute 
loot-pounds per *in 
foot-pounds per set 
horsepower 
kg.-calo*ies per min 
kflowatts 
obforclds 
mic*ofarods 
statfmcrds 
feet 
centimete*s 
inches 
meters 
V9,9S 

ycl*dS 
atmospheres 
inches of mercury 
kgs per square meter 
pounds per sq 11 
pounds pe* sq inch 
centimeters per see 
feet pe* set 
ktlometers pe* hour 
meters pe* minute 
miles pe* hour 
centimeters per set 
kilometers pe* hour 
knots per hour 
mete*s per minute 
miles per hour 

MULTIPLY 

feet per second. 
feet pe* 106 feet.. 
feet per set per sec.. 
feet pe* ae+z ‘per sec. 
feet per set per sec. 
feet ,pe*, see per sec.. 
foot-pounds : 
foot-pounds 
fodt-pounds 
foot-pounds 
foot-pounds 
foot-poimds 
foot-pounds 
foot-pounds per minute 
foot-pounds pe* minute 
foot-pounds per minute 
foot-pounds per minute 
foot-pounds per minute 
foot-pounds per second 
foot-pounds pe* second 
foot-pounds per second 
foot-pounds per second 

fu*Iongs 
Gallons 
Gollons 
Gallons 
Gallons 
Gallons 
Gollons 
Gallons 
Gollons 
gallons per minute. 
gollons per minute. 
gausses .._...._.._ 
gilberts, 
gilberts 
gilberts per centimeter 
gills 
gills ..__....._ 
grains (troy) 
grabs (troy) 
grabs (troy) 
grmm 
grams 
grmns 
grams 
grmns 
g-rams 
grams 
grpams 
gram-calo*ies 
gram-centimeters 
gram-centimete*s 
gram-centimete*s 
g*om-:entimeter~ 
gram-centimete*s 
gram-centimeters 
grams per cc. _~?.- 
g*mns per cc......... 
grmns per cc. 
grams per cc. 
Hectares ..__.._._._.. 
Hectares 
hectograms 
hectoliters 

3;:s 
0.1337 

231 
3.765x10-1 
4.951x10-3 

3.785 
8 
4 

2f2aes’;-J 

8.452 
0.07958 
0.7958 
2.021 
0.1’83 

0.25 
I 

0.06480 

“iE7 
15.43 
10-S 3 

$c%‘;:; 

d.07093 
2.205xW3 
3.96SxlO-3 
9.302x10-’ 

980.7 
7.233x10-’ 
2.344x10-’ 

10-J 
9.607x10-’ 
5.600~‘0-~ 

62.43 
0.03613 

3.405x10-’ 
2.471 

1~o:60x0105 
100 

hectomete*s 100 
hectowatts 100 
hemispheres (solid angle) 
hemispheres (solid angle) 

Oa 

hemispheres (solid angle) 6.283 

BY 

0.0\136 

?L& 
O.jO48 

l#&tt$ 

5.~5ox10-’ 
,I.356 

3.241x10-‘ 
0.1383 

3.766x10-’ 
‘.286~‘0-~ 

0.01667 
3.03x10-’ 
3.241x10-’ 
‘.260x10-’ 
7.717x10-? 
1.818x10-3 
1.945x10-~ 
‘.365~‘0-~ 

miles pe* minute 
per cent grade 
ans per set per see 
kms pei hr per SC 
meters per set per see 
tiiles per hip** set 
British thermd units 
ergs 
horsepower-hours 
joules 
kilogram-edories 
kflogram-meters 
kilowatt-hours 
Btu per minute 
foot-pounds per set 
horsepower 
kg.-calories per minute 
kflowatts 
Btu per minute 
horsepower 
kg.-calories per min 
kilowatts 

rods 
cubic centimeters 
cubic feet 
cubic inches 
cubic mete*s 
cubic yards 
liters 
pints (liq) 
quarts (liq) 
cubic feet per second 
liters per second 
lines per square inch 
abampere-turns 
ampere-turns 
ampere-turns per inch 
liters 
pints (liq) 
grains (av) 
grams 
pennyweights (troy) 
dynes 
grains (troy) 
kilograms 
millig*ams 
ounces 
ounces (troy) 
pound& 
pounds 
British thermd units 
British thermal units 
ergs 
foot-pounds 
joules 
kilogram-colorfee 
kilogram-mete*6 
pounds per inch 
pounds pe* cubic foot 
pounds per cubic inch 
pounds per m&foot 
acres 
square feet 
9-J=== 
liters 
meters 
watts 
sphere 
spherical right angles 
stemdhns 



MULTIPLY 

henrfes 
henries 
henries 
~horae-power 
horae~power 
horse-power 
horse+ower . 
h&se-power . 
horse-power _........ 
horse-power horse-power (boiler) 
horse-power (boiler) 
horse-power-hours 
horse-power-hours 
horse-power-hours 
horse-power-hours 
horse-power-hours 
horse-power-hours 
hours 
hours 
Inches 
Inches . . ..___. 
Inches 
inches of mercury. 
inches of mercury. 
inches of mercury.. 
inches of mercury.. 
inches of mercury.. 
inches of water.. 
inches of water, 
inches of water.. 
inches of water. 
inches of water.. 
inches of water. 
Joules 
JOIdeS 
Joules 
Joules ..~.._..,_. 
Joules .~...........__ 
Joules 
Kilograms 
,Kilograms 
Kilograms 
Kilograms 
Kilograms 
,kilogram-calories 
kilogram-c&&s 
kilogram-calories 
kilogram-calories 
kilogram-calories 
kilogram-cabaries ~. 
kg-calories per min.. 
kg-calories per min.. 
kg-calories per min.. 
kgs.ems squared 
kgs-ems squared 
kilogram-meters 
kilogram-meters 
kilogram-meters 
kilogram-meters 
kilogram-meters ~. 
kilogram-meters 
kgs per cubic meter.. 
kgs per cubic meter.. 
kgs per cubic meter., 
kgs per cubic meter. 
kgs per meter.. 
kgs per square meter, 
kgs per square meter, 
kgs pet square meter 
kgs per square meter 
kgs per square meter 
kgs per square meter 

BY 

1.014 
10.70 

0.7457 
745.7 
33.520 
9.304 
2547 

l.ssxloO 
2.664x10’ 

641.7 
2.737x10" 

0.7457 

3% 
2.540 

10’ 
.03 

0.03342 
1.133 
345.3 
70.73 
0.4912 

0.002453 
0.07355 
25.40 
0.5791 
5.204 

0.03613 
9.436x10-~ 

0.!76 
2.390x10-' 

0.1020 
2.779x10-' 

960.665 
10% 

70.93 
2.2046 

1.102x10~J 
3.966 
3036 

1.556x10-’ 
4163 
426.6 

1.162x10-' 
51.43 

0.09351 
0.06972 

2.373x10-' 
0.3417 

9.302x10~J 
9.607~10’ 

7.233 
9.607 

2.344x10." 
2.724x10-' 

1o-' 
0.06243 

3.613x10-‘ 
3.405x10-" 

0.6720 
9.676xlO~” 

96.07 
3.291~10 ' 
2.996~10 :' 

0.2043 
1.422~10 ' 

TO OBTAIN 

abhenries 
millibenries 
stathenries 
Btu per min 
foot-pounds per min 
foot-pounds pe* set 
horsepower (metric) 
kg.-calories per min 
kilowatts 
watts 
Btu per hour 
kilowatts 
British thermal units 
foot-pounds 
joules 
kilogram-calories 
kilogram-meters 
kilowatt-hours 
minutes 
seconds 
centimeters 
mils 
“a*‘(16 
atmospheres 
feet of water 
kgs per square meter 
pounds per square ft 
pounds per square in 
atmospheres 
inches of mercury 
kgs per square meter 
OUnEes per square in 
pounds per square ft 
pounds per square in 
British thermal units 
ergs 
foot-pounds 
kilogram-calories 
kilogram-meters 
watt-hours 
dynes 
grmns 
pound& 
pounds 
tons (short) 
British thermal units 
foot-pounds 
horsepower-hours 
joules 
kilogram meters 
kilowatt-hours 
foot-pounds per set 
horsepower 
kilowatts 
pounds-feet squared 
pounds-inches squared 
British thermal units 
ergs 
foot-pounds 
ioules 
kilogram-calories 
kilowatt-hours 
grams per cubic cm 
pounds per cubic foot 
pounds per cubic inch 
pounds per mil foot 
pounds per foot 
atmospheres 
bars 
feet of water 
inches of mercury 
pounds per square ft 
pounds per square in 

MULTIPLY 

kgs per sq millimeter. 
kilolines 
kiloliters 
kilometers . 
kilometers 
kilometers 
kildnieters 
kilometers 
kilometers per hour. 
kflometers per hour.. 
kilometers per hour. 
kilometers per hour. 
kilometers per hour. 
kilometers per hour. 
kms per hour per sec. 
kms per hour per sec. 
kms per hour per sec. 
kms per hour per sec. 
kilometers per min.. 
kflowatts 
kilowatts 
kilowatts 
kilowatts 
kilowatts 
kilowatts 
kilowatt-hours 
kilowatt-hours 
kilowatt-hours 
kilowatt-hours 
kilowatt-hours 
kilowatt-h&ws 
knots 
knots 
knots 
knots 
knots per hour.. 
knots per hour. 
knots per hour.~. 
knots per hour. 
Lines per square em. 
lines per square inch. 
links (engfneer’s) 
links (surveyor~s) 
liters 
liters 
liters 
liters 
liters 
liters 
liters 
liters 
liters per minute., 
liters per minute. 
log” N 
log, N or In N. 
lumenspersqft...... 

maxwells 
megalines 
megmhos per cm cube 
megmhos per cm cube 
megmhos per cm cube 
megmhos per inch cube 
megohms 
meters .._ 
meters .._ 
meters 
meters 
meters 
meters 
meter-kilograms 

BY 

I 
:i 

$ 

3231 

0.%4 
1093.6 
27.73 
54.63 

i%~ 
is.67 

0.6214 
27.73 
0.9113 
0.2779 
0.6214 

566092 
4.42b.10' 

737.6 
1.341 
14.34 3 
314015 

2.655~10" 
1.341 

3.6~10~ 
360.5 

3.671~10~ 
6030 
1.353 
1.152 
2027 
51.43 
1.663 
1.953 
1.152 

o.i50 

7.92 
lo” 

0.03531 
61.02 
10-z 

1.308x10-3 
0.2642 
2.113 
‘457 

5.355x10- 
4.403xw 

2.303 
0.4343 

1 

%” s 

10-J 
2.540 
0.1662 
0.3937 

IO@ 
100 

3.2609 
39.37 

K" 3 
1.0936 

9.307x10’ 

TO OBTAIN 

~~%pe~,~~quare meter : 

liters 
centimeters ‘;- 
feet 
meters 
miles 
varda 
I--y- 

cent”“eters per set 
feet per minute 
feet per second 
knots per hour 
meters per minute 
miles per hour 
ems per set pe, set 
11 per set per see 
meters per 8.x pe* s, 
miles per hr per set 
kilometers per hour 
Btu per min 
foot-pounds per ndn 
foot-pounds per set 
ho&power - 
kg.-calories per mi” 
watts 
British thermal units 
foot-pounds 
horsepower-hours 
joules 
kilogram-calories 
~.~tgram-meters 

kilometers 
miles 
yards 
centimeters per see 
feet per set 
kilometers per hour 
miles per hour 
gorusses 
ga”sses 
inches 
inches 
cubic centimeters 
cubic feet 
cubic inches 
cubic meters 
cubic yards 
gallons 
pints (liq) 
quarts (liq) 
cubic feet per second 
gallons per second 
log, N or In N 
log” N 
foot-candles ‘I 

maXWellS 
abmhos per cm cube 
megmhos per in cube 
mhos per mil foot 
megmhos per cm cube 
ohms 
centimeters 
feet 
inches 
kilometers 
millimeters 
yards 
centimeter-dynes 



MULTIPLY 

mete!-kilograms 
meter~kilo~rams 
:meters ‘per minute. 
*&t&s per minute. 
inete:? per ,minute 
:&eter$ ,per minute. 
:iCeters per secdnd.. 
“+ters per second. 
‘meters per second.. 
ineters per second. 
,~methrs per second.. 
%neters per second.. 
meters per set per see 

,,meters per set per set 
:;**ters, per set per set 
,;,Feters per set per set 
;nhos per nil foot. 

?$I& per hour per set 
,%-iiles per hour per set 
,:iniles per hour per set 
miles per hour per see 
miles per minute. 
miles per minute. 
miles per minute. 
miles per minute. 
miles per minute. 
milligrams 
mfllihenrfes 
mfllibenries 
millihenries 
milliliters 
millimeters 
millimeters 
mfllimeters 
mils 
mds 
miner’s inches. 
minutes (angle). 
minutes (angle). 
months 
months 
months 
months 
myrragrams 
my+meters 
mynawatte 

BY 

7:033 
lk67 
3.281 

0.05463 
0.06 

0.03728 
1963 
3.204 

c% 
2.i37 

0.03726 
3.261 

2%7 
6.015xW 

6.015 
15.28 

:“a: 
9x10” 
10-b 

:T 1o-” 
10-S 

1/9x10-” 

0.:0937 
6.015 
2.540 
10-s 

1.609x10” 
5260 

1.6093 
1760 

1900.8 
44.70 

68 
1.467 
1.6093 
0.8684 
26.62 
44.70 
1.467 
1.6093 
0.4470 
2662 

l.E93 
0.3664 

660 

:“o= 6 

10-j 

“Ef-” 

0.0!37 
39.37 

0.002540 
10-a 

2.90&O-~ 

306042 
do 

43,600 

2.621Yo’ 

:i 

TO OBTAIN 

centimeter-grams 
pound-feet 
centimeters per set 
feet per minute 
feet per second 
kilometers per hour 
miles per hour 
feet per minute 
feet per second 
kilometers per hour 
kilometers per min 
miles per hour 
miles per minute 
feet per set per set 
kms per hour per set 
miles per hour per set 
obmhos per cm cube 
megmhos per cm cube 
megmhos per in cube 
obfarads 
farads 
staffarads 
grams 
liters 
obohms 
megohms 
ohms 
statohms 
obohms per cm cube 
microhms p in cube 
ohms per nil foot 
microhmn p cm cube 
meters 
centimeters 
feet 
kilometers 
yards 
"(IIllS 
centimeters per set 
feet per minute 
feet per second 
kilometers per hour 
knots per hour 
meters per minute 
cm5 per set per set 
feet per set per set 
kms per hour per set 
M per set per set 
centimeters per set 
feet per second 
kilometers per hour 
knots per minute 
miles per hour 
grams 
oghenries 
henries 
stathenries 
liters 
centimeters 
inches 
mils 
centimeters 
inches 
cubic feet per min 
radians 
seconds (angle) 
days 
hours 
minutes 
seconds 
kilograms 
kilowatts 
kilometers 

MULTIPLY 

Ohms 
Ohms 
Ohms 
Ohms 
ohms per mil foot. 
ohms per nil foot. 
ohms per mil foot. 
ounces 
ounces 
0”“ceS 
ounces ..__ 
ounces (fluid) 
ounces (fluid) 
o”“ces (troy). 
o”“ces (troy). 
ounces (troy). 
ounces (troy). 
ounces per sq inch. 
Pennyweights (troy). 
Pennyweights (troy). 
Pennyweights (troy). 
perches (masonry). 
pints (dry) 
pints (liquid). 
poundals 

/ pound& 
pound& 
pounds 
pounds 
pounds : 
pounds 
pounds :. 
pounds (troy). 
pound-feet 
pound-feet 
pound-feet 
pounds-feet squared. 
pounds-feet squared. 
pounds-in (squared). 
pounds-in (squared). 
pounds of water.. 
pounds of water. 
pounds of water. 
pounds of water per min 
pounds per cubic foot 
pounds per cubic foot 
pounds per cubic foot 
pounds per cubic foot 
pounds per cubic inch 
pounds per cubic inch 
pounds per cubic: inch 
pounds prr subx inch 
pounds per foot. 
pounds per inch. 
pounds pe: mii foot. 
pounds per square foot 
pounds per square foot 
pounds per spume foot 
pounds per sq inch.. 
pounds per sq frach.. 
pounds per sq inch. 
pounds per sq inch.. 
pounds per sq inch.. 
Quadrants angle) 
Quadrunts angle) 
Quadrants angle) 
quarts (dry). 
quarts (liq) 
quint& 
wires 
Radians 
Radians 
Radluns 

BY 

109 
10-e 
10” 

1/9x10-“’ 
166.2 

0.1662 
0.06524 

43875 
2si5 
0.0625 
1.305 

“%’ 
31.10 

o.oz33 
0.0625 

1.::5 
0.05 
24.75 
33.60 
23.37 

YiY 
0.0&o, 
444.323 

7000 
453.6 

3:617 
o.si23 

1.356~10’ 
13.325 

“41% 
14i 

2.926 
&945x10-~ 

0.01602 
27.63 

0.119s 
2669x10.’ 

0.01602 
16.02 

5.737xm’ 
-“.“;;x,tp-” 

2.768~10’ 
1723 

9.425x10-e 
1.438 
173.6 

2i3i;WF 

is32 
6.944x1O-3 

“%~” 
2:036 
703.1 
144 

5& 
1.571 
67.20 

%O” 

y;; 

0.637 

TO OBTAIN 

abohms 
megohms 
microhms 
statohms 
abohms per cm cube : 
microhms per cni cube 
microhms per iti cube 
drams 
grains 
grams 
pounds 
cubic inches 
liters 
grains (troy) 
gl(I”lS 
pennyweights (troy) 
pounds (troy) 
pounds per sq inch 
grains (troy) 
gram* 
O”.“CWS (troy) 
cubic feet 
cubic inches 
cubic inches 
dynes 
grams 
pounds 
dynes 
groins 
granls 
O”X:T*S 
pound& 
pounds (av) 
centimeter-dynes 
centimeter-grams 
meter-kilograttas 
kgs-ems squared 
pounds-in squared 
kgs-ems squared 
pounds-feet squared 
cubic feet 
cubic inches 
gnllons 
cubic feet per set 
grams per cubic cm 
kgs per cubic meter 
pounds per cubic inch 
pounds per mil foot 
grams per cubic cm 
kgs per cubic meter 
pounds per cubic foot 
pounds per mil foot 
kgs per meter 
grams per cm 
grams per cubic cm 
feet of water 
kgs per squure meter 
pounds per sq inch 
atmospheres 
feet of water 
inches of mercury 
kgs per square meter 
pounds per sq foot 
degrees 
minutes 
radians 
cubic inches 
cubic inches 
pounds 
sheets 
degrees 
minutes 
quadrants 



I sl”oq 
s6c.p 

srnoq 
Sh,p 

SDlP.4 
**agem 
SJl,J”J 

I==, 
SlW*W”“lU*J 

SJ,““W 

s*noy 

S,,JtAXKl” 

sl”oq-,,Lmo,pf 

s*ewu-mm6o**q 

sa~ro,D’J-mm6o,,q 

smoq-lemodasloq 
Spunod-loo, 

s!]“” ,““*aq, I,syJl* 
=+,I~~*,!~ 

“,I” rad safro,,,r&, 
*amodas,*,, 

088 led =pu”od-,oof 
: ufm led spunod-,oof 

puo=es aad she 
“,I” rad “19 

um ‘ad s,,or.p,,s 
uw lad s,Io*qu 

I 

‘I,**P,s 
=lI**q” 

SPlD* 

spund 

S”lDlbO,J~ 

spunod 
s”mr6o,p, 

Spunod 
s”ml6or”a 

dma) sqn 
P) dum 

s6=p) dma, =qn 

BUD ,q+ IuaJreqiiG 
s=leud= 

SW'aqds&t, 
=q** 

=,,**qo 
sluqo 

smqolzzJt” 
i”uyo6eu1 

sluqoqD 
Sep”aqJ,,~I” 

seyreq 
s=fIu=qq” 

spD1D,O'~Jt" 
BP”I”f 

*pux”fqn 
squ!o,“oJ 

sqluo,“o~q” 
s=,adtu” 

seredmoq” 
80’01 amnbs 
sqpu emnbs 

sra~em emnbs 
lee] emnbs 

sezm 

NIVlUO OJ 

PSLS 
396 
OSLS 
E9C 
30’1 

‘“SF0 

P& 
008’PPOS 

030’01 
931 
SOI 
c-01 
I’m 

sow0 
E-OtXIPC’I 

SSSZ 
swc 
,-01 

PCPIO‘O 
c-OJ’?PE’I 

SLCL’O 
SZW 
‘01 

Z69So’O 
c-OIXZIE’I 
LOIXLEG’E 

006/I 
SOI 

HZ9 
szsooo 
cccc’cc 
LLLL’Z 
oooz 

.01~90p’1 

E 
0002 
Z-LOS 
sozz 
.OI 

!E 
6/S 

1 
SC1 
r 

$01 
99wo 

fgg?; 

ooc 
OlOIXC 
1,01X6 
,,OW 
.01X9 
.iOZXG 
trOF6 
zzOIX6 
a:OZXG 

.-OIWI 
xv-OIWI 
0;.OIWI 
C.OIWI 
0,.OIXCII 
.-OIXCII 
.~-OIWII 

P99I-1 
,-o,I&S~~E 

.-OIx6WZ 

UJ bs rad (,roqs, =uo, 
UJ bs rad (,zoqs) suoa 
‘,I bs rad (,101(s) sue, 
‘,I bs rad (,,oqs) sue, 

(Iroqs) =“*I 
(laoqs) =u*, 

(qqem) suo~ 
(*gem) suo~ 

“““‘““(6~0,) sue, 
(6uol) sue, 

‘ELZ + (3 -=P) du=A 
““ZE - (J s6ap) uta, 
.osP + (J W=P) duw 
SXI + (3 SW) dm=A se,e,e 

suqpmets 
S”LMpDl*p 
suqpDx=~s 

: : : : : : : : : : : : : $;?iF 

smqot~ls 
. s”“,o)D)s 

smqo,ols 
aeyuaylnp 
seyuaqpp 
seguaqpqs 
spu,*,l,u,s 
spuwf,D,s 
sp”mf,D,s 

sqttro,“oa)“,s 
sqluo,“o>,“,s 
s=zadu,“,“,s 
s=zedux”,“,= 

.““.~-sprnX emnbs 
“““-‘~spma ez”nbs 
“‘-‘““spr”l amnbs 
““‘“‘-spr”n ea”“bs 
“‘.“‘-‘sp,“A aJ”nbe 

spmd cmnbs 
sap emnbs 

leaf amnbs 
SW’JD 

saqJ”J JlD”bS 
s~awqua~ emnbs 

‘,~“I 113,1151p 
saqxq emnbs 

sre)emguaa emnbs 
*,y lll,“5’~3 

spxd. emnbs 
SDIDA az”“b= 

s*e~emo*~ azm~bs 
)eef amnbs 

SJ13D 
sprod amnbs 
sapu emnbs 

pay amnbs 
Seu3D 

spr”A emnbs 
sep elunbs 

slaps elunbs 
)aeJ amnbs 

SJl3D 
pbs leaf-,f b= 

pbs au,-siu~ bs 
s~e~am~I]y arunbs 

S,JLU aranbs 
)a*; az”“bs 

saaleuqua~ amnbs 
s,pl m,nx!J 

pbs saqxq-saqxq bs 
=pm,n alrinba 
SDIDA =,onbs 
sa,y axonbs 

sralem al”“bs 
seqxq azsnbs 

slapuqpea azoubs 
seam 

pbs seqsuf-saqxq bs 
srewu~*p arsnbs 

srepm amnbs 
‘: seqxq =l,,nb= 

laef almbs 
s,,m 1qnxp 

suuJpora,s 
seleqds 

se~eqdsfmaq 
su”!p”,=,s 

SUDJplll 
,==f 

aas Iad upz lad =*a, 
up lad uyu led =*ez 
oag rad 33s led spm 

uyu red siel 
puozas >=d =““,!~“a 
puoaes Iad saalbap 
oas led aa= lad snal 
oes led u!m Ied s*=l 
oes lad aes led spm 

588 red suoyqo~a~ 
puows lad sump”, 
puo~as lad saelljap 

sumpm 
s,u”rp”nb 

sealrjap 
S,WJt,S 

sas ,ad 335 rad =*a, 
aes ‘ad uyu rad sna, 
uy Ied ufur lad =*a1 

“y rad suo~,“,o*a, 
puoaes lad suo~,“Io*ar 

puo~as lad seafiap 

AU A-IdLYIITyu NIVMO OJ. 

(do=,) s,“ad 
(dDeI) smad 

(uoumo~) smah 
‘(uommos) sanah 

SP’“A 
SPlUA 
SP’UA .,.. ~... 
SPlUA 
SP’“A 
sqeem 

,. sqaem 
syaem 

..~...... sleqem 
smoq-,,Drn 
Sl”Oq-,,DiA 
smoq-,&w. 

” ” smoq-,,mi 
s*noq-,,D,m 
s,“oy-,,om 

WD,M 
‘WM 
W%i s,,~M 

=,w* s,,~M 
s,,~M 

” .’ ” ,,a”! aad s,,o* 
““~“~qx~ Jad =,,~a 

” =,I** s,loa 
sDIDh 
sD,~*, 
scud* 
sDl~A 

6CCLSS 
s31z000000 

6POSIL’L 

YIoo 
s-01~zsp’9 

ELZ’I 
c-OI~OssI 

10’0 
EOIXELG’I 
&X660% 

sP’O~O’EIs% 
06s’Z 

sol;~Yz 
961’1 

:-01~198’C 
ElL’OI 

r-OIXILtX 
30;;;;‘b1 

$1 
.01~9L’01 

I’PZ 
%.OIXEZB’~ 

Z9’1P 
Z’SPS 
001 

~-0;~;96’9 

.OIXCLz’I 
,OIXPLO’Z 

6/I 
96ZI 

‘-;;;m;E 

WI 
0’626 

S-;S;;;;Z 

001 
.-01 

OSSI’O 
~.01~9L0‘1 
.OIW.6’1 

ILSI 
SZI’O 
SZ’O 
LS’ZI 

,.OIx6Wt 
s’s1 
09 00% 

ETl~g 
%” 

,.;;WL;z 

e-ol~sPL’I 
L9910’0 
L901’0 

9 
CSi3 

b 
OSC 
00s 

,J&!; 
O’CU 
6W6 

tlt%i 

AU 

smm emabs 
SDIDA elnnbs 
SDIDA ezunbs 
SDWA a,“nbs 
q,,, amnbs 
s,!m a,“nbs 

-. s,yu =l”“bs 
-s~a)euq]y amnbs 
s~a~amgpu emnbs 

~sre~euq]p~ az”nbs 
sepu er”nbs 
saps ewnbs 
sap,, wunbs 
sep arunbs 
sap =r”nbs 

s,a,am arunbs 
s,a,em azunbs 

-s,a,am axunbs 
‘. ~s,a,am arunbs 

‘srepxuo~y arnnbs 
‘s~e,amo]!y arnnbs 
.s,a,amo,~q awnbs 
‘s~e~amo,~y ex”“bs 
‘s~epmo]!q amnbs 

‘pbs seqxq-seqxq bs 
-pb= saqcnq-seqxq bs 

saqxq exmbs 
seyxq aronbs 
saqm! er”“bs 
seqmq erunbs 

‘. saqmq emnbs 
‘. .pbs &aef-&=a) bs 

.,aef em”bs 

.,aaf em”bs 

.,eaf emnbs 
‘““‘‘-.‘]eef azunbs 

.,eef =-“bs 

.)eef emnbs 

.ie*f eDnbs 
‘pbs a,,-SUIJ bs 

‘s~a)atu!pe~ alnnbs 
‘s~a~euq)ue~ el”“bs 
-s~e)eun)ue~ amnbs 
-s~e)eun)ue~ amnbs 
‘sre~auqua~ emnbs 

S=,~UD ,q6!1 In,!'aqds 
salbun ,q6p (“2!zeqds 
sa,hul, ,q6y ,“~f’~qds 

(a,Buu pgos) saaaqds 
(e16uD) spuo~ag 

. . . . . . . . spa, 
‘JBS rad aas red =*a, 
JBS rad aes Ied 8*=x 

‘*es lad 33s red =*a~ 
puo~as led suof,nJo*ez 
p”0,s.s Jad suoJ,n,o*=r 
puoznas xad suo!,“,o*=r 
up! rad upu led s*ez 
uy aed u$u lad s*el 
uy rad u” rad =*a 
a~nu~tu red siroJ,“Io*ex 
evnqm red suoynJo*ar 
e)nuyz red suoJ,nJo*a~ 

suop*o*e* 
suo!w*one* 
suoyqoael 

SUIDBI 

oes Ied aas Iad su”!pm 
aes sad aas led suufpm 
zms rad =es Iad su~fpm 

‘puoaes red suqp*x 
puo>es aed su”!pm 

~puo>as ,=d suqpn, 

A?dI~TW 

uopas a3uyapH ,9&-l ,91 ,, 



IMPACT DATA CONVERSION TABLE 

13 
14 

One ft-lb = 0.13826 kg-m 

Kg-m 

.14 

.28 

.42 
.55 
.69 
.83 
.97 

1.11 
1.24 
1.38 

1.52 
1.66 
1.80 
1.94 
2.07 
2.21 
2.35 
2.49 
2.63 
2.77 

2.90 
3.04 
3.18 
3.32 
3.46 
3.60 
3.73 
3.87 
4.01 
4.15 

4.29 
4.42 
4.56 

Ft-lb 

34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

61 
62 
63 
64 
65 
66 
67 

I 

d 

, 

I 

. ! 

<pm 

1.70 
1.84 
1.98 
5.12 
5.25 
5.39 
5.53 

5.67 
5.81 
5.95 
6.08 
6.22 
6.36 
6.50 
6.64 
6.78 
6.91 

7.05 
7.19 
7.33 
7.47 
7.60 
7.74 
7.88 
8.02 
8.16 
8.30 

8.43 
8.57 
8.71 
8.85 
8.99 
9.13 
9.26 

Ft.lb 

68 
69 
70 

71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

81 
82 
83 
84 
85 
86 
87 
88 
89 
90 

91 
92 
93 
94 
95 
96 
97 
98 
99 

100 

Kg-m 

9.40 
9.54 
9.68 

9.82 
9.95 

10.09 
10.23 
10.37 
10.51 
10.65 
10.78 
10.92 
11.06 

11.20 
11.34 
11.48 
11.61 
11.75 
11.89 
12.03 
12.17 
12.31 
12.44 

12.58 
12.72 
12.86 
13.00 
13.13 
13.27 
13.41 
13.55 
13.69 
13.83 

b 



WEIGHT COMPARISON TABLE 

Avoirdu ok 
Poun s B Kilogranas Short Tons Lung Tons Metric Tons 

: A5359 .9Oi18 .OOlO .OOOj .00044643 .00089286 .0004S359 .00090718 
3 1.36078 .OOlS .00133929 .00136078 
4 1.81437 .I)020 .00,7R.571 .00181437 

2.26796 .002S .00223214 .00226796 
2.721% .0030 .00267857 .00272155 

i 
3.1x15 ,003s .00312SOO .00317515 
3.62874 .0040 .00357143 .00362874 

9 4.08233 .0045 .00401786 .00408233 

'2.20462 
4.40924 : 

.00110231 .00098421 .OOl 

.00220462 .00196841 .002 
6.61387 3 .00330693 .00295262 ,003 
8.81849 4 .00440924 .00393683 ,004, 

11.02311 5 .OOS51156 .00492103 ,005 
13.22773 
lS.43236 ! 

.00661387 .00590524 .006 

.00771618 .00688944 .ooi 
17.63698 .00881849 .00787365 ,008 
19.84160 .00992080 .00885786 ,009 

2000 907.18 : .89287 .90718 
4000 1814.37 1.78571 1.81437 
6000 2721.55 3 2.67857 2.72155 
8000 3628.74 4 3.57143 3.62874 

10000 4535.92 5 4.46429 4.53592 
12000 5443.11 

F 
5.35714 5.44311 

14000 6350.29 6.2.5000 6.35029 
16000 7257.48 7.14286 7.25748 
18000 8164.66 8.03571 8.16466 

2240 1016.0: 
Q&ill 
6720 3c.... 
8960 4064.1: ._... 

11200 5080.24 5.60 
134s 6096.28 6.72 
15680 7112.32 i.84 
17920 8128.38 8.96 
20160 9144.42 lnnQ 

i 1.12 
2032.09 2.24 : 

1.016OS 
2.03209 

,18.14 3.36 : 3.04814 
3 &4X 4.06419 

: 6.09628 5.08024 

i 7.11232 8.12838 
Y.“” 

04 
I 

0 1 #Ma2 ,.___~r 
- 

2204.62 1000 1.10231 .9842 1 4109.24 2000 2.20462 1.96841 : 

6613.87 3000 3.30693 2.95262 8818.49 4000 4.40924 3.93683 : 

11023.11 5000 5.51156 4.92103 13227.73 6000 6.61887 5.90524 z 

15432.36 7000 7.71618 6.88944 17636.98 8000 8.81849 7.87365 i 
19841.60 9000 9.92080 8.85786 9 

- ..~- 

LOAD CONVERSION TABLE 

husds 
S,fY". 

10.0 
10.5 
11.0 
11.5 
12.0 
12..S 
13.0 
13.S 
14.0 
14.5 

;;g; 
24:i40 
25,760 
26,880 
28,000 
29,120 
30,240 
31,360 
32,480 

- 
Tous 
!I= 

IQ. in. 
- 
35.0 
35.5 
36.0 
36.5 
3i.o 
37.5 
38.0 

%Ei 
39:s 

78,4,00 70 
79,520 il 
80,640 i2 
81,760 i3 
y; 

2 
8S:lZO 76 
86,240 ii 
87,360 78 
88,480 79 

IS.0 33,600 40.0 89,600 80 
IS.5 34,720 40.5 90,720 81 
16.0 3S,840 41.0 91,840 82 
16.,5 36,960 41.S 92,960 83 
Ii.0 38,080 42.0 94,080 84 
17.5 39,200 42.5 95,200 85 
18.0 40,320 43.0 96,320 86 
18.5 41,,440 43.5 97,440 87 
19.0 42,560 44.0 98,560 88 
19.5 43,680 4cb.5 99,680 89 

20.0 
20.5 
21.0 

.21.j 
22.0 
22.5 
23.0 

;::; 
24.5 

44,800 45.0 100,800 90 
45,920 45.5 101,920 91 
47,040 46.0 103,040 92 
48,160 46.5 104,160 93 
49,280 47.0 105,280 94 
50,400 47.5 106,400 93 
51,520 48.0 107,520 96 
52,640 48.5 108,640 97 
53,760 49.a 109,760 98 
54,880 49.5 110,880 99 

2.5.U S6,OOO 
t5.5 5i,120 
26.0 58,240 
26.5 59,360 
2i.O 60,480 
27.5 61,600 
28,O 62,720 
28.5 63,840 
29.C 64,960 
29.5 66,080 

SO 
‘1 
;2 
53 
54 
.5.5 
56 

2: 
59 

112,000 100 
114,240 101 
116,480 102 
118,720 103 
120,960 104 
123,200 1OS 
12S,440 106 
127,680 107 
129,920 108 
132,160 109 

30.1 
30.' 
31S 

;;I 

32.' 
33s 
33.: 
34s 
34.: 

67,200 
68,3X 
69,44C 
iO,S6C 
;yg 

73:92( 
75,04( 
76,16( 
77,28( 

2 
62 
63 
64 
h,S 
66 
67 

134,400 110 
136,640 111 
138,880 112 
141,120 113 
143,360 111 
145,600 I15 
147,840 116 
lSO.080 117 
152,320 118 
154,560 119 

liY,200 20 
181,440 21 
183,680 22 
;;y; 

2l 
19O:;kOO 2S 
192,640 26 
19.4,880 27 
197,120 28 
199,360 29 

a$;%; 34 

21-:040 :a 
213'280 37 
2191520 38 
221,760 39 

224,000 40 
226,240 II 
228,480 42 
230,720 43 
232,960 41 
B& 4.5 

46 
239:680 47 
241,920 48 
244,160 19 

246,400 SO 
248,640 51 
250,880 S2 
253,120 53 
255,360 5.4 

I 
257,600 ;55 
2S9,840 56 
262,080 57 
264,320 58 
266,560 59 

A 

14,223 
15,646 
17,068 
18,490 
19,Y 13 
21,33S 
22.X; 
24,180 
2,S,602 
27,024 

28,447 
29,869 
31,291 
32,714 
34,136 
35,i58 
36,981 
38,403 
39,826 
41,248 

42,670 
44,093 
45,515 
46,937 
48,360 

x:: 
52:627 
S4.049 
55,471 

56,894 
$3;; 

3: 
61,161 

71,115 
72,535 
73,YOi 
i.S,38L 
X,80( 
i8.22\ 
79,651 
81,Oi: 
82,49( 
83.911 

G 
ner 
,.mm 

0 
61 
62 

:i 
65 
66 
67 

zi 

i0 
71 

:i 
74 
iS 
76 
77 
78 
79 

80 
81 

II: 
84 
85 
86 

:i 
89 

90 

?A 
93 
94 
95 
96 

;i 
99 

100 
101 
102 
103 
104 
IO5 
106 
107 
108 
109 

y; 

ss:u5 
89,607 
Y 1,030 
92,452 
93,874 
9S.297 
96,719 
98,141 

99,564 
100,986 
g,.g 

105:253 
LO6,675 
LO8,098 
109,520 
110,943 
112,365 

113,787 
115,210 
116,632 
118,OS4 
119,477 
120,899 
122,321 
123,744 
;f6Jg 

128,011, 
129,433 
@8%& 

133:ioo 
135,122 
136,545 
137,967 
139,389 
140,812 

142,234 
143,656 
145,079 
1,46,501 
147,923 
149,346 
150,768 
152,190 
153,613 
155,035 
7 

iGT 
Per 
Q.rnrn 

110 
111 
112 
113 
114 
115 
116 
117 
118 
119 

156,457 
157,880 
159,302 
160,724 
162,147 
163,569 
164,991 
166,414 
167,836 
169,258 

120 
I,21 
122 
123 
124 
12.; 
126 
127 
128 
129 

liO,681 
li2.103 
li3.525 
174,948 
;;y; 

179:213 
180,637 
182,OS9 
183,482 

130 184,904 
131 186,327 
132 187,749 
133 189,171 
134 190,594 
135 192,016 
136 193,438 
137 194,861 
138 196,283 
139 197,705 

140 199,128 
141 200,550 
142 201,972 
143 203,395 
144 204,817 
145 206,239 
146 207,662 
147 209,084 
148 210,506 
149 211,929 

150 213,351 
El 214,773 
I 52 216,196 
IS3 217,618 
IS4 219,040 
15s 220,463 
IS6 221,88S 
157 223,307 
158 224,730 
159 226,152 



16.1-39 

Wires 

INCHES PER POUND OF WIRES 
Iiameter (in.) 

0.035 

16500 
10600 

3780 
3720 
3650 

3590 
3380 
3260 
3240 
3200 

0.062 

5270 
3382 
1220 
1180 
1160 

1140 
1070 
1040 
1030 
1200 I 

0.025 

34700 
22300 

7960 
7820 
7680 

7550 
7100 
6850 
6820 
6750 

1.045 

3164 
- 
9990 
6410 
2290 
2240 
2210 

2170 
2040 
1970 
1960 
1940 

( 

i 

Aluminum Bronze 
400 seriesStainlessSteel 

Deoxidized Copper 

TWIST DRILL GAUGE SIZES 

Ce 

- 
NO. 

77 
18 
19 
20 

21 
22 
23 
24 

25 
26 
27 
28 

29 
30 
31 
32 

- 

!I 

I 

I 

iii- 2 
17 
18 
19 
20 

2i 
22 
23 
24 

25 
26 
27 
28 

29 
30 
31 
32 
- 

f 

I 
ntin 

T 

Size 

0.1130 
0.1110 
0.1100 
0.1065 

- 
NO. 

49 
50 
51 
52 

0.1040 53 
0.1015 54 
0.0995 55 
0.0980 56 

0.0960 
0.0935 
0.0990 
0.0860 

57 
58 
59 
60 

0.0820 
0.0810 
0.0785 

61 
62 
63 
64 

- 

0.0635 11 68 

0.0520 71 
0.0465 72 

0.0430 73 
0.0420 74 
0.0410 75 
0.0400 76 

0.0390 77 

meters 

Sire I( No. 

0.2794 
II 

51 
0.2705 52 

0.2642 53 
0.2578 54 
0.2527 55 
0.2489 56 

0.2438 57 
0.2375 58 
0.2261 59 
0.2184 60 

0.2083 61 

Size 

0.0350 
0.0330 
0.0320 
0.0310 

0.0292 
0.0280 
0.0260 
0.0250 

0.0240 
0.0225 
0.0210 
0.0200 

0.0180 
0.0160 
0.0145 
0.0135 

Size 

0.2280 
0.2210 
0.2130 
0.2090 

0.2055 
0.2040 
0.2010 
0.1990 

0.1960 
0.1935 
0.1910 
0.1890 

0.1850 
0.1820 
0.1800 
0.1770 

Size 

0.5791 
0.6613 
0.5410 
0.5309 

0.5220 
0.5182 
0.5105 
0.5055 

0.4978 
0.4915 
0.4851 
0.4801 

0.4699 
0.4623 
0.4572 
0.4496 

13 
14 L 15 
16 L 

No L 
1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 
- 

Sire 

0.0889 
0.0938 
0.0813 
0.0787 

0.0743 
0.0711 
0.0660 
0.0635 

0.0610 
0.0572 
0.0533 
0.0508 

0.0457 
0.0406 
0.0368 
0.0343 

Size 

0.4394 
0.4305 
0.4216 
0.4089 

33 
34 
35 
36 

0.4039 37 
0.3988 38 
0.3912 39 
0.3861 40 

0.3797 41 
0.3734 42 
0.3658 43 
0.3569 44 

0.3454 
0.3264 
0.3048 
0.2946 

45 
46 

z3 
- 



16. l-40 Reference Section 

COMPARATIVE TABLE OF WIRE GAGES 
Dimensions of Sizes (in.1 

00000000 0.0083 
000000” 0.490 0.0087 
000000 0.4615 0.009,; 0.004 
00000 0.4305 0.010 0.003 
0000 0.460 0.3938 0.011 0.006 
00” 0.40964 0.3623 0.012 0.007 
00 0.3648 0.3310 0.0133 0.008 
0 0.32486 0.3065 0.0144 0.009 
I 0.2893 0.2830 0.0156 0.010 

0.464 
0.432 
0.400 
0.372 
0.348 
0.324 
0.300 

0.454 
0.425 
0.380 
0.340 
0.300 

i 0.2.5763 0.2625 0.0166 0.011 0.276 0.219 0.284 
3 0.22942 0.243i 0.0178 0.012 0.252 0.212 0.259 
I. 0.20431 0.2253 0.018X 0.013 0.232 0.207 0.238 

ll.lRl94 0.2070 0.0202 0.014 0.212 0.204 0.220 

20 0.031961 0.0348 0.0434 O.OG 0.03h 0.161 0.035 
21 
22 
23 
2* 
2.5 
2h 

i;, 
29 
30 

0.16202 
0.14428 
0.12849 
0. I 1443 
(i.10189 
0.090742 
0.080808 
0.071961 
0.06~~801 
0.057068 
0.05082 
0.045257 
0.010303 
0.03389 

0.1920 
0.17io 
0.1620 
0. I483 
0. 13.50 
0.1203 
0.10.5s 
0.091,5 
0.0800 
0.0720 
0.062.5 
0.0340 
0.047.5 
0.0410 

0.0215 
0.023 
0.0243 
0.02.56 
0.027 
0.0284 
0.0296 
0.0314 
0.0326 
0.0345 
0.036 
0.0377 
0.039.5 
0.041,4 

0.016 
0.018 
0.020 
0.022 
Kw:, 

0.029 
0.031 
0.033 
0.035 
0.037 
0.039 
0.04L 
0.043 

0.192 
0.176 
0.160 
0.144 
0.128 
0.116 
0.104 
0.092 
0.080 
O.Oi2 
0.064 

::E 
0.040 

0.201 
0.199 
0.197 
0.194 
0.191 
0.188 
0.185 
0.182 
0.1,80 
0.1;s 
0.175 
O.li2 
0.168 
0.164 

0.203 
0.180 
0.165 
0.148 
0.134 
0.120 
0.109 
0.095 
0.083 

;:g 

0.0:8 
0.049 
0.042 

0.02R4h2 0.03 17,s O.OSh 0.047 0.032 0.157 
0.02.534.7 0.02Rh O.0483 0.049 0.028 0.15.5 0.028 
ll.o22.~7 I O.02.iX 0.0s I 0.03 I 0.024. 0.153 0.025 
Il.020 I Il.0230 
0.0179 0.020 1. 
O.Ol.i94 0.0181 
0.01419.5 O.Oli3 
0.012641 0.0162 
0.011257 0.0150 
0.010025 0.0140 

o.o;T, 0.035 
0.058h 0859 
0.0626 0.063 
O.O6T,H O.Ohi 
0.072 0.071 
0.076 0.073 
0.08” 0.080 

0.022 II.151 0.022 
0.020 0.148 0.020 
0.018 0.146 0.018 
O.Olh4 0.143 0.016 
0.0149 0.139 0.014 
0.0136 0.134 0.013 
0.0124 0.127 0.012 

31 0.008928 0.0432 0.083 0.01 16 0.120 0.010 
32 0.0, 179,; 0.0128 0.090 I~.0108 0. I I 5 0.009 

;; 
o.oo;on “.“I18 ,,.,,Y.l 0.0 1”” 

. 
0.112 0.008 

“.()~ .- !53!!4 0.0:04 0.0092 O.liO 0.007 
35 O.Ol lT,h I (1, 0.009.5 0.01)84 0.108 0.003 
36 0.005 ,,.““9” 0.00X 0.106 0.004 
37 0.0044,53 

0.00396i 
0.003531 
0.003 14% 

0.0068 0.103 
O.OOhO 0.101 
0.0032 0.099 
0.00~18 0.09i 

38 
39 
.40 ,..... 

From Republic AllO” Steels. Republic Steel Corp. 
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Gxst 
Ko. 
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0000 

000 
00 
0 

: 

3 

: 

; 
8 

10 
I2 
14 
I5 
16 
17 

18 

:; 
21 
21 
23 
24 

:i 

27 
28 
29 

30 
31 
32 
31 

:: 

36 
37 
38 

39 
40 
41 
42 

:: - 

- - 

Dinm 
etcr in 
Xils 

WIRE TABLES* 
Solid Copper Wire 

A. m. 0. or B. & s. Gngc; Enalisb ““its 

I 

: 
3 
7 

I 
I - 

Ohms WI 
per aloe ,000 ,t 
____ 

0.2596+0.5 
O.v.6507.9 
o.,,, 4OTJ.8 
0.519319.5 
0.651253.3 
0.825100.9 

1.0, 159.3 
1.31 17.6.4 
1.65 100.2 
2.09 79.46 
2.61 63.02 
3.31 49.98 
5.28 11.41 
8.3s 13.3 y; 

16.8 9.818 
21.1 7.818 
16.7 6.200 
33.7 ..917 
12.5 3.899 
53.6 3.097. 
67.6 2.+52 
$5.). 1.915 

108 1.142 

I35 1.121 
,71 0.9695 
216 0.7691 
7.77. 0.6100 
343 0. ,837 
43.2 0.38X 

515 687 :: :::i 
866 0.191! 

1.090 O.lZli 
I.380 0. ,101 
1.740 0.0914 
2.190 0.075( 
2.761 0.060~ 
3.480 0.017! 

4.391 0.037i 
5.5+0 0.029: 
6.981 0. oni 

LX.806 0.010( 
1,100 0.014! 
*.ooo 0.011, 

7 
I 

,380 
X80 
2130 
1680 
,340 
1060 
841 
667 
529 
410 
313 
7.64 
166 
104 
63.3 
52.0 
41.3 
31.7 
26.0 
i?O.6 
16.3 
12.9 
10.3 
8. I4 

Z:X 
4.06 

:::: 
2.03 
1.61 
1.17 
1.01 

:: 2: 
0.934 I 

0.400 1 

:: 1:: : 

0.199 1 
O.IF.8 

~ : 0.115 
'+ 5 

::t;: 8 
d 061 iI i - 

Feet 
Per 

Pound 

1.561 
1.966 
1.+&z 
3.130 
3.917 
+.977 

6.276 
7.91, 
9.980 

1Iz.58 
15.67 
20.01 
31.82 
50.59 
no.+* 

IO,., 
127.9 
161.3 
203.1 
256.5 
323.1 
407.8 
511.2 
618., 
817.7 

l.O,l 
1.300 

1.619 
2.067 
1.607 

3.187 
.,,.I 
5.227 
6.191 
8.110 
0.+80 

3.110 
6.660 
:1.010 

Z6.500 
'3.110 
**.130 
,3.1 *o 
~6.990 
11.170 

Gage Iio. 

0000 
000 

00 

:: 
26 
17 

:: 

:: 
31 

:: 
35 

:i 
38 
39 
+o 
,I 
+2 
43 
++ 

WIRE TABLES* 
Solid Copper Wire 

A. m. 0. or II. 61 s. Gage in Metric units 
100 j,er eel ,ndurtivi~y: dent 

mamrter. 
mm 

Crowaeetion. 
eq nI"l 

Ii.68 
IO.40 
9.7.66 
8.252 
'7.348 
6.51, 
5.827 
5.189 
,.621 
,.I,5 
3.665 
3.x?+ 
2.588 

::::i: 
1.150 
1.291 
I.150 
I.024 
0.9116 
0.81111 
0.7230 
0.6138 
0.1733 

:: Xi; 
0.+0+9 

:: :E 
0.1859 
0.1546 

;: ::t; 

:: E 
0.1.26 

if: I:;! 
0.1007 
0.00969 
0 07967 
0.07113 
0.0633+ 
0.01641 
0.0101, 

107.7. 
85.03 
67.+3 
53.+* 
+2. +I 
33.63 
26.67 
21.15 
16.77 
13.30 
IO.55 
8.366 
5.261 
3.309 
Z.OBI 
1.650 10.42 
I.109 I,. 111 
1.038 16.61 
0.8231 20.95 
0.6517 16.,1 
0.5176 33.31 
0.+,05 
0.3255 
0.2582 
0. *0+7 
0.162. 
0.12811 
0. ,071 
0.0809.s 
0.06421 
0.05093 338.6 
0.0+0,9 (26.9 
0.03*01 538.3 
0.0*5+0 678.8 
O."2OI. 816.0 
0.01597 1079 
0.01267 
O.OlOO5 
0.007967 
0.006316 
0,0050t0 
0.001973 
0.001151 
0.002+99 
0,00,9ll1 

0.1608 
0. *on 
0.2557 
0.322+ 
0.1066 
0.51r26 
0.616, 
0.8152 
1.Oi28 

I::;: 
2.061 
3.277 
5.211 
(I.285 

I2.00 
52.96 
66.79 
.s+.n 

106.2 
133.9 
168.8 
*1*.9 
168.5 

,161 
1716 
216, 
2729 
,111 
4339 
I,72 
6900 
11700 

Kilonrams per 
liihmeter 

953.7 
755.9 
599.5 
+75.+ 
377.0 
299.0 
237.1 
IS8.0 
119.1 
118.2 
93.78 
71.37 
46.77 
19. +1 
18.50 
11.67 
II.63 
9.226 
7.317 
5.803 
,.602 
3.619 
2.89, 
2.295 
1, I)20 
1.111 
,.,,I 
0.9070 
0.7199 
0.5709 
0.+527 
L-.,590 
o.*a+7 
0.2258 
0.1791 
0. I,10 
0.1116 
O.OWfl 
0.0708, 
0.05617 
0.0++5+ 
0.0,53* 

0.02001 
0.01221 
0 01762 



16.1-42 Reference Section 

AN-SAE Standard Carbon Steels 
Free-Machining Grades Nonresulfurized Grades 

Composition*, % 

- 

Al31 
NO. 

;AE 
NO. 

I Composition*, % I 

/ Mn 1 P 1 S 1 ","bi C Mn 
P 

blax 
S 

MD 

1005 
1006 
1008 
1010 
1011 
1012 
1013 
1513 
1015 
1016 
1017 
1018 
1518 
1019 
1020 
1021 
1022 
1522 
1023 
1524 
1025 
1525 
1026 
1526 
1527 
1029 
1030 
1033 
1034 
1035 
1536 
1037 
1038 
1039 
1040 
1541 
1042 
1043 
1044 
1045 
1046 
1541 
1548 
1049 
105c 
1551 
1552 
105: 
105: 
1051 
106( 
1561 
106! 
156f 
106! 
107[ 
157; 
1071 
107! 
1071 
108( 
1081 

l&l 
1091 
109! 

- 

.040 
I.040 
,.040 
,040 
1.040 
I.040 
1.040 
I.040 
1.040 
1.040 
I.040 
1.040 
1.040 
I.040 
I.040 
1.040 
1.040 
1.040 
I.040 
1.040 
1.040 
I.040 
1.040 
I.040 
j.040 
j.040 
1.040 
I.040 
I.040 
LO40 
1.040 
1.040 
1.040 
I.040 
I.040 
I.040 
3.040 
I.040 
3.040 
3.040 
3.040 
D.040 
3.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
a040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
- 

1.050 
1.050 
1.050 
I.050 
I.050 
1.050 
3.050 
1.050 
3.050 
0.050 
1.050 
3.050 
3.050 
3.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 

- 

,005 
,005 
,008 
,010 
,011 
,012 
.013 
.513 
,015 
,016 
,017 
,018 
,518 
019 
io20 
LO21 
LO22 
152.2 
1023 
1524. 
1025 
L525 
1026 
1526 
1527 
1029 
1030 
1033 
- 

1035 
1536 
1037 
1038 
1039 
1040 
1541 
1042 
1043 
1044 
1045 
1046 
1547 
1548 
1049 
1050 
1551 
1552 
1053 
1055 

1060 
1561 
1065 
1566 
1069 
1070 
1572 
1074 
1075 
1078 
1080 
1084 
1085 
1086 
1090 
1095 
- 

1108 
1109 
1110 
1116 
1117 
1118 
1119 
1132 
1137 
1139 
1140 
1141 
1144 
1145 
1146 
1151 

0.08to 0.13 
0.08to 0.13 
0.08to 0.13 
0.16to 0.23 
0.08 to 0.13 
0.08to 0.13 
0.24to 0.33 
0.08to 0.13 
0.08 too.13 
0.13to 0.20 
0.08to 0.13 
0.08to 0.13 
0.24to 0.33 
0.04to 0.07 
0.08to 0.13 
0.08 to 0.13 

0.08to 0.13 0.50 to 0.80 
0.08to 0.13 0.60to 0.90 
0.08to 0.13 0.30to 0.60 
0.14 to 0.20 1.10 to 1.40 
0.14 to 0.20 1.00 to 1.30 
0.14 to 0.20 1.30 to.1.60 
0.14 to 0.20 1.00 to 1.30 
0.27t00.34 1.35t01.65 
0.32to 0.39 1.35t01.65 
0.35to 0.43 1.35to 1.65 
0.37 to 0.44 0.70to 1.00 
0.37to 0.45 1.35to 1.65 
0.40 to 0.48 1.35 to 1.65 
0.42 to 0.49 0.70 to 1.00 
0.42 to 0.49 0.70to 1.00 
0.48 to 0.55 0.70 to 1.00 

1108 
1109 
1110 
1116 
1117 
1118 
1119 
1132 
1137 
1139 
1140 
1141 
1144 
1145 
1146 
1151 

Resulfurized and Rephosphorized 
1211 0.13 "lax 0.60to 0.90 0.07 to 0.12 0.10 to 0.15 1211 
1212 0.13 "lax 0.70 to 1.00 0.07to 0.12 0.16 to 0.23 1212 
1213 0.13 max 0.70 to 1.00 0.07to 0.12 0.24to 0.33 1213 
1215 0.09 "lax 0.75 to 1.05 0.04to 0.09 0.26to 0.35 1215 

12L14: 0.15 "lax 0.85to 1.15 0.04to 0.09 0.26 to 0.35 12L14 

.06 “lax .35max 
.OEmax .25to 0.40 
.lO max ,30to0.50 
.OEto 0.13 30t00.60 
1.08to 0.13 1.60 to 0.90 
.lO to 0.15 1.30to 0.60 
.ll to 0.16 '.50to 0.80 
.lO to 0.16 .lO to 1.40 
.13 to 0.18 1.30 to 0.60 
.13 to 0.18 1.60to 0.90 
.15 to 0.20 130to 0.60 
.15 to 0.20 1.60to 0.90 
I.15 to 0.21 ,.lO to 1.40 
I.15 to 0.20 1.70 to 1.00 
1.18 to 0.23 130 to 0.60 
I.18 to 0.23 1.60 to 0.90 
I.18 to 0.23 I.70 to 1.00 
ILlEto 0.24 ..lO to 1.40 
1.20to 0.25 I.30 to 0.60 
I.19 to 0.25 ..35 to 1.65 
I.22to 0.28 L30to 0.60 
1.23to 0.29 I.80 to 1.10 
I.22 to 0.28 l.60to 0.90 
1.22 to 0.29 ..lO to 1.40 
I.22 to 0.29 L.20 to 1.50 
1.25to 0.31 1.60 to 0.90 
I.28 to 0.34 ).60to 0.90 
l.29to 0.36 j.70 to 1.00 
I.32 to 0.38 I.50 to 0.80 
1.32to 0.38 1.60to 0.90 
I.30 to 0.37 1.20to 1.50 
1.32 to 0.38 I.70 to 1.00 
1.35to 0.42 I.60 to 0.90 
I.37 to 0.44 I.70 to 1.00 
1.37to 0.44 ).60to 0.90 
1.36to 0.44 1.35 to 1.65 
1.40to 0.47 1.60to 0.90 
1.40 to 0.47 I.70 to 1.00 
M3to 0.50 1.30 to 0.60 
M3to 0.50 1.60 to 0.90 
1.43to 0.5c 3.70 to 1.00 
1.45to0.51 1.35to 1.65 
I.44 to 0.52 1soto 1.40 
3.46to 0.53 3.60to 0.90 
3.48to0.55 3.60to 0.90 
0.45to 0.5f 0.85 to 1.15 
3.47to 0.55 1.20 to 1.50 
0.48ta 0.5: 0.7oto 1.00 
0.50to 0.6[ 0.60to 0.90 
0.55to 0.6: OS0 to 0.80 
0.55to 0.6! 0.60to 0.90 
0.55to 0.6: 0.75to 1.05 
0.60to 0.7( 0.60 to 0.90 
0.60to 0.71 0.85 to 1.15 
0.65to 0.7! 0.40t00.70 
0.65to 0.7! 0.60to 0.9C 
0.65 to 0.7t 1.00 to 1.3c 
0.70to 0.8( 0.50to 0.8C 
0.70 to 0.8( 0.40to0.7c 
0.72to 0.81 0.30to 0.61 
0.75to 0.81 0.60to 0.9( 
0.80to 0.9: 0.60to 0.9C 
0.80to 0.9: 0.70to 1.0, 
0.80t00.9: 0.30to 0.5[ 
0.85to 0.91 0.60to 0.9[ 
0.90 to 1.0: 0.30to0.5[ 

*When silicon is required, the following ranges and limits 
are commonly used: for nonresulfurized steels: up to 1015, 
0.10% mm: 1015 to 1025, 0.10% max, or 0.10 to 0.20%, or 0.15 
to 0.30%, or 0.20 to 0.40%, or 0.30 to 0.60%; over 1025, 0.10 to 
O.ZO%, or 0.15 to 0.30%. or 0.20 to 0.40%, or 0.30 to 0.60%; 
1513 to 1524, 0.10% mm, or 0.10 to 0.20%. or 0.15 to 0.30%, or 
0.20 to 0.40%. or 0.30 to 0.60%; 1525 and over, 0.10 to 0.20%. 
or 0.15 to 0.30%. or 0.20 to 0.40%. or 0.30 to 0.60%. For resul- 
furized steels: to 1110. 0.10% mm; 1116 and over, 0.10% max, 
or 0.10 to 0.20%. or 0.15 to 0.30%. or 0.20 to 0.40%. or 0.30 to 
0.60%. It is not common practice to produce resulfurized 
and rephosphorized steels to specified limits for silicon 
because of its adverse effect on machinability. 

Copper can be added to a standard steel. 
Standard killed carbon steels. which are generally fine 

grain, may be produced with a boron addition to improve 
hardenability. Such steels can be expectedtocontain 0.0005% 
B m&These steels are identified by inserting the letter "8" 
between the second and third numerals of the AISI number 
-for example, 10846. 

.tO.15 to 0.35% Pb. When lead is required as an added 
element to a standard steel, a range of 0.15 to 0.35%, inclu- 
sive, is generally used. Such a steel is identified by inserting 
the letter "I? between the second and third numeral of the 
AISI number. 

Sources: American Iron & Steel Institute, New York; SAE 
Standard J403f. 



Weights of Steel 

THEORETICAL WEIGHTS OF ROUNDSQUARE,AND HEXAGON CARBON STEEL BARS 

SQUARE AND ROUND STEEL BARS 
Weight of Squares 

(Size in in.)’ X 3.400 Weight, Ib/ft 
(Size in in.)’ X 0.2833 Weight, lb/in. 
(Size in in.)* X 0.00784 Weight, kilo/cm 

ROUND eqlJ*Im HEXAGON 
Thick- 

.“SS or Weight weiaht Weight 
Diameter, Pounds Pounds POUmis 

pizg yE; 
rE.% 

IndIes Per In& Per Foot Per l”Ch Per Foot Per Inah Per Foot 

l/32 0.0002 0.0026 0.0003 0.0033 0.0002 0.0028 
l/16 0.0009 0.0104 0.0011 0.0133 0.0010 0.0115 

,,,:,,3/32 0.0020 0.0235 0.0025 0.0299 0.0022 0.0259 
;i;:,',l/8 0.0035 0.0417 0.0044 0.0531 0.0038 0.0460 ,,,. 
;: : 
ii;<; 5/32 0.0054 0.0652 0.0069 0.0830 0.0060 0.0719 
%3/16 0.0078 0.0939 0.0100 0.1195 0.0036 0.1035 
':-7/32 
!&J/4 

0.0106 0.1278 0.0136 0.1627 0.0117 0.1409 
0.0139 0.1669 0.0177 0.2125 0.0153 0.1840 

g;:::, 
"'-;'9/32 
i%5/16 

0.0176 0.2112 0.0224 0.2689 0.0194 0.2329 

$:&l/32 
0.0217 0.2608 0.0277 0.3320 0.0240 0.2875 
0.0263 0.3155 0.0335 0.4018 0.0290 0.3479 

&3/E 0.0313 0.3755 0.0398 0.4781 0.0345 0.4141 

c&13/32 0.0367 0.4407 0.0468 0.5611 0.0405 0.4860 
-_::7/16 0.0426 0.5111 0.0542 0.6508 0.0470 0.5636 
$?:;,15/32 0.0489 0.5867 0.0623 0.7471 0.0538 X1.6470 
'F,: :,‘I,2 0.0556 0.6676 0.0708 0.8500 0.0613 0.7361 

:',"17/32 0.0628 0.7536 0.0800 0.9596 0.0693 0.8310 
9/H 

i+19/32 
0.0704 0.8449 0.0896 1.076 0.0776 0.9317 
0.0785 0.9414 0.0999 1.199 0.0865 1.038 

," 5/a 0.0869 1.043 0.1107 1.328 0.0958 1.150 

',21/32 -0.0958 1.150 0.1220 1.464 0.1057 1.268 
11/16 0.1052 1.262 0.1339 1.607 0.1160 1.392 
23/32 0.1150 1.380 0.1464 1.756 0.1268 1.521 
3/4 0.1252 1.502 0.1594 1.913 0.1380 1.656 

25/32 0.1358 1.630 0.1729 2.075 0.1498 1.797 
13/16 0.1469 1.763 0.1870 2.245 0.1620 1.944 
27!32 0.1584 1.901 0.2017 2.421 0.1747 2.096 
7/a 0.1704 2.044 0.2169 2.603 0.1879 2.254 

29/32 0.1828 2.193 0.2327 2.792 0.2015 2.418 
15/16 0.1956 2.347 0.2490 2.988 0.2157 2.588 
31/32 0.2088 2.506 0.2659 3.191 0.2303 2.763 

1 0.2225 2.670 0.2833 3.400 0.2454 2.944 

l-106 0.2512 3.015 0.3199 3.838 0.2770 3.324 
l-l/S 0.2816 3.380 0.3586 4.303 0.3106 3.727 
l-3/16 0.3138 3.766 0.3995 4.795 0.3460 4.152 
l-114 0.3477 4.172 0.4427 5.313 0.3834 4.601 

l-506 0.3833 4.600 0.4881 5.857 0.4227 5.072 
l-318 0.4207 5.049 0.5357 6.428 0.4639 
l-7/16 

5.567 
0.4598 5.518 0.5855 7.026 0.5070 6.085 

l-112 0.5007 6.008 0.6375 7.650 0.5521 6.625 

l-9/16 0.5433 6.519 0.6917 8.301 0.5991 
l-518 

7.189 
0.5876 7.051 0.7482 8.973 0.6479 7.775 

From the Steel P,Dd”CfS Manual, /Qnerican IrOn an* Steel I”Stit”fe 

16.1-43 

Weight of Rounds 

(Diam in in.)’ X 2.670 ,Weight, Ib/ft 
(Diam in in.)* X 0.2225 Weight, lb/in. 
(Diam in in.)* X 0.00616 Weight, kilo/cm 

;:;;;I" 0.6337 0.6815 7.604 8.178 

M~;l" 0.7823 0.7310 8.773 9.388 

i-15/16 0.8901 0.8354 10.68 10.02 

2-l/16 0.6466 11.36 
2-l/8 1.005 12.06 

"2;;;:" 1.065 1.127 12.78 13.52 

%&" 1.190 1.255 14.28 16.06 

%$6 1.322 1.391 15.87 16.69 
1.533 18.40 
1.683 20.19 

t713 1.839 2.003 22.07 24.03 
2.173 26.08 
2.350 28.21 

;:;:; 2.535 2.726 30.42 32.71 
3-5/8 2.924 35.09 
3-3/4 3.129 37.55 

34-7/g 3.341 3.560 40.10 42.73 
4-l/8 3.786 45.44 
4-l/4 4.019 48.23 

4.259 51.11 
4.506 54.07 

::g;: 4.760 5.021 57.12 60.25 

4-718 5.289 63.46 

E-118 5.563 5.845 66.76 70.14 
5-l/4 6.133 73.60 

K-318 6.429 77.15 

gjf 6.732 7.041 80.78 84.49 
5-314 7.357 88.29 

f718 7.681 92.17 
8.011 96.13 

0.8068 9.682 0.6988 8.385 
0.8677 10.41 0.7515 9.018 
0.9308 11.17 0.8060 9.67 
0.9961 11.95 0.8626 10.35 

1.064 12.76 0.9211 11.05 
1.133 13.60 0.9815 11.78 
1.205 14.46 1.044 12.53 
1.279 15.35 1.108 13.30 

1.356 16.27 1.174 14.09 
1.434 17.21 1.242 14.91 
1.515 18.18 1.312 15.75 
1.598 19.18 1.384 16.61 

1.683 20.20 1.458 17.49 
1.771 21.25 1.534 18.40 
1.952 23.43 1.691 20.29 
2.143 25.71 1.866 22.27 

2.342 28.10 2.028 24.34 
2.550 30.60 2.208 26.50 
2.767 33.20 2.396 28.75 
2.993 35.91 2.592 31.10 

3.227 38.73 2.795 33.54 
3.471 41.65 3.006 36.07 
3.723 44.68 3.224 38.69 
3.984 47.81 3.451 41.41 

4.254 51.05 3.684 44.21 
4.533 54.40 3.926 47.11 
4.821 57.85 4.175 50.10 
5.118 61.41 4.432 53.18 

5.423 65.08 4.700 56.36 
5.738 68.85 4.970 59.63 
6.061 72.73 5.248 62.98 
6.393 76.71 5.536 66.44 

6.734 80.80 5.831 69.98 
7.083 85.00 6.134 73.61 
7.442 89.30 6.445 77.34 
7.809 93.71 6.763 81.16 

8.186 98.23 7.089 85.07 
8.571 102.85 7.422 89.07 
8.965 107.58 7.763 93.16 
9.368 112.41 8.112 97.35 

9.779 117.35 8.470 101.63 
10.200 122.40 8.833 106.00 



,’ 16.J.44 ‘Riferen&deiZioi~ 

Weights of Flat Steel Bars 
Pounds per Linear Foot 

iizr 
ness 
in., 

1132 
1116 
3/32, 
l/8 

wii th 

1 

I.1063 
I.2125 
I.3188 
3.4250 

,5/32 
3/16 
7132 
l/4 

3.5313 
0.6375 
D.7138 
0.8500 

5116 
3/E 
7116 
l/2 

-GG- 

1.0625 
1.2750 
1 AS75 
1.7000 

2 

0.213 
0.425 
0.638 
0.850, 

1.063 
1.275 
1 A68 
1.700 

2.125 
2.550 
2.975 
3.400 

3 
r- 

0.319 
o.j338, 
0.956 
1.275 

. In. 

4 

,,0.425 
0.850 
1.275 
1.700 

5 

0.531 
1.063 
1.594 
2.125 

12 

1.275 
2.550 
3.825 
5.100 

1.594 2.125 2.656 
1.913 2.550 3.188 
2.231 2.975 3.719 
2.550 3.400 4.250 

6.375, 
7.650 
8.925 

10.200 

3.188 4.250 5.313 12.750 
3.825 5.100 6.375 15.300 
4.463 5.950 7.438 17.850 
5.100 6.800 8.500 20.400 

518 
11/16 
3/4 

1.9125 
2.1250 
2.3375 
2.5500 

3.825 5.738 7.650 9.563 22.950 
4.250 6.375 8.500 10.825 25.500 
4.675 7.013 9.350 11.688 28.050 
5.100 7.650 10.200 12.750 30.600 

Manufacturers’ Standard Gage For Steel Sheets 

13116 
718 

15/w 
1 

l-118 
l-114 
1.3/E 
l-1/2 

1.5/E 
l-3/4 

2.7625 
2.9750 
3.1875 
3.4000 

1 ! -~ 

I 
1 
1 

5.525 8.288 11.050 13.813 33.150 
5.950 8.925 11.900 14.875 35.700 
6.375 9.563 12.750 15.938 38.250 
6.800 10.200 13.600 17.000 40.800 

Manufac- 
turers' 

9tandard 
Gage No. 

3 
4 
5 
6 
7 

per aquara 
Inch 

Pound 
er square 

FOOt 

Inch 
Equiv- 

Ilent for 
ted Sheet 
'hidmeu 

3.8250 
4.2500 
4.6750 
~.lOOO 

7.650 11.475 
8.500 12.750 
9.350 14.025 

IO.200 15.300 

15.300 , 
17.000 , 
18.700 , 
20.4oa , 
22.100 
23.800 1 25.5OC 
27.2OC 

19.125 46.900 
21.250 51.000 
23.376 56.000 
25.500 61.200 

160 
150 
140 
130 

0.069444 
0.065104 
0.060764 
0.056424 
0.052083 

10.0000 
9.3750 
8.7500 
8.1250 
7.5000 

0.2391 
0.2242 
0.2092 
0.1943 
0.1793 5.5250 

5.9500 
6.3750 
6.8000 

Il.MiO 16.575 
Il.900 17.850 
12.750 19.125 
13.600 20.400 

27.626 
29.750 
31.875 
34.000 

0.1644 
0.1495 
0.1345 
0.1196 
0.1046 

66.300 
71.400 
76.500 
81.600 

8 
9 

10 
11 
12 

13 
14 
15 
16 
17 

18 
19 
20 
21 
22 

23 
24 
25 
26 
27 

28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
39 

6.8750 
6.2500 
5.6250 
5.0000 
4.3750 

3.7500 
3.1250 
2.8125 
2.5000 
2.2500 

2.0000 
1.7500 
1.5000 
1.3750 
1.2500 

1.1250 
1 .oooo 
0.87500 
0.75000 
0.6875c 

0.625OC 
0.5625C 
0.5000c 
0.4375c 
0.40625 

0.375OC 
0.3437! 
0.31256 
0.28125 
0.26562 
0.25000 

0.0897 
0.0747 
0.0673 
0.0598 
0.0538 

0.0478 
0.0418 
0.0359 
0.0329 
0.0299 

0.0269 
0.0239 
0.0209 
0.0179 
0.0164 

0.0149 
0.0135 
0.0120 
0.0105 
0.0097 

0.0090 
0.0082 
0.0075 
0.0067 
0.0064 
0.0060 

0.047743 
0.043403 

120 

110 
100 

90 
80 
70 

60 
50 
45 
40 
36 

32 
28 
24 
22 
20 

18 
16 
14 
12 
11 

8 
7 

6 
5.5 
5 
4.5 
4.25 
4 

I-7i8 
2 

0.039062 
0.034722 
0.030382 

0.026042 
0.021701 
0.019531 
0.017361 
0.015625 

0.013889 
0.012153 
0.010417 
0.0095486 
0.0086806 

0.0078125 
0.0069444 
0.0060764 
0.0052083 
0.0047743 

0.0043403 
0.0039062 
0.0034722 
0.0030382 
0.0026212 

0.0026042 
0.0023872 
0.0021701 
0.0019531 
0.0018446 
0.0017361 



Table shows the upper and lower limits for unit 
weight and thickness for each number of the manu- 
facturers standard gage table. These ranges are not 
tolerances. 

Sheets specified to a manufacturer’s standard 
gage number are produced to the inch equivalent for 
that gage number as shown in the preceding table. 

Weight and Thickness Ranges 
For Manufacturers’ Standard Gage Numbers 

For Steel Sheets 

10.312 to 9.688 
9.687 to 9.063 
9.062 to 8.438 
8.437 to 7.813 

6.562 to 5.938 
5.937 to 5.313 

I 14 I 3.437 to 2.969 

17 2.374 to 2.125 

0.656 to 0.594 
0.593 to 0.532 
0.531 to 0.469 
0.468 to 0.422 

0.390 to 0.360 
0.359 to 0.329 
0.328 to 0.297 
0.296 fo 0.274 
0.273 to 0.258 
0.257 to 0.243 

rhicknes Range, in. 

0.2465 to 0.2317 
0.2316 to 0.2168 
0.2167 to 0.2018 
0.2017 to 0.1869 
0.1868 to 0.1719 

0.1718 to 0.1570 
0.1569 to 0.1420 
0.1419 to 0.1271 
0.1270 to 0.1121 
0.1120 to 0.0972 

0.0971 to 0.0822 
0.0821 to 0.0710 
0.0709 to 0.0636 
0.0635 to 0.0568 
0.0567 to 0.0509 

0.0508 to 0.0449 
0.0448 to 0.0369 
0.0388 to 0.0344 
0.0343 to 0.0314 
O.Q313 to 0.0284 

0.0283 to 0.0255 
0.0254 to 0.0225 
0.0224 to 0.0195 
0.0194 to 0.0172 
0.0171 to 0.0157 

0.0156 tc. 0.0142 
0.0141 to 0.0128 
0.0127 to 0.0113 
0.0112 to 0.0101 
0.0100 to 0.0094 

0.0093 to 0.0086 
0.0085 to 0.0079 
0.0078 to 0.0071 
0.0070 to 0.0066 
0.0065 to 0.0062 
0.0061 to 0.0058 



APPROXIMATE THEORETICAL WEIGHTS 

Alloy Steel Sheets Alloy Steel Strip 

wt. per sq. 
Ft. in Lbs. 

7.0813 
6.4375 
5.7937 

5.1500 

4.5063 3.8625 

:3.*1*7 
2.8968 
2.5750 

2.3175 

2.0600 1.8025 

1.5450 1.4160 
1.2875 

1.1587 
1.0300 
.9013 

.7725 ,708, 

.6438 

.5794 

.51SO 
A506 

2% 
Inch 

:::::: 
.14062 

,125 

.10937 .09375 

:i%:; 
.0625 

.05625 

.050 .04375 

.0375 .03437 

.0312S 

.02812 
,025 
.02187 

:KZ 
.OlS62 

.01406 
,012s 
.01093 

uss 
Gage 

,!I 
10 

11 

:: 

:!I 
16 

17 

:: 

2 
22 

:i 
25 

26 

i;: 

2 
31 

Dec. 

BY& 
EC& 

W$;.Pg,?.+ 

Iron Alloys 

: : ,180 ,165 ,180 ,165 6.814 7.434 6.814 7.434 

9 9 ,148 ,148 6.112 6.112 

:: :: ,134 ,120 ,134 ,120 5.534 4.956 5.534 4.956 
12 12 ,109 ,109 4.501 4.501 

:.i :.i :Z :Z 3.923 3.427 3.923 3.427 
1s 1s ,072 ,072 2.9?3 2.9?3 
16 16 2.684 2.684 

:i :i 

:Z :Z 

,049 ,049 2.395 2.023 2.395 2.023 
3: 3: ,042 ,042 1.734 1.734 

21 21 :Z :Z f 2;: f 2;: 
22 22 ,028 ,028 1.156 1.156 
;"4 ;"4 a25 ,022 .025 ,022 0.908 1.032 0.908 1.032 

ii ii ,020 ,020 0.826 0.743 0.826 0.743 
27 27 :E :E 0.660 0.660 
:; :; .014 ,013 .014 ,013 0.5 0.536 a- 0.5 0.536 a- 

JO JO .012 .012 0.495 0.495 
31 31 
32 32 

:% :% 0411 0411 
0137i 0137i 

33 33 ,008 ,008 0.330 0.330 

2 2 ,007 ,005 ,007 ,005 0.289 0.206 0.289 0.206 
36 36 .004 .004 0.165 0.165 

Alloy Steel Plates 

No. 
of 

Ca.qe 

Appror. 
Dee. Parts 
of ao.Ineh 

. ^^^^ 

Approx. 
Fractions 
nf an Inch 

*pprox. wt. 
""f"S,p 

.87SO .87SO 
I” I” 

% % as+419 as+419 
.812S .812S 1 aA; 1 aA; 32.889 32.889 
.7500 .7500 u $4 ,* R(I.359 30.359 
xl875 xl875 ’ !,6; ' !,6; 27.829 27.829 
.62.50 .62.50 :.p :.p 25.299 25.299 
.S62S .S62S 
..sooo ..sooo 

2 2 22.769 22.769 
20.239 20.239 

A6875 A6875 ".V> ".V> 18.974 18.974 
.a75 .a75 
A0625 A0625 

'40 '40 17.709 17.709 
'96 '96 16.444 16.444 

.37SO .37SO 

.34:,75 .34:,75 
56 56 IS.,79 IS.,79 

0 0 
'$6 '$6 L3.914 L3.914 

.3 125 .3 125 i i fti fti 12.650 12.650 

; ; 
.2*12.5 .2R12S %h %h I L.385 I L.385 
.26S62 .26S62 10.752 10.752 

1% 1% .2soo .2soo 
'!& '!& 
?4 ?4 1U.120 1U.120 

.4 .4 .234375 .234375 1 'A 1 'A 9.487 9.487 
.21875 

.I. 

,ig 
8.855 

0 .203125 8.222 
7 .I875 3% 7.590 



16.1-47 

Hardness and Temperature Conversion Tables 
Hardness Conversion Numbers for Steel (ASTM EldOl 

- 
-The Brine,, hard”e*I numberr in boldface type are o< 
testing in section S(C) Of the MBthod Of Test for Brine,, 

-. 

1 

- 

Rockwell su erficial Hardness umber r-f - 
1 d 



: 16.1-48 Reference Section 

Hardness Conversion Numbers for Steel (ASTM El401 
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Hardness Conversion Numbers for Steel (ASTM El401 

I 
l--- 

rind, Hardness Number’ &well Hardness Number Rockwell Su ,&cd 
Hardness umber i? 

/ 

i I 

, 

i 
1 

- 
sf 
2 su 

d Dii 
: 
tr 

1 
b 
I 

I 

i 

5 
: 
1 

: 

i 

: 
: 
Y 
I 
- 

2.35 
2.40 
2.4s 
2.50 

2.55 

1.64 

1.65 

2.10 

2.n 

1.80 

1.85 

2.90 
1.95 
::FJi 
::t: 3.20 
3.25 
::z 
:::i 
:::t 3.60 
::;i 
2: 3.85 3.9c 3.9: 
*.oc 

195 

41, 

461 

441 

129 

:I! 

:Yi 
X.3 

:9 
331 

::: 

302 
293 

:;: 
269 

262 
255 

2: 
235 

229 

tit 

5% 

65 

ii4 

sib 

ii5 

ii1 

ii8 

5% 

ii4 

srk 

4% 

ii7 

161 

ii4 

12.2 
L1.Z 
LO.5 
p.; 
g:; 
yi 
p.; 
il.1 16.9 
76. I 
:::: 
15.9 
:::z 
15.1 
:::; 
n.3 2: 
73.4 
:::: 
:A:;: 70.0 
Et3 68.1 01,s 6fJ.I 
g:; 
Ei 64, 
h3.1 
%I 61.1 61.! 

ii 8 89.0 
iti0 88.1 
ii. * 87.8 

19.0 
71.5 
16.3 
y; 

ts; I 13.9 
g; 

g:; 

Ei; 
69.9 69.5 69.4 
6.3, 
2:; 
61.4 
2::: 
66.0 
E:i 
64.6 
63.5 62.3 61.L 
:i:; 
:::: 
:::: 53.3 
:::: 
2:: 48.3 
::I; 
ii:: 11.1 
41.1 - 

68.5 
66.5 
65.1 

ii. 1 
63.5 

ii. 6 
60.6 

ii. 0 
57.6 

:::; 
56.1 

2::: 
s4.s 

:::: 
53.2 

:::: 
51.5 
49.9 
48.4 
2: 
‘li:: 

:i:: 
i::: 
34.1 
33.8 
32.! 
I::; 
2%: 
21.! 
XL< 
:;:i 
21.: 
20.’ 

- - 
*The Brinell hardness numberr in boldface type are ohide range recommended for 
Brine,1 hardness **sting in Section 5(c) Of the Method of for Srinell Hardncrs of 
Metallic Materials (ASTM Designation: EIO). 

= Brine0 hardness “due. are given for the nultgren ball to 601 srinell hardnerr; however. 
ffatte”inS of the ball at me higher hardnerser giver lower Brine,! hardnerr valuer than 
obtained with the carbide ball. For example, material hdving a DPH value of 667 has a =a,- 
bide ball Brine!, hardness of 627, while material having a DPH value of 667 has a Hultgren 
ball Brine11 hardness of only 601. 



Hardness Conversion Numbers for 
Nickel and High Nickel Alloys (ASTM El401 
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la,, 

- 
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ii:! 
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2: 82.C 
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2:: 
2: f.?.! 

%I 
:“6:1 54.: 
52.! 51., 
:;:I 
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Ei 
40.1 
- 
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ii:: 
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1;:: 
I::! 59.0 
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ii:: 52.5 
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ii:: 
ii:! 
51.0 

:::i 
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49.5 
46.5 
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it: 
28.0 
26.5 
:::: 
n.0 
19.0 
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:::: 
11.5 

2:: 

k2 
Li! 

- 

Ii:5 
15.5 
2: 
:::: 

ii:! 
iI:! 
05.0 

2:: 
:::i 99.5 
98.5 
E 
?X 
92.5 
;::: 
89.0 1)&O 
81.0 
2:: 
83.5 82.0 

E 
it:: 
76.5 

:::: 73.0 
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I$. 

- 
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::i 
1:: 8.5 
5.5 2.0 
Z:! l.S 
2 
i:: ,,.o 
i:: 7.5 4.5 1.0 

- 
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#it 

- 

7i:o 

:::i 
&II 
01.0 

$4 
t;:: 
51.5 

$2 
51.5 
2:: 
45.5 
:::: 
39.5 
37.3 

$1: 
;::: 
II.5 
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:::: 
LI.0 

it: 
‘E 
5.5 

::: 
-5.5 
- 

- 

ai:5 
ii:: 
04.5 
K 
2: 

Ki 
;::: 
95.0 
91,s 
90.5 
%i 
u.5 
85.5 
2: 
81.5 
80.5 

:i:i 
76.5 
75.0 
11.0 

:::: 
m.0 

i 

%%? that in Section 5(*, Of the Mefhod Of Tee for Brine,, Hardnerr Of Metallic Materials 
(ASTM Designation: E10,. the use Of a 3000-kg load is recommended (but not mandator”, 
for material in the hardness range 96 TO 600 B”N, and a 1500-kg load is reeonvnended IbUi 
not mandatory) for material in the hardness range 48 to 300 *iiN. There recommendations 
are designed to limit impresrian diameters to the range 2.50 to 6.0 mm. The Brine,, hardnesr 
numbers in this conversion table me based on te*t* ming a 30c0-kg load. When the ,500-kg 
to.4 i* use.3 for the *Offer nickel and high-nickel alloys ttmee COnYerOio” relationships do “Of 
aPdv. 



Hardness & Temperature Conversion Tables 16.1-51 

Hardness Conversion Numbers for Cartridge Brass (70 Percent Copper, 
30 Percent Zinc Alloy). ASTM El40 

Lockwell Su erfxid 
Iiardnerr umber It 

- 
,5-T 
de, 

i-2, 
$$. 
- 

SC 
54.5 

55.5 

2:: 
60.0 
61.0 

62.5 
63.5 
65.0 

:;:i 

68.0 

E 

2:: 

2:: 

:::: 
75.” 

75.5 

;Ei 
77.5 
78.” 

78.5 
TE 
80.” 

80.5 

i::: 
8?.0 
81.5 
- 

ilo 
4.5 
7.5 

:YZ 
14.5 
17.0 
19.0 

:::: 
24.5 
26.5 
28.0 
20.5 
30.5 
2:: 
34.5 
35.5 
37.0 
35.0 
99.0 
40.0 

86.5 

si:o 

8;:s 

si:a 

SK5 

@ii 

sis 

ScaL 
OO-kl 

;I;; 
Ball 
- 

:;:i 
15.5 
18.5 
21.5 

X.5 
27.5. 
30.” 
32.5 
35.” 

37.5 
40.0 
42.0 
41.0 
46.0 

47.5 
49.5 
il.” 
5.3.” 
54.0 

ih.0 
57.0 
18.0 
59.5 
61.0 

62.0 

$2 
6.0 
66.0 

Sea 
wsg 
.o.d 
6-h 
Ball 
- 

% 
:‘::i 
49.0 

;g 
56.5 
18.8 
61.0 
63.0 
:::i 
68.5 
70.0 
71.8 
:::i 
2:: 
78.6 
K 
82.3 
63.5 

i::: 
i::: 
8S.O 
89.0 
89.8 
90.5 
91.2 
92.ll 

:::t 
64.0 
94.5 
95.0 

e. F 
: : 

: 

Aowoximate Tensile Strength Estimated from Hardness Numbers 

Rockwell 
c Scale -- 
27.8 
27.1 
26.4 
25.6 
24.8 

,101.W 24.0 
23.1 
22.2 
21.3 
20.3 
,18.0, 
,157, 
113.4, 
,11.0, 
, 8.51 
c 6.01 
, 3.01 

0 

98.1 

96.7 
95.0 
93.4 
91.5 
89.5 

87.1 
85.0 
81.7 
78.7 1 75.0 

71.2 
66.7 



Temperature Conversion Tables 

-- 
-469.4 ‘II) 0 0 TO 100 108 TO looo ,040 TO mea *008 TO 3ooo 

c F 1 c F c F / c F c k‘ I c F c F I c F c 1,’ 
-2i3 

-268 
-262 
-2.57 
-.%~I 
-226 
-2.1" 
-2.31 
-2'9 
-223 
-2,R 
-212 

-*0; 
--2"1 
-196 
-19” 
--I84 
-179 
~-173 
--Lm 
--Ifa 
-162 
-1.57 
-1.5, 
-146 
-1.4” 
-131 
--129 
-123 
-,I8 
-1 I2 
-,“i 
-I”, 
- 96 
- 9” 
- 81 
- 79 
- 73 
- 6s 
~- 62 
~- 57 
- il 
- dh 
- 4” 
- .3t 
- 29 
- 23 
- 17.; 

-220 
-202 
~-184 
-166 
-148 
-130 
-112 
- 94 
- 76 
- 58 
1 g 
-4 

1-l 
32 

-1i.i 0 
-17.2 1 

--- - 7.7 18 - 7.2 19 
z 2:: :y - 5.5 22 ~- i.0 23 

32 
33.8 
35.6 
37.4 
39.2 
41.0 
42.8 
44.6 
46.4 
48.2 
.i”.O 
,51.8 
53.6 
55.4 
57.2 
59.0 
60.8 

2 
66.2 

Z:i 
71.6 
73.4 
i3.2 

;,7:; 

g:: 
82.2 
86.0 
8i.8 
89.6 
91.4 
93.2 
95.0 
96.8 
98.6 

::i:; 
101.0 
10.5.8 
107.6 
189.4 
111.2 
I13.0 
l14.8 
116.6 
I18.4 
120.2 

9.9 50 122.0 
10.4 5, L23.8 
11.1 52 12S.6 
11.5 53 127.4 
12.1 54 129.2 
12.6 55 131.0 
13.2 56 132.8 
13.7 5, 134.6 
14.3 48 136.4 
14.8 59 138.2 
Ii.6 60 MO.0 
16.1 8, 141.8 
16.6 62 143.6 
17.1 63 14.5.4 
Ii.7 64 147.2 
18.2 65 149.0 
18.8 66 150.8 
19.3 6, 152.6 
19.9 68 154.4 
20.4 69 E6.2 
21.0 70 ls3.0 
215 77 159.8 
22.2 72 161.6 
22.7 ,z, l63.4 
23.3 ,a 165.2 
23.8 75 167.0 
2.1.1 76 ,6*.8 
25.0 7, L70.6 
2.55 78 172.4 
26.2 ,g 174.2 
26.8 80 176.0 
27.3 8, 177.8 
27.7 82 L79.6 
28.2 83 181.4 
28.8 84 183.2 
29.3 85 185.0 
29.9 86 186.8 
30.4 87 188.6 
31.0 88 190.4 
313 *g 192.2 
32.1 90 194.0 
32.6 g, 19.5.8 
33.3 92 197.6 
33.8 93 199.4 
34.4 94 201.2 
34.9 gj 203.0 
3.Z 96 204.8 
36.1 9, 206.6 
36.6 gs 208.4 
37.1 gg 210.2 
37.7 100 212.0 

38 100 212 260 500 
43 110 230 26.; 510 
49 120 248 271 
i4 130 266 276 
60 140 284 282 
65 150 302 288 
71 160 320 293 
76 170 338 299 
83 780 3i6 301 
88 190 374 310 
93 200 392 31.i 
99 210 410 321 

100 212 413 326 
LO1 220 428 332 
110 230 446 338 
,,i 240 464 343 
12, 250 482 349 
127 260 500 3i4 
132 270 518 360 
138 280 i36 363 
143 290 5.S4 371 
149 3w 572 376 
1.54 310 590 382 
160 320 608 38i 
165 330 626 393 
171 340 644 399 
177 350 662 404 
182 360 680 410 
188 370 698 41.; 
193 380 716 42, 
199 390 734 426 
204 400 752 432 
210 410 770 438 
213 UC 788 443 
221 4x1 *Oh 449 
226 440 824 4.54 
232 450 842 460 
238 460 860 465 
243 ~0 878 471 
219 480 896 476 
254 490 914 482 

487 
493 
498 
504 
510 
5,s 
52” 
526 
532 
538 

520 
530 
540 
550 
560 
570 
580 
590 
ml 
610 
620 
630 
640 
650 
660 
670 
880 
690 
700 
710 
720 
730 
740 
750 
760 
770 
7R” 
790 
800 
810 
820 
830 
840 
850 
668 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 

1000 

932 

;z 
986 

,004 
,032 
,040 

E 
,094 
1112 
,130 
,148 
1166 
,184 
1202 
,220 
,238 

;;:i 
1292 
,310 
,328 
,346 
,364 
1382 
,400 
,4L8 
1436 
,454 
1472 
,190 
,iOH 
I.526 
li44 
L.562 
li8” 
,.;98 
,616 
,634 
,652 
1670 
,688 
,706 
,724 
,742 
I 760 
I ii8 
,796 
,814 
,832 

538 
543 
549 
5.54 
,560 
565 
.Sil 
,576 
T,82 
381 
i93 
398 
604 

2 
620 
626 
631 
637 
642 
648 
hi3 
659 
664 
670 

2:: 
686 
692 
647 
704 
ion 
715 
719 
726 
734 
737 
74L 
748 
is2 
76” 
765 
771 
776 
782 
78i 
793 
79H 
8111 
809 

1832 

:iE 
,*X6 
,904 
1922 
,940 

:z 
1994 
2oi2 
2030 
2048 
2066 
2OR4 
2182 
2120 
2138, 

E 
2192 
2210 
2228 
2246 
2264 
2282 
2300 
23,* 
2336 

~Z~ 
2390 
2408 
2426 
2444 
2462 
2480 
2498 
25,6 
2534 
25.52 
2570 

E: 
2624 

8 I 5 
820 

%: 
838 
842 
849 
8.53 
MO 
864 
87, 
876 
X82 

11:; 
808 
904 

ic 
92” 

“9’3:’ 
937 
942 

;;; 
959 
964 
970 
975 
981 
986 

% 
1003 
1008 
,014 
,019 
1023 
,030 
,036 
104, 
,017 
,052 

tz 
,069 
,071 
,0x,, 
10x5 
,093 

1500 
1510 
,520 
,530 
1540 
1550 
,560 
,570 
,580 
1590 
1600 
,610 
1620 
1630 
,640 
1650 
,660 
1670 
1680 
,690 
7 700 
,710 
,720 
1730 
1740 
1 T50 
,760 
1770 
,780 
,790 
1600 
1810 
1820 
1830 
,840 
,850 
1860 
1870 
1880 
1850 
,900 
1910 
1920 
1930 
,940 
,950 
1960 
1970 
1980 
1990 
2000 

2732 
2~30 
2768 
2786 
2804 
2822 
2810 
2858 

;iz 
29,z 
2930 
2W8 
2966 

%4 
3020 
3038 

E 
3062 
31,” 
3128 
3146 
3164 
3,*2 
3200 
3218 
3236 
3254 
3272 
3290 
33”R 
3326 
33.14 
33m 
338” 
3398 
3116 
313~2 
3~W 
3470 
3~S88 
3306 
3.5% 
3x2 
3;61, 
3ii8 
3.36 
301 
3,332 

1093 
,098 
,104 
,109 
111.5 
,120 
,126 
,131 

g; 
,I:6 
,182 
,187 
,193 
1198 
,204 
,209 
,213 
,220 
,226 
,231 
123: 
1242 
,218 
,2s3 

tz 
,270 
,2x 
,281 
1286 
,292 
1297 
,303 
,308 
,3,i 
,320 
,326 

I% 
13’12 
,318 
I3~3 
I 3 i9 
I3,D~l 

2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
21 so 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 
2460 
2470 
2480 
2490 

3632 

Ei 
3686 
3704 
3722 
3710 
3x* 
3776 
379, 
3x12 
31130 
38 ,,H 
3Rhh 
3884 
3902 
3920 
3938 
3956 
3974 
3992 
4010 
4028 
1046 
‘4064 
4082 
4100 
4, ,8 
1136 

it;: 
4190 
1208 
,,‘26 
#4X4 
,1?62 
428” 
4208 
‘4316 
,a334 
,13i2 
4370 
4388 
4406 
4,124 
4.m2 
1~1,,1, 
,&IX 
‘I- I’,,, 
,Li I I, 

,371 2500 2132 
,376 2510 43.m 
1382 2520 436X 
138i 2530 4586 
,393 2540 MO I 
1398 2550 4622 
,401 2560 464” 
1409 2570 46:s 
1415 2580 4676 
,420 2590 46M 
,i27 2600 4i12 
,132 2610 4730 
I &3H 2620 .4x? 
,113 2630 4X,6 
,119 2640 ,1X1 
,:tx 2650 ,280” 
,460 2660 .182” 
It,,; 2670 ,A838 
1,171 2680 l8.X 
I-t;6 2690 JR:4 
,483 2700 4892 
1,188 2710 4910 
,JW 2720 4928 
,499 2730 4946 
1 .S”i 2740 4964 
li,,, 2750 4982 
,i,h 2760 SO”” 
liZI 2770 iO18 
152: 2780 5036 
1 i3P 2790 iOi4 
,538 2800 T,Oi? 
I.543 2810 509” 
139 2820 .5,0X 
li.54 2830 5126 
,360 2840 3 I :I$ 
156; 2860 ilh2 
137 , 2860 i,K” 
,376 2870 i198 
1 i82 2880 i216 
,i87 2890 ,231 
1593 2900 32 i2 
1 i98 2910 i”;o 
lh”~l 2920 i28K 
,609 2930 iNb 
161s 2940 53% 
,620 2950 3 1,’ 
1626 2960 i3hO 
163 I 2970 1,378 
,037 2980 5396 
lOI2 2990 5 ‘. I ;1 
I,, w 3000 513” 

Note: The numbers in me unmarked column refer to the temperawre either in degree* Centigrade 
or Fahrenheit Which if i. cderirecl to COnYef intcJ the omer rca,e. If conwming fromFahrenheit 
degrees to Centigrade degree* the equivalent temperature will be found in the left column. while if 
converting from degrees Centigrade tc~ degrees Fahrenheit, the anwder will be found in the column 
on The right. 

From Republic Alloy Steel*, Republic Steel Corp. 
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1wo 

Rco:procrl 

No.: 

Circum. 
- 

3.14: 
G.28: 
8.W 

12.561 
15.m 
111.85, 
Zl.YD1 
25.13: 
28.27/ 
31.41f 

T 

T 

1 

, 

, 

, 

, 

1 1 
I 1 
: 1 

i : 
) 1 
: 1 
) 1 
1 1 

1 

: : 
1 
1 

: 

~ : 

32.2581 
31.2500 
30.3030 
20.4115 
28.6714 
27.7778 
27.0270 
P.il,% 
25.0~410 
25.CWX 

24.3902 28.81 
2:3.*005 31.!,6 
23.25s 35.09 
22.72:3 3x.23 
22.2222 41.37 
21.7391 44.51 
21.Z760 47.65 
20.8333 50.80 
20.4082 53.94 

1 No.=Diameter ~l.ogirilbl” / Dinmetor 

Arca 

Cl.7854 

,000 

R&<XZd 

20.0000 
,!J.mz? 
19.2308 
18.8679 
lll.hlS5 
18.181B 
17.8571 
17.5*:39 
17.2414 
10.94w 

/ Ckum. ’ *loa 

: 1.6!3!39i 
LiOi5i 
1.71600 
1.72428 
1.78239 
1.34036 
1.74SlI) 
1 .TS5Si 
1.76343 
1.7iw5 

8, / 
1 1.0000 1.0000 O.OOOOC 

1.4142 1.25w 0.30103 
27 l.i321 1.4422 0.47712 
64 2.O”“O l.~Si4 0.60206 

1*5 2.2361 1.7100 0.69891 
216 2.4495 I.8171 0.77816 
843 2.6468 1.0120 0.8451(3 
512 2.8284 2.0000 0.90309 
729 3.0000 2.0801 0.05424 

1000 3.1628, 2.1544 1.00000 

16i.08 1963.50 
160.22 2042.82 
183.36 2123.72 
160.5” 2206.,Y 
lSS.65 2290.22 
172.79 2375.88 
175.98 246u31 
liY.07 2551.76 
182.2, 2612.08 

i lsL35 2iaa.w 

3.1416 
7.0686 

12.5664 
10.6360 
28.2743 
88.4845 
BO.2665 
G3.Rl73 
78.5898 

05.cl332 
113.097 
132.732 
lB3.YY8 
17ti.715 
201.062 
Z2F.953” 
25*.4(i9 
283.329 

15.8-13,~ 
15.6250 
15.3840 
35.151B 
14.9254 
14.7059 

314.159 

346.361 
380.133 
415.176 
452.389 
400.*7* 
530.929 
572.855 
615.752 
660.52” 
706.858 

754.768 
804.248 
855.299 
907.020 
!xm113 

1011.8s 
1075.21 
1184.11 
ll!M.cw 
1256.64 

14.2857 
14.0846 
13.8889 
13.6980 
13.6135 
18.3333 
13.1670 
12.!3870 
12.8205 
12.65Y2 

1320.28 
1385.44 
1452.20 
Ir,ao.aa 
1.500.43 
1661.9” 
1734.94 
1809.56 
1885.74 

(is921 6.4031 3.4482 1.61278 
74088 0.4x07 3.47w l.F2325 
7o.xn 6.5Bi4 3.50:14 1.03341 
85184 B.W332 3.53Od 1 l.Li4345 
91126 G.iO82 3.55(iO l.(i~X21 
97336 fi.i823 3.6830 1.60276 
In*23 6.8567 SbOY8 l.F7210 
mxJz 6.9282 3.6342 L(i8124 
17649 5.0000 3.6593 1.69020 



sswe culr 

1cmoo 1000000 
10201 1030301 

~ 

10404 1001208 
10609 109272, 
10816 1124804 
11025 1157625 
11236 1191016 
11449 1225043 
11664 1259712 
11881 1295029 

u.vmoa I314.x i ?853.98 
9.90099 317.30, XOll.RS 

L23 
124 
125 
L26 
L27 
128 
129 

,30 16900 219,000 
,31 17161 2248091 
132 1,424 2299968 
133 17689 235263, 
134 17956 2400104 
135 18225 2460875 
136 18490 2615456 
137 18769 2571353 
138 19044 2628072 
139 ,932, 2685619 

140 
141 
142 
1 i3 
144 
145 
140 
14, 
148 
149 

7.69231 40R.41 
7.63359 411.55 
7.57676 414.09 
7.51880 417.83 
7.46269 420.97 
7.40741 424.12 
7.3!5294 427.26 
7.29927 430.40 
7.24638 433.54 
7.19424 486.68 

10207.0 
10386.9 
10568.3 
10751.3 
10936.9 
11122.0 

11309.7 
11499.0 
11689.9 
11882.3 
12076.3 
12371.8 
12469.0 
1266,., 
12808.0 
,3069.8 

13273.2 
13478.2 
13684.8 
13892.9 
14102.6 
14313.9 
14526.7 
14741.1 
14967.1 
151,4.7 

150 1 22600 I 
151 I22801 ’ 
162 25104 
153 234w 
154 ~23716 
155 i 24025 
156 ,24886 
15, ( 24649 
15x 24964 
169 I26281 

3375000 
8442961 
3511808 
3581.577 
3W2264 
3723875 
3796416 
JX69.393 
8944312 
4019679 

6832000 
5929741 
6028568 
6128487 
6229504 
6331625 
6434856 
55392”3 

No.=Diamete cisum. / Area 471.24 17871.5 474.38 17907.9 477.52 18145.8 480.06 18385.4 
-r 
483.81 18626.5 486.95 18869.2 490.09 19113.4 493.23 19359.3 496.37 19606.7 499.51 19855.7 



i 
5.00000 628.32 31415.9 
4.97512 I 631.46 I 31730.9 
4.95050 634.60 32047.4 

220 
221 
222 
223 
224 
225 
226 

El 
229 

48841 
492.84 
49729 
50176 
50625 
51076 
51529 
51984 
52441 

10645000 , 
10783861 
10941048 
11089567 
11239424 
11390625 
11543176 
11697083 
11852352 
1*0039*9 

230 52900 121G7000 15.1G58 6.1269 2.36173 4.34783 722.57 41547.6 
23, 53361 1232G391 15.1987 6.1358 2.36361 4.32900 725.71 41909.0 
232 53824 12487168 15.2315 6.1446 2.30549 4.31034 723.85 42273.3 
233 54289 12649337 15.2643 6.1534 2.36736 4.28185 731.99 42638.5 
234 54756 12812904 15.297, 6.1622 2.36922 4.2735” 735.13 43005.3 
235 55225 12977875 15.329, 6.1710 2.37107 4.25532 738.27 43373.6 
236 55GQG 13144256 ,5.3m:* 6.1797 2.37291 4.23729 741.42 43743.5 
231 5GlGQ 13312053 15.3948 6.1885 2.37475 4.21941 744.56 44115.0 
238 5GF44 13481272, 15.4272 6.1972 2.37058 4.20168 747.70 44468.1 
239 i 57121 I 13651919 1 ,/I.1 15.4596 6.2058 2 37840 , 4.18410 750.84 , 448G2.7 

240 
241 
242 
243 
244 
245 
24G 
247 
248 
249 

’ 5,000 _ 
5SOXl 
685G4 
59049 
595x 

,60”25 
60510~ 
6,009 ! 

%E I 

13824O”O 
lRY97521 
1417248.3 
1434s907 
14520784 
147OG125 
14886930 
15069223 
1.5252992 
15438249 

15.4919 
15.5242 I 
15.55G.3 
15.5**5 
15.0208 
I5.05Z5 
15.6844 

I E%E 
I 15.7797 

G.214.5 2.3802, ~ 
0.2231 238202 ! 
0.2317 X.383182 
0.2408 2.3SRGl 
B.2488 z..xs739 
6.2573 2.38917’ 
6.2G58 2.39094 
6.2743 2.30270 
0.2828 2.39445 
6.2912 2.39620 

4.1GGG7 
4.14933 
4.13225 
4.11523 
4.09836 
4.08163 
4.OG504 
4.04855 
4.03226 
4.01GOG 

753.98 
757.12 
760.27 
703.41 
705.55 
7G9.09 
772.83 
775.97 
779.12 
782.26 

~ 48235.9 
I 45GlO.7 
I 45QQG.l 
4Gt377.0 
4Gi.W.5 
47143.5 
47629.2 
47910.4 
48805.1 
48GQ6.5 

78400 
78961 
79524 
80089 
80068 
8,225 
81796 
82369 
82944 
53521 

21952000 I 22188041~ 23425768 1 226651R7 22906804 23149125 ’ 23393656 23639903 23887872 / 

i 241375Go I 

IO.7332 
16.7631 
16.7929 
16.3226 
lG.S523 
16.8819 
lf3.9115 
lG.9411 
16.970G 
17.m 

6.5421 
6.5499 
0.5677 
6.5654 
6.5731 
6.5808 
6.5885 
6.5902 
6.6089 
6.6115 

290 ‘84100 i24389000/ 
84GRl 1 2464317, 

17.0294l~.6~91 2.46240 3.44828' 91~06’ 66052.0 
a91 

852R4 24R97088 I 
17.0537 6.028, 2.4BYs.Y 3.43643 914.20 60508.3 

292 17.0880 6.6343 2.46535 3.424GG 017.35 6GQR6.2 
203 8RY49 25153767 I,.1172 0.6419 2.46087 3.41297 020.49 67425.6 
294 3F43G125412184 17.1404 6.0494 2.40x39 3.40130 923.63- G788G.7 
295 8702.5 26672375 17.1756 6.6569 2.4GQXZ 3.33033 92G.77 63349.3 
296 87616 259:1433(i 17.2047 6.6644 2.47129 3.37838 929.91 011813.4 
297 88209 %19807:3 17.2337 6.6719 2.47276 3.30700 933.06 692i9.2 
298 88804 26463502 17.2627 6.6794 2.47422 3.3557” 936.19 69746.5 
299 89401 26730399 17.2918 (i.BSG9 2.47567 3.34448 939.34 70215.4 



942.48 70685.8 
945.62 71157.9 
848.76 71631.5 
951.90 72106.6 
855.04 72583.4 
858.19 73061.7 
961.33 73541.6 
9l34.47 74023.0 
967.61 14508.0 
970.75 ,49!w.G 

39424.3 

Ez:: 
81939.8 
82448.0 
82957.7 
83489.0 
83981.8 
84496.3 

I 1Mn ! No.=Diameter 

359 
351 
a52 
353 
354 
355 
356 
857 
358 
a59 
360 
361 
362 
393 
394 
395 
36l3 
367 
368 
369 



450 
451 
452 
453 
454 
455 
450 
45, 
458 

202500 
2”8401 
204304 
205209 

ig 

1413.7 159043 
1416.9 159751 
1420.0 lGO460 
1423.1 lG1171 
1426.3 16,883 
1429.4 162597 
14YZ.G 163313 
1435.7 16403Ll 
,*a%* 164748 

46” 
461 
*lx2 
4w 
464 
4G.5 
4Wi 
4G7 
46X 
4G!> 

4iO 
471 
472 
473 
474 
475 
476 
477 
478 
479 

*so 
4x1 
483 
483 
4s4 
435 
486 
487 
48X 
489 

21,000 
!212521 
23,3444 

’ 2‘4YG” 
2152913 
216225 
217156 
!2,8”8!~ 
a ,9u2* 

,21YOGl 

220900 
221841 
232784 
223720 
224676 
225625 
226516 
227520 
228464 
229441 

230400 
231301 
‘J32524 
233239 
234260 
235225 
230:90 
237168 

/ $iFj$ 

1445.1 166190 
144x.:3 166814 
1451.4 167638 
1454.0 10X865 
1457.7 180093 
14(io.* 100823 
1464.0 170554 
1467.1 171287 
1470.:3 172021 
1473.4 172757 

1476.5 173494 
1479.7 174234 
1482.8 174974 
14SG.O 175716 

400 240,“” ,,,649000 2L1359 7.8837 2.69030 2.04082 1589.4 188574 
481 241”Xl 118a7oi71 22.1585 7.88Yl 2.W108 2.036txi 1542.5 189345 
492 212OG4 110095488 ::!.lRll 7.39** 2.6!3197 2.03252 1545.7 100117 
493 243041, ,19X%3,5, “2.2036 7.8D9Y 2.69285 2.02840 154s.s 190*!30 
494 244036 120553734 22.2261 7.9051 2.09x3 2.02429 1531.!l 191665 
495 245026 12123,375 22.2486 7.9105 2.694Gl 2.02020 1555.1 182442 
4i,G 24GOlG 132023936 22.2711 7.9158 2.69548 2.01G13 15m.2 193221 
407 24,“OO 122703473 22.2935 ,.oa** 2.09GBG 2.0120, 1561.4 ls*oOO 
49s 248004 ,236”5902 22.3159 7.Y264 2.69723 2.0”803 15G45 194782 
499 240001 124251490 22.3333 7.9317 2.69810 2.00401 1507.7 196565 



5”” 25oi3”” 125”““M)” 22.3607 7.9370 
501 251ofJl 125751601 22.3850 7.9423 2.69984 503 252004 1.9960, 1573.9 ,2”506Oo3 19,136 

22.4054 7.9476 2.7007” 503 253009 1.99203 15 77.1 127263527 19,923 
22.4277 7.9528 2.70157 1.98807 504 254016 1580.2 128024064 198713 
22.4499 7.953, 2.70243 1.08413 

505 255035 
1583.4 199504 

128787635 22.4722 7.9834 2,,032!l 
506 256036 

1.9803” 1586.5 20029” 
129554216 22.4944 7.968G 2.70415 507 257049 1.97628 1589.8 130323843 20,“9” 

22.51”7 7.9739 2.7050, 1.97239 
508 258064 

1592.8 
131096512 

20,886 
22.5380 7.979, 2.70586 1.96850 

509 259081 
1595.9 202688 

131872229 22.56,” 7.9843 2.7OG73 1.96464 1598.1 203482 

51” 260100 132651000 22.5832 7.9396 2.70757 1.96073 
511 2”1121 

mo3.2 204283 
13543283, 22.“o63 7.9948 2.70342 1.95695 

512 262144 
1605.4 205084 

134217728 22.6374 8.00”” 2.7093, 1.95312 
513 263169 

1608.5 205387 
135005697 22.6495 8.0052 2.71012 1.94932 

514 264196 
,611.G 206692 

135796744 22,WlG 8.0104 2.71096 1.945$3 
515 265225 

1~14.8 20,409 
136590375 22.6933 8.0156 2.7,1*1 1.94175 

616 26”356 
1617.9 208307 

137388096 22.715” 8.0208 2.71205 1.93798 
517 267289 

1621.1 20911, 
138,884,3 22.7376 8.0260 2.71349 1.93424 

518 2G8824 
1624.2 209928 

138991832 22.7596 8.0311 3.71433 1.9305” 
619 269361 

I 1637.3 21074, 
139793359 22.7616 8.0363 2.71517 1.92678 1630.5 2,155” 

52” / 2704”” ,40608”“” 22.8035 8.0415 2.71600 l.W3”8 1633.6 
521 271441 

212372 
141420761 22.8254 8.0466 2.71684 1.91939 

522 272484 
1030.8 213188 

142236648 22.&973 8.0517 2.7176, 
523 273529 

1.91571 1639.9 214om 
,43”5566, 22.8692 8.0569 3.71850 1.91205 

534 274576 
1643.1 214829 

,4387782* 22.8910 8.062” Z.il933 1.90840 1646.2 
525 275625 

915651 
,*4703125 22.9129 8.0671 2.7201” 1.90476 

52” 276676 
1649.3 216475 

14553,570 22.9347 8.0723 2.72099 1.90114 1652.5 
527 277729 

2,730, 
146363183 22.9565 8.0774 2.7218, 1.89753 1655.6 218128 

528 278784 147197953 22.9783 8.0825 2.72263 1.89394 
529 279s41 

1658.8 218956 
148035889 23.OW” 8.0876 2.72346 1.8903” 1601.9 219787 

63” ,*8”9”” 14887,000 23.021, 8.0927 2.72428 1.88079 1665.0 22oix8 
53, 281Wl 14972129, 23.a434 8.0973 2.72608 1.88324 1668.2 221452 
532 283024 150568768 23.0651 8.1028 %72591 1.87970 1671.3 222287 
533 284089 ,5141!343, 23.0868 8.1079 2.72673 1.87617 1874.5 223123 
534 285156 152273304 23.1084 8.1130 2.72754 1.87266 1677.6 223961 
535 386225 153130375 23.130, 8.118” 2.72835 1.8691” 1680.3 2248”l 
636 287206 15309065” 23.1517 8.1231 2.7291” 1.865%7 lF83.9 225642 
537 288369 154854153 23.1733 8.1281 2.72997 1.8”220 1637.0 228484 
638 259444 155720873 23.1948 8.1332 2.73078 1.35874 1690.2 
639 290521 

227329 
158590819 23.2164 8.1382 3.73169 1.85529 1693.3 228175 

540 291600 1574G4”“a 23.2379 8.1433 2.73339 1.85185 1696.5 220022 
541 !xBGSl 158340421 
543 ’ 293764 

23.3594 *.,**s 2.73320 1.84843 169%6 220871 
159220088 23.2809 8.15313 a.73400 1.84502 1702.7 2:1oi22 

543 294849 1”0103007 23.3024 *.15*3 2.734s” 1.84162 1705.9 231674 
644 295936 1ooil*91*4 23.3238 S.lG33 2.73560 1.83824 1709.0 232428 
545 m7025 161878625 23.3452 S.lGS.3 2.73G40 1.83486 1712.2 233283 
54” 298110 l”2771336 2:3.xm S.1733~ a.73719 1.8315” 1715.3 23414” 
547 299200 163”“7323 23.388” *.,7*3 2.73799 1.82815 1718.5 234998 
548 300304 
649 I301401 

164566592 23.4ou-1 *.,*:u 2.73878 1.82482 1721.” 235858 
1654f,9149 23.4307 H.18112 2.73957 1.82149 1724.7 23”720 

660 
561 
562 
663 
664 
505 
506 

1.7857, 1759.3 246301 
1.78253 1762.4 24,181 
1.77936 ,705.” 343063 
1.7762” 1768.7 24884, 
1.77305 1771.9 249832 
1.7699, 1775.0 260719 
1.7GG78 1778.1 25,007 
l.i(w67 1781.3 25249, 
1.70056 1784.4 253388 
1.75747 1787.6 25428, 

585 342225 2”03”,625 
588 34339” !2”,33005” 
587 8445G9 202282003 
588 345744 203297472 
5&l 346021 204336489 



2.77815 I 
1.66067 

I 
1885.0 ZX2i48 

2.77887 1.66889 1888.1 I ?53”8, 
650 
651 
652 
"53 
654 
655 
"56 
"57 
658 
859 

670 448900 3007630"" 
671 450241 303,,,71, 
872 451584 303464448 
673 452929 3”4821217 
874 454270 30”182”24 
675 455625 307546875 
GiG 456976 3OS915776 
c77 158320 31"388733 
67s 459684 311"66752 
679 46,041 313046839 

68” 
081 
683 
G83 
084 
085 
GS” 
GX7 
G8S 
G&J 

G!lO ' 47Dl"O 32850"0"" 2”.2G,” 8.*:36” 2.83885 1.41928 21G7.7 3739% 
G!,, *774*, :mw:19371 213.2809 *.*40* 2.*:w** 1.44718 2170.8 376013 
GY2 *,**04 33137:1*** 26.3059 *.x*:,1 2.84Oll 1.44509 2174.0 376099 
(i!Kl .1S"Z40 332x12557 26.3249 *.**!u 2.84073 1.443”” 2177.1 377157 
604 .lS,(i:3G 334‘255384 ZG34Y9 8.8530 2.S4136 1.44082 2180.3 378276 
"95 4swz5 :1:15702375 2".3"39 R.8578 2.84108 1.43885 2183.4 379387 
69" 4S44,G 33715358" 2",38,8 X.SG2, 2.M201 1.43678 218G.5 3so459 
697 4SRSO9 33*:(io**73 26.4""s X.Y6n3 2.X43%3 1.433472 2189.7 3x1553 
"OX *x,ao* 34"""8302 2".4197 S.Si"6 2.x4:3*6 1.4326" 2192.8 382640 
"99 4**001 341532099 20.45*0 *.*74* 2.84448 1.43062 3196.0 383740 



710 
711 
712 
713 
714 
715 
716 
717 
718 
719 

720 
721 
722 
723 
724 
725 
726 
727 
728 
729 

504100 
505,521 
506944 
508369 

iz~~ 
512656 
514089 
5L5524 
51696, 

418539 
41RBRB 
420335 

427762 
428922 

430084 
431247 
432412 
4Y85,R 
484146 
435916 
43,087 
433259 
439433 
440600 

2.58081 
2.88138 

Z&t 
2.88309 
2.66366 
zw423 
2.88480 
2.88536 
2.88593 

28.1069 
28.1247 
28.1426 
28.1603 
28.1780 
28.1957 
28.2135 
93.2312 
25.2489 
28.2666 

;:;;ig 
I.31234 
I.31062 
1.30890 
I.30719 
I.30548 
1.30378 
I.30208 
1.30039 

2387.0 463646 
2390.8 454841 
2393.9 456037 
2397.0 457234 
2400.2 458434 
2403.3 4.59635 
24oa5 46083, 
2409.6 462041 
2412.7 46324, 
2415.9 464454 



Functions of Numbers 16.1-61 

Functions of Numbers, 800 to 899 

-- 
I 



708822 
710316 
711809 
713306 
7148"3 
716303 
71,804 
719399 
720810 
722316 



16.1-63 

CLEANING AND PAINTING OVER WELDS 

Discoloration, flaking, and blistering of paint 
over and immediately adjacent to welds are chronic 
problems. There are actually two problems here, 
caused by different conditions: 1. Paint flakes off. 
2. Paint discolors and may eventually blister and 
peel. These problems may be caused by surface 
condition or by chemical action. 

The surface can be impaired by dust, smoke 
film, iron oxide, grease, and similar materials which 

‘~: form a barrier between the paint and the surface, 
:,I: thus preventing the paint from properly bonding to 
‘z~’ the surface. A surface that has been burnished very ~<,.~, 
j:,-: smooth with a power wire brush may also prevent 
if’,, the paint from bonding properly. 
,y;,t ; s;;,j The smoke and fumes of welding form a film on 
,&the surface of the plate which combines with mois- 
&ture in the air. The resulting alkaline solution reacts 
@&ith paint to produce discoloration and blistering. 
;j:,;jThe effect increases with higher humidity. 

i;:,~‘Effect of Processes and Electrodes 
Submerged-arc welds produce few paint prob- 

;:‘,~:,lerns because the slag is nearly always removed, and 
‘,“‘the process leaves no smoke or iron-oxide film on 
: ‘the adjacent material. 

Covered electrodes for welding cast iron and 
aluminum pick up moisture quickly, thus causing 
more chemical-reaction problems than do other elec- 
trodes. For practical purposes, most shielded metal- 
arc electrodes produce about the same chemical 
reaction. Any apparent differences usually result 
from differences in humidity conditions. 

Remedies 
Cleaning is the obvious first step. Removal of 

slag, spatter, smoke film and iron-oxide film elimi- 
nates most paint-adhesion problems. Cleaning pro- 
vides a surface to which the paint can bond, and 
removes most of the chemical-containing deposits. 
However, avoid burnishing the surface with a power 
wire brush. 

If discoloration or blistering persists after 
normal cleaning, substitute a paint that is more 
alkaline-resistant, such as a vinyl, epoxy, or chlori- 

Miscellaneous 

nated-rubber base type. The alkaline surface can be 
neutralized by washing it with a mild solution of 
boric acid, followed by thorough rinsing with clear 
water. 

Simply wiping the surface with a shop rag 
removes much of the film and improves paint bond- 
ing. Application of the paint with a brush instead of 
by spraying provides a better wetting action and 
forms a better bond. 

Regardless of application method, the affected 
area should be painted as soon as possible after 
welding to reduce the time for moisture pick-up by 
the deposited film. Less moisture means less alkaline 
solution formed to attack the paint. Two coats, 
including an alkaline-resistant primer, are better 
than a single coat. 

British and United States Shielded Metal-Arc 
Electrode Size Comparison Table 

4 _,._. 

5 0.1969 6 0.192 3/16 

k3 1 0.2362 0.2481 1 4 0.232 7/32 

l/4 

me 5 mm diameter is not a preferred size but if is included 
baca"Ie the existing capacitie* Of *olne welding equmnent 
may make fhe use of 6.3 mm impracfical. 



ETCHING SOLUTIONS FOR FERROUS ALLOYS 

Used to Show 

Recommended Ferric Chloride Solution 
Etching Agent for Macrostructure of 
Welds in Steel 

Composition of etching solution 

F&l3 - 6HzO - 200 grams 
HN03 cone - 300 ml 

Hz0 -1OOml 

,, 

:;: 
< ,~, 

_: 

<:,; 

,‘,,, 

For Macroscopic Examination 
Segregations 

Segregations 

Phosphorus segregations 

Variations in crystal structwe, 
and segregations 

To reveal the structure of welds 
and to distinguish between steel 
and wrought iron 

For Microscopic Examination 
The general structure of normal 
iron and steel 

The general structure of normal 
iron end steel 

TO establish the difference between 
hardened and normal steels 

Sorbitic and troostitic constituents 

Cementite and other carbides, 
and tungstites 

From Lange’s Handbook of Chsmirtry 

1 part cont. hydrochloric acid, HCI 
1 part water 

5 g picric acid, HOC&Hz (NOz), 
100 cc ethyl alcohol, CzHsOH 

10 g cuprous ammonium chloride, 
CuCI-NH&l-6H20 
100 cc water 

10 g cupric chloride, CuClz 
40 g magnesium chloried. MgC12 
20 cc hydrochloric acid, HCI 
180 cc water 
1000 cc absolute alcohol, CzHsOH 

20 g ammonium persulfate, (NHql&Oe 
100 cc distilled water 

1 part cow. nitric acid, HN03 
3 parts of water 

4 g picric acid and 95 cc of absolute Keep bottle well stoppered when 
alcohol, or absolute alcohol is used. 
5 g picric acid and 100 cc of 95% alcohol, 
CZH50H 

6 cc nitric acid, HN03 
100 cc of ethyl alcohol. CzHsOH 

4 parts nitric acid, HNO, 
96 parts iso-amyl alcohol. Cs H I I OH 

1 part of a 40% solution of nitric acid in 
acetic anhydride 
1 part methyl alcohol, CHJOH 
1 part ethyl alcohol, CzHsOH 
1 part iso-amyl alcohol, Cg H 1 I OH 

2 g picric acid, HOCsH2 (NO*), 
24.5 g sodium hydroxide, NaOH 
73.5 cc water 

For heat treated steels use a more 
dilute solution. 

Colors troostite and troosto-sorbite. 

Use boiling for 5 or 10 minutes. 
Tungsten carbide is unaffected, but 
other carbides and tungstides are 
colored. 

10 g ferric chloride, FeClz 30 cc hydro- 
chloric acid, wafer to make total volume 
12occ 

May be diluted, and applied gently 
with a piece of cotton. Time required 
is less then 30 seconds. 

Remarks 

Dissolve the ferric chloride in water, then add the 
HNOs and mix thoroughly. Wet the surface of the 
specimen with the solution using a medicine drop- 
per contained in a bottle. Etching takes one to five 
minutes depending on the quality of the surface 
and composition of metal. It should be done under 
a fume hood. At end of etching period, wash speci- 
men carefully under running &eter, let drain and 
swab with methyl alcohol in order to speed drying 
and inhibit rusting of the surface. 

The Macrostructure of the weld is then clearly 
discernible. 

This works best when sample is et room tempera- 
ture. Sample can be merely ground or sanded 
smooth, it does not have to be highly polished. 

Useat 100 to 212OF. 
Etch for 112 hour or until defects 
are brought out. 

Etch for 4 to 5 hours. 

This solution is more easily pre- 
pared then are most copper chloride 
solutions. 

Absolute methyl alcohol, CH30H, 
may be used in place of ethly alcohol. 

Use et room temperature. A very 
good reagent for the purpose indicated. 

Use et about lOOoF. 

(Continued on next pagel 



UsedtoShow 

Carbides end tungstides in Carbides end tungstides in 
high-speed end tungsten steels high-speed end tungsten steels 

StrucJure of high-speed steel StrucJure of high-speed steel 
end tungsten carbide end tungsten carbide 

Metal or Alloy 

Copper Base Alloys 
Copper or C&AI alloys 

$~;;;Aluminum end Light Alloys 

;;!; :;,f!‘, and Al =W* 

:; 

‘~, 

‘, Aluminum 

Al alloys 

Al end Al alloys 

Al end Al alloys 

Miscellaneous Metals end Alloys 
Nickel end its alloys 

Nickel and its alloys 

Magnesium end its alloys 

ETCHING SOLUTIONS FOR FERROUS ALLOYS 

Composition of etching solution 

30 cc hydrochloric acid, HCI 
10 cc nitric acid, HN03 
80 cc glycerol (glycerine1 

log potassium ferricyanide, KsFe(CN)6 
10 g potassium hydroxide, KOH 
100 cc water 

10 cc commercial hydrogen peroxide. H202 
20 cc of a 10% aqueous sodium hydroxide 
(NaOHI solution 

ETCHING SOLUTIONS FOR NON-FERROUS ALLOYS 
Composition of etching solution 

5 g copper-ammonium chloride 
120 cc water 
Add cont. ammonium hydroxide until the 
precipitate which forms is redissolved, 
giving a clear blue color. 

A 10% solution of ammonium persulfate. 
(NH412 SzOg 

10 cc hydrogen peroxide, Hz02 
40 cc cow. smmonium hydroxide, NHqOH 

15 cc of a Saturated ferric chloride 
(F&l31 solution 
30 cc concentrated hydrochloric acid, HCI 
200 cc water 

Nitric acid (HNOs). sp. gr. 1.42 

0.5 to 20% hydrofluoric acid (HF) acid 
solutions. The aqueous or alcoholic 
solutions are used. 

45 cc cow hydrochloric acid, HCI 
15 cc cont. nitric acid, HNO) 
15 cc hydrofluoric acid. HF 
25 cc hot water 

IO cc cont. nitric acid, HN03 
3 to 4 cc hydrofluoric acid, HF 
86 to 87 cc hot water 

10 tO 20% aqueous sulfuric acid 
(H2S04) solution 

10 cc cont. hydrofluoric acid, HF 
15 CC Cont. hydrochloric acid, HCI 
90 cc water 

t50 cc of 70% nitric acid, HN03 
50 cc of 50% acetic acid, HC2H302 

t20 to 40 cc of nitric acid, HNOa 
30 to 40 cc of 75% acetic acid, HCZH302 
30 to 40 cc acetone, (CH312 CO 

2% aqueous nitric acid solution 

Remarks 

Use full strength for rapid work, but 
handle carefully. 

Use hot 

Use fresh from 10 to 12 minutes. 
Tungsten carbide is darkened. 

Remarks 

Etch from 30 to 60 seconds: this is 
a very good copper etch. 

Etch from 1 to 2 minutes. Keep the 
surface of the specimen free from grease. 

Apply with a swab to the surface of 
polished specimen. Rub briskly until 
mirror-like surface is obtained. 

Use this solution after the ammoniacal 
peroxide solution above. Dip the speci- 
men into this ferric chloride soluticn 
for a few seconds after following the 
directions above. 

Time for etching is very short. It is 
difficult to control the intensity of 
the attack. 

Etch for about 15 seconds. Remove the 
black deposit so formed by immersing 
for a short time in cont. nitric (HN031 
acid. ‘&Al, and FeAl3 aredarkened 
by HF. 

This etch generally requires only a few 
seconds. 

Heat to 16O’F.. immerse specimen 
for a few seconds, quench in cold water. 
FeAl3 is stained black. 

Etch from 30 to 90 seconds. Reveals 
grain size very clearly. 

This is Merice’s solution. l t is very 
good for cast. cold drawn. and 
annealed nickel. 

This solution is very similar in action 
to the one above. 

Etch for about 10 seconds. 



PARALLELING ARC WELDERS 
What is Paralleling? 

Paralleling consists of connecting the output of 
two, three, or more arc welding machines of the 
same model in parallel so the total available rated 
output equals the sum of the rated output of each 
machine at rated duty cycle. 
Why Parallel? 

Machines are paralleled for two primary reasons: 
1. For high current application when power 

sources of sufficient size are not readily 
obtainable. 

2. To utilize existing power sources for opera- 
tions which require higher output than the 
rating of any one available machine. 

Applications utilizing paralleled welders include 
automatic and semiautomatic welding, stud welding, 
arc gouging, resistance heating, high current manual 
welding and others. 

Basic Requirements for Paralleling 
1. Since improper paralleling or improper opera- 

tion of paralleled machines can cause serious 
damage, the specific instructions for the equip- 
ment involved MUST be accurately and 
completely followed. 

2. Welders to be paralleled must be the same size 
and model and must operate on the same input 
volts and frequency. 

3. The control settings for each machine must be 
set for the same output so the current draw 
from each machine is the same. 

4. Connect “like” output terminals (example: con- 
nect “Work” to “Work” and “Min to 525” to 
“Min to 525”) together using equal lengths of 
welding cable. Use the size cable recommended 
for the rated output current and duty cycle of 
the welder. Interconnect motor-generator and 
engine welders per instructions on the specific 
connection diagram for the models being used.. 

5. When they are to be connected to a wire feeder, 
the paralleled power sources must be intercon- 
nected with the wire feeder per the appropriate 
connection diagram available from the manu- 
facturer. (See sample request form below.) 

Paralleling Motor-Generator Welders 
CAUTION: The proper paralleling instructions must 
be followed for the specific equipment involved. 
Improper paralleling can result in one generator driv- 
ing the other as an unloaded DC motor. If this 
occurs, the driven machine increases speed until it 
literally destroys itself and endangers personnel and 
nearby equipment. Therefore, special precautions 
must be taken., to insure safe operation. In all 
instances, contact your iocal welding equipment 
representative for assistance before paralleling. 

Company 
REQUEST FOR PARALLELING ASSISTANCE (Suggested Form) 

Required Output Current, Voltage and Operating Factor - 
Purpose: 0 Automatic welding - Process 0 Submerged Arc; 0 Innershield; or 0 Other- 

Wire Feeders 0 LAF-3; 0 LAF-4; 0 LAF-5; 0 LT-34; 0 NA-2; or 

0 Other 

0 Semiautomatic Welding - Process 

Wire Feeders 0 LN-6; Cl Other 

0 Stick Electrode Welding; 0 Stud Welding; 0 Arc Gouging; 0 Resistance Heating 

0 Other 

Number of power sources to be paralleled 

Description of Lincoln power sources to be paralleled: 

Input volts/ph/hertz 

Model and size 

Code Number 

Serial Number 

Machine No. 1 Machine No. 2 Machine No. 3 





Index 

-A- 
Abrasion resistance 13.7.19,20 
Acceptability, weld 11.1-3 
AC or DC, choosing 4.2-7, 8: 6.3-2, 3 
AC TIG welding 9.4-3 - 5 
Aircraft fabrication 2.4-3, 4 
Allowables 

compressive stress (AI%) 2.1-9, 10 
shear stress (AISC-AWS) 2.3-1, 2 
weld metal (AISC-AWS) 2.3-2, 3 
fatigue (AISC) 2.3-7 

Alloy fluxes 13.7.14- 16 
Alloying elements in steel 6.1-3 
Aluminum and aluminum alloys 

alloy types 9.1-1 
weldability _. _. 9.1-I -6 
welding via shielded metal-arc . . . . . . . . . . 9.2-1, 2 
weldmg ~,a gas metal-arc 9.3-l - 10 
welding VI@ gas tungsten-arc 9.4-l - 11 

Angle of twist 2.1.16,17 
Appearance, weld 6.2-17, 18; 9.4-3, 8 
Arcblow . . . . . . . .._._..._._...... 3.2-l-55;4.4-9 
Arc gouging 13.5-l- 4 
Arc heating 4.3-10 - 12 
Arc shielding 1.3-1, 2; 5.1-2, 3; 5.2-l; 

5.3-l; 5.4-1, 3, 4 
Arc starting . 4.4-9 - 11; 5.4-4; 6.4-6; 7.3-3; 

7.5.2;9.2-2;9.4-7, 8 
Arcvoltage . 6.4-7 -9;6.5-2 
Arc-welding fundamentals . 1.3-l; 3.2-1 - 5; 

5.1-2, 3; 5.3-l 
Argon shielding . 4.1-17, 18;9.3-6, 7 
Assembly, weldment . . . 2.1-4, 5 
Atomic hydrogen welding 5.6-4, 5 
Austenitic manganese steels 13.7-4.5 
Austenitic stainless steels . 7.1-2, 3, 6 - 9, 12: 13.7-5 
Automatic welding 4.3-7 - 10; 6.3-20 - 22; 

6.4-9 - 11; 7.5-2, 3 

-B- 
Back blow 3.2-3.4 
Backstep welding 3.1.6 
Backup methods 2.2-6; 4.4-7, 8; 7.3.2;9.2-2 
Bending loading . 2.1-10 - 14 
Bibliographies 

welded design . . 2.1-44 
StaInless steel . . 7.1-12 
welding safety . . . 15.1-5 

Brine11 hardness, measuring . . 1.2-6 
Buckling and twisting . . . . 3.1-13.14 
Burnthrough . . . . 2.1-42; 5.2-5 
“Buttering” . . . . . . . . . . . 7.2-5; 8.1-5 

-C- 
Cables, welding ...................... 4.3.1,2; 13.8-3 
Camber, control of ........................ 3.1.8,15 
Carbide precipitation ......................... 7.1-8 
Carbon-arc welding ......... 1.1-2; 4.3-11; 10.1-a; 13.2-2 
Carbon dioxide shielding ................... 4.1-18, 19 
Carbon, effect of ............................. 6.1-2 
Carbon equivalents ........................... 3.3-3 
Carbon steels 

composltmns ............................ 6.1-10 
low carbon ........................... 6.1.lo,11 
medium and high carbon ................ 6.1.11,12 
structural ............................... 6.1-12 
high-strength, low-alloy ................ 6.1-12 - 16 
high-strength, quenched and tempered ..... 6.1-17 - 19 

Carbon steels, welding 
via self-shielded metal-arc ................ 6.2-l - 54 
“la submerged-arc ...................... 6.3-l - 74 
vui self-shielded flux-cored process ......... 6.4-l - 42 
via gas-shielded flux-cored process .......... 6.5-l - 6 
via gas metal-arc ........................ 6.6-l - 4 
“la gas tungsten-arc ....................... 6.7-1, 2 

Cast iron 
types ................................... 8.1-l 
welding ............................... 8.1-l -6 

Cast steel, welding ......................... 8.2-l - 4 
Charpy impact test ......................... 1.2-5.6 
Chemical analysis ....................... 11.2-15, 16 
Chromium carbides ....................... 13.7-2 - 4 
Chromium steels ............................ 6.1-20 
Circumferential welding ................. 6.3-10-13; 

6.4-E; 13.7.18,19 
Clad steels, welding ....................... 13.6-l - 8 
Clamping ................................. 4.4-6.7 
Cleaning 

weldment ................................ 2.1-5 
joints in carbon steel ...................... 6.3-16 .... 
Iomts in stanless steel .................... 7.2-3, 4 
jomts In cast iron .......................... 8.1-4 
alummum surfaces ............. 9.1-5, 6; 9.2-2; 9.4-7 
tungsten electrodes ......................... 9.4-6 
welded surfaces ......................... 16.1-63 

Clothing, protective ......................... 15.1-2 
Codes and specifications 

definitions ..................... .Y. ........ 2.4-l 
governing organizations ................... 2.4-1, 2 .. 
appbcatmns covered ..................... 2.4-2 - 5 

Cold cracking ............................... 8.2-2 
Compression loading ........................ 2.1-8, 9 
Compressive strength ....................... 1.2-1, 3 
Consumables, welding ..................... 4.1-l- 20 
Containers, welding .......................... 15.1-3 



Conversion factors ..................... 16.1.31- 38 
Cooling rates ................. 3.3-l; 6.1-4 - 6; 13.7-11 
Cooling systems ........................... 9.3.3,4 
Copper and copper alloys 

welding .............................. 10.1-l -8 
properties ............................... 10.1-3 
overlays ................................ 13.7-7 

Copper, effect of ............................. 6.1-3 
Corner welds ................................ 2.2-l 
Costs, welding .......................... 12.1-l - 11 
Cover plates ............................ 2.1-38.39 
Cracking, weld .......... 6.1-4 - 10; 6.2-19; 6.3-18, 19; 

8.2-2; 9.1-1, 2; 11.2-8 - 15; 13.7-12, 13 
Craters, weld ............................... 11.1-5 
Current variations, effect of ........... 6.3-3, 4; 6.4-9, 11 

-D- 
DCSP TIG welding . . 9.4-9 - 11 
Defects, weld 7.3.3;S.l.3; 11.1-3 -5; 

11.2-l. 8; 11.3-7 -9; 13.6-7 
Deflection ............................. 2.1.7,8,15 
Density .................................... 1.2-6 
Deposition rates ................ 5.2-3, 4; 5.3-2; 6.2-13; 

6.4-4; 6.5-2; 6.6-1, 2; 7.3-3; 7.4-3; 
7.5-3; 12.1-8 - 10 

Design formulas ............................. 2.1-7 
Designing 

by equivalent sections ................. 2.1-22 - 27 
from load conditions ................... 2.1.27,28 
qualitative vs. quantitative methods ....... 2.1-29 - 31 
meetmg a desrgn problem ................ 2.1-31, 32 
sour‘ces of trouble ..................... 2.1-32 - 39 
problem identification ..................... 2.1-37 
for efficient fabrication ................ 2.1-39 - 42 

Design procedures ....................... 2.1-20 - 43 
Destructive testing ...................... 11.2-16.17 
Diagonal bracing ............................ 2.1-20 
Distortion 

causes of .............................. 3.1-l - 4 
control ........................ 2.5-5; 3.1-4 - 19; 

7.2-5; 13.7-14 
Double-ending ............................ 13.3-7,s 
Drag angle ............................. 6.4.6,7,10 
Dross .................................... 9.3-5.6 
Drying low-hydrogen electrodes ............. 6.2-12.13 
Ductile iron ............................... 8.1.1,6 
Ductility ............................ 1.2-2, 3; 9.1-3 
Duty cycle ................................. 4.2-l 

-E- 
Edge preparation ................... 2.2-6 - 8; 6.3-19; 

10.1-3; 13.6-2, 5,6 
Edge welds ................................ 6.3-10 
Elasticity 

modulus of .......................... 1.2-l- 3,5 
effect on distortion ........................ 3.1-4 

Electrical conductivity ........................ 1.2-6 
Electrodeangle ............. .6.3-8;6.4-6,7;6.5-3;9.4-7 
Electrodes 

historical development .......... .‘. ....... 1.1-3 - 9 
classification ................. 4.1-l - 17; 6.4-l - 3 
mdd and low-alloy steel .................. 4.1-I - 8 ... 
color ldentlflcatmn system ............ 4.1-l. 2;7.2-2 
manual covered ........ 4.1-1 - 4; 5.1-3; 6.2-l -- 15 

Flux, recovery _. 6.3-17 
Fluxes, submerged-arc 4.1-6, 7; 5.2-l; 6.3-16, 17; 

7.3-2: 13.7-14 - 16 

submerged-arc ..................... 4.1-5.6; 7.3-2 
flux-cored .............. 4.1-6 -8; 6.4-l - 4; 6.4-14 
gas metal-arc ........................... 4.1-6 - 9 
stainless steel ................ 4.1-S - 10; 7.2-l - 6; 

7.3-2; 7.4-4 
cast iron ......................... 4.1-10.11; 8.1-2 
cast steel ............................... 8.2-3, 4 
aluminum .................. 4.1-11; 9.2-1;9.4-9.10 
copper and copper alloy ......... 4.1-11,17; 10.1-2, 3 
ASTM steels ........................... 6.2-4 -7 
fast-freeze .............................. 6.2-7.8 
fast-fill .............................. 6.2-8 - 10 
fast-follow ........................... 6.2-10, 11 
low-hydrogen ......................... 6.2.ll- 13 
alloy-steel ........................... 6.2-13 - 15 
tungsten ................................. 6.7-l 
TIG torch .............................. 9.4.5,6 
line pipe .............................. 13.3-1.2 
arc gougmg ............................ 13.5-2, 3 
clad steels ............................. 13.6-3, 4 

Electrode consumption ............ 12.1.4,5; 13.3-4 - 6 
Electrode holders .......................... 4.3-2, 3 
Electrode size .................... 6.2-17; 6.3-1, 2, 14 
Electrogas welding ............... 5.4-4; 5.6-2; 6.5-5.6 
Electroslag welding ......................... 5.6-1, 2 
Elongation .............................. 1.2-I - 3 
Equipment, welding 4.2-l -8; 4.3-l - 12; 

6.3-19 - 22; 6.4-4 - 6; 6.6-2; 9.4-9; 
13.1-1, 2; 13.8-1; 14.1-1 - 8 

Etching solutions ....................... 16.1-64.65 

-F- 
Face shie!ds ................................ 15.1-1 
Fast-fill .................. 5.5-2 - 4; 6.2-l; 6.2-S - 10 
Fast-follow (fill-freeze) ............... .5.5-2 - 4; 6.2-l; 

6.2-10, 11; 6.4-9, 10 
Fast-freeze .................. 5.5-2 -4;6.2-1;6.2-7,s 
Fatigue allowables (AISC) ................... 2.3-3 - 7 
Fatigue cracking ......................... 2.1-38.39 
Fatigue strength .......................... 1.2-I - 4 
Ferritic stainless steels ....................... 7.1-3, 4 
Filler metals 

for stainless steels ................... 7.2.3,4;7,.5-2 
for aluminum alloys ..................... 9.1-2 - 5 

Filletwelds ................ 2.2.l-55;2.3-l-7;6.1-7; 
6.2-3; 6.3-8, 9; 6.3-18, 19 

Fire prevention ........................... 15.1-2, 3 
Fitup .............................. .4.4-6,7;5.3-3; 

6.2-16; 6.4-6 
Fixtures ....................... .2.1-4;2.1-43;3.2-5; 

4.4-l - 12; 5.5-6 
Flame shrinking .................... 3.1-3; 3.1-16, 17 
Flame straightening ..................... 3.1-3; 3.1-16 
Flash.through ............................... 5.2-5 
Flux. magnetic .............................. 3.2-4 

Flux supports ........................... 6.3-11 - 13 
Forge welding ............................... 1.1-1 
Forming ............................. 2.1.3;2.1-43 
FOrmUk% 

design ................................... 2 .l-7 
deflection ........................ 2.1-7,s; 2.1-21 



radius of gyration .......................... 2.1-9 
unit shear on fillet weld .................... 2.1-11 
torsional resistance ........................ 2.1-16 
angular twist ............................. 2.1-17 
torsional properties, closed sections ........... 2.1-17 
inertia .................................. 2.1-21 
modulus of elasticity ....................... 3.1-7 
transv&rse weld shrinkage .................... 3.1-S 
angular dIstortion ............................ 3.1-8 
longitudinal distortion ...................... 3.1-9 
carbon equivalent .......................... 3.3-3 
heat input ................................ 3.3-3 
cost of labor .......................... 12.1-2, 10 
cost of welding materials ................... 12.1-2 
operating factor .......................... 12.1-3 
weight of electrode consumed ............... 12.1-5 
time to make weld ........................ 12.1-8 
melt-off rate ............................. 12.1-8 
weight of weld metal deposited ............. 12.1-10 
time for multi-pass weld ................... 12.1-10 

Full-alloy welding ......................... 13.6-5: 6 
Functions of numbers ................... 16.1-53 - 62 

~&Galvanized steel, welding ................... 13.2-1, 2 
@+es, shielding .................... 1.1-7 ; 4.1-17 - 20 
& ” MIG welding of aluminum ................. 9.3-6, 7 
& TIG welding of aluminum ................ 9.4-9, 10 I) &w flow ............................ 6.5-3; 9.3-6.7 
&As metal-arc (MIG) welding .................... 1.1-S; 
?i% ,: 
&:-~ 4.1-17 - 20; 5.4-2 - 4 
we ,) :carbon and low-alloy steels #;g$;,,, 6.6-l - 4 
&p:, stainless steels ..... ..................................... 7.4-l - 4 
::::c aluminum and alummum alloys ........... 9.3-l- 10 

@;:i:-) “copper and copper alloys 10.1-5, 6 
@;;,i ‘,galvanized steel ........................... 13.2-2 
;~ clad steels ............................... 13.6-6 

:$&shielded flux-cored welding 5.4-1, 2; 6.5-l - 6 
$:I$+ tungsten-arc (TIG) welding 1.1~7; 4.1-17 - 20; 

4.3.10.11; 5.4.4,5 
carbon and low-alloy steels ................. .. 6.7-1, 2 
StaInless steels .......................... 7.5-l - 3 
aluminum and aluminum alloys ........... 9.4-l - 11 
copper and copper alloys ................ 10.1-6 - 8 
clad steels ............................... 13.6-6 

Globular transfer ........................ 5.4-3 ; 6.6-l 
Gouging ............................... 13.5-l - 4 
Gray iron ................................ 8.1-1,2 
Groove-fillet combination welds .............. 2.2-2 - 4 
Groove joints ................... 2.2-5 - 8; 6.1-7 - 9; 

6.3.19;7.3-1, 2 
Ground effect ............................... 3.2-2 
Ground@. .................. 4.3-3, 4; 4.4.8,9; 6.3-14 
Guide tips ................................ 6.4.5,6 
Guns, semiautomatic ............ 1.1-7; 4.3-4 - 6; 5.4-1; 

6.3-20; 6.4-5 

-H- 
Hardenability, total ........................... 3.3-3 
Hardness of metals ............ 1.2-1.6; 8.2-2; 13.7-2, 3 

conversion tables .................... 16.1-47 - 51 
Hardness testing ........................... 11.2-17 
Hardsurfacing .......................... 13.7-l- 20 

Heat effects . . . . 1.3-4; 6.1.3,4; 8.2-2; 
9.1-l; 9.3-3, 4 

Heat input . . . ,. 3.1-7; 3.3-l - 3;6.1-19;9.1-2 
Heat-treatable steels . .;. . . . . . 13.7-5, 6 
Helium shielding . . 4.1-17, 18; 9.3.6,7 
History 

fusion joining ......................... 1.1-l - 10 
covered electrode ....................... 1.1-3 - 5 
arc-weldmg processes ................... 1.1-2 - 10 

Hot cracking ......................... 8.2-2; 9.1-1, 2 
Hot-wire welding ........................ 5.6.5;7.5-3 
Hydrogen ................................ 9.3-2,3 
Hydrostatic testing ......................... 11.2-17 

-I- 
Impact data conversion table ................. 16.1-37 
Impact strength ................ 1.2-1,5,6; 13.7-19.20 
Ingot iron ................................. 13.2-3 

(See self-shielded flux-cored) 
Innershield welding .......................... .1.1-S, 9 
Inspection and testing ............. 2.1-5.6; 11.2-l- 17 
Installation, weld equipment ................ 14.1-1 - 3 
Intermittent welds .......... 2.1-34; 2.2-6; 3.1-6; 11.1-5 
Interpass temperatures .... 3.3-2 - 4; 6.2-17; 8.2-3; 13.4-5 
Iron-powder electrodes ........................ 6.2-9 
Izod test ................................... 1.2-6 

-J- 
Jigs and fixtures ........... 2.1.4;2.1-43;3.1-14, 15, 17; 

3.2-5; 4.4-l - 12; 9.2-2 
Joint cleanliness ............... 6.2-16; 6.3.16;7.2-3, 4 
Joint design ................ 2.1-3, 4; 2.2-l - 8; 6.2-16; 

6.3.6-88;6.6-2, 3;7.2-4;7.3-1,2;9.1-2; 
9.4-10; 13.4-2 - 4; 13.6-2 - 7 

Joint position ................... 3.1-14; 6.2.15;9.2-2 
Joint preparation ............. 6.2-16;S.l.4; 13.6-1 -- 3 
Joint requirements ............... 5.5-2 - 7; 6.2-l - 3 
Joint restraint ............................ 6.1-6 - 9 

-L- 
LamelIar cracking ............................ 6.1-9 
Lapwelds ............................ 6.3-9;6.3-17 
Layout, weldment design ........... 2.1-2, 3; 2.1-39.40 
Leak detection ...................... 11.2.14.16.17 
Lenses, face shield ......................... 15.1-1, 2 
Line-Fill welding ............................. 5.6-5 
Lincoln preheat calculator ..................... 3.3-3 
Liquid-per&rant inspection .......... ; .... 11.2-13, 14 
Loading 

determining load conditions .................. 2.1-2 
types of ............................. 2.1-S - 18 

Longstickout .............. 1.3-4; 5.6-5; 6.3.5,6;6.4-5 
Low-alloy steels ........................ 6.1-20. 22 
Low-hydrogen electrodes ........... 1.1.6;6.2-11 - 13 

-M- 
Magnetic arc blow ......................... 3.2-l - 3 
Magnetic fields (flux) ...................... 3.2-l - 4 
Magnetic-particle inspection .............. 11.2-10 - 13 
Maintenance, welding equipment ............ 14.1-1 - 7 
Malleable iron ............................. 8.1-1,2 
Manganese, effects of ......................... 6.1-2 
Manipulators, welding ..................... 4.4-l - 12 
Manual welding ........................... 5.1-l- 4 
Martensitic stainless steels ............ 7.1-5 - 11; 13.7-5 



Materials, efficient use of ............. ... 2.1-39 - 41 
Material selection ........... ............ 2.1-21.22 
Mechanical properties .......... .. ... 1.2-l - 6 

deposited steel weld metal ... ..... ... 6.2-2 
submerged-arc weld metal .. ................ 6.3-l 
flux-cored electrode weld metal . ...... 6.4-2 
CO? -shielded flux-cored weld metal ... ... 6.5-l 
ferritic stainless steels .... .................. 7.1-4 
austenitic stainless steels .................. 7.1-4 .. m2rtens1t1c stam1ess steels ................... 7.lr7 
stainless steel weld metal ............... .. 7.2-2, 3 
copper and copper alloys ..... .. .. ..... 10.1-3 

Mechanical testing .............. ........ 11.2-16.17 
Mechanized travel units ...................... 4.3-6, 7 
Mechanized welding ....... ... (see Automatic welding; 

Equipment, welding; and Fixtures) 
Melting points ..................... .. 1.2-7.8 
Melt-off rates .............. ... : 512.2; 6:3-S; 12.1-S 
Metallographic tests ........................ 11.2-16 
Metals, sources of information on .......... 2.4-4 
Metal transfer ................ 1.3-3; 4.1-18; 5.1-2; 

5.4-2 - 4; 6.6-1; 7.4-1,2,4 
MIG welding . 1.1-S; 4.1-17 - 20; 5.4-2 - 4 
Modulus of elasticitv . . . 1.2-1 - 3: 3.1-4 
Modulus of resi1ienc-e .......................... 1.2-5 
Molybdenum steels ....................... 6.1-21.22 
Moment of inertia ........................ 2.1-1X,12 
Motor generators .......................... 4.2-5 - 7 
Multiple arcs ...................... 3.2-3; 6.3-13 - 15 

6.3-20 - 22; 7.5-3 

-N- 
Narrow-gap welding .......................... 5.6-5 
Neutral axis ........................... 2.1.10;3.1-6 
Nickel steels ............................... 6.1-20 
Nickel-chromium steels ....................... 6.1-20 
Nondestructive testing ..................... 11.2-4, 5 
Nomographs 

inertia of beam under bending load ........... 2.1-12 
section modulus of beam under 

bending load .......................... 2.1-13 
steel vs. cast iron for rigidity ................ 2.1-25 

Nodular iron .............................. 3.1-1.6 
Notch impact strength ........................ 1.2-6 

-O- 
Operating factor .......................... 12.1-2, 3 
Operation, welding equipment .............. 14.1-1 - 6 
Overwelding ....................... 2.1-33, 34; 3.1-5 
Oxyacetylene welding ......................... 1.1-1 

-P- 
Paralleling are welders ....................... 16.1-66 
Painting over welds ......................... 16.1-63 
Peening ............................... 3.1-7;8.2-3 
Penetrameters .............................. 11.2-7 
Penetration .............. 2.3-2; 5.5-2 - 4; 6.2-19; 9.4-2 
Phosphorus, effect of ......................... 6.1-3 
Physical properties of metals ................. 1.2-6 - 8 
Pipeline welding ......................... 13.3-1 - 9 

API qualification tests . 11.3-35 - 38; 13.3-8, 9 
Piping and tubing 

AWS qualification tests ............... 11.3-15 - 24 
Pipe thawing ............................ 13.8-l- 3 

,,, ,: ,>~ _:: ,,,,‘,,,~ ,, ,,,, :, ,, ,:, ,, ,,, :,,~ ,,~: 

Plasma 2rc 
definition .............................. 1.3-2, 3 
heating and welding ............. 4.3-11, 12; 5.6-3, 4 

Phte preparation ............................. 2.1-3 
Plug welds ............................... 6.3.9,10 
Porosity, weld ........ 5.2-5; 6.2-13, 18, 19; 6.3-15 - 18; 

6.6-1, 2; 8.2-2; 9.3-2 - 5; 
9.4-4; 11.1-4,5 

POSitiOnerS ................................. 2.1-4 
Postweld heat treatment ............ 6.3-15; 711-g; 8.2-3 
Power sources ............................. 4.2-l - 8 

classlflcatlon ............................... 4.2-1, 2 
selecting ............................... 4.2-7, 8 
for metal-arc welding ................ 5.1-3, 4;7.2-6 
for self-shielded flux-cored welding ............ 6.4-4 
for gas tungsten-arc ................. 7.5-2; 9.4-4.5 
for arc gouging ........................... 13.5-3 

Prehending ................................. 3.i-6 
Precipitation hardening .................... 7.1-9 - 12 
Preheating ............. 3.3-l -7;6.2-17; 6.3-15;7.1-9; 

8.1.2,4;8.2-2, 3;9.1-2;9.2-1,2;9.4-8; 
13.4-5; 13.6-S; 13.7-11, 12 

Prequalified joints ...................... 11.3.II- 15 
Pressure vessels and piping 

applicable codes and specifications ...... 2.4-2, 3; 3.3-7 
Procedure qualification ................... 11.3-l - 38 
Procedures, welding 

basic guidelines ............................ 2.1-5 
data sheets .................. 6.2-22; 6.3-25; 6.4-15 
shielded metal-arc with steel ............. 6.2-21 - 54 
submerged-arc with steel ............... 6.3-23 - 74 
self-shielded flux-cored with steel ......... 6.4-13 - 42 
gas-shielded flux-cored with steel ............ 6.5-4, 5 
gas metal-arc with steel .................... 6.6-3.4 
gas tungsten-arc with steel ................. 6.7-1.2 
shielded metal-arc with stainless ............ 7.2-6 - 8 
submerged-arc with stainless ............... 7.3-2 - 4 
gas metal-arc with stainless ................. 7.4.1,2 
gas tungsten-arc with stainless ................ 7.5-1 
gas metal-arc with aluminum ............. 9.3-7 - 10 
gas metal-arc with copper ................... 10.1-6 
gas tungsten-arc with silicon bronze ........... 10.1-7 
gas tungsten-arc with copper ................ 10.1-E 
prequalified joints ....................... 11.3-14 
line pipe welding .................. 13.3.3,4,6 - 8 
reinforcing-bar welding ................... 13.4-4, 5 
with clad steels ........................ 13.6-l - 7 
hardsurfacing ....................... 13.7-16 - 19 
pipe thawing ........................... 3~3.8.2,3 

Processes, welding 
history of development ................. 1.1-2 - 10 
carbon-arc ......................... 1.1-2; 4.3-11 
shrelded metal-arc ....................... 5.1-I - 4 
submerged-arc ......................... 5.2-l - 6 
self-shielded flux-cored ................... 5.3-l - 4 
gas-shielded flux-cored .................... 5.4-1, 2 
gas metal-arc ........................... 5.4-2 - 4 
gas tungsten-arc ......................... 5.4-4,5 
selection .............................. 5.5-l - 7 
electroslag ............................. 5.6-1.2 
electrogas ................................ 5.6-2 
stud-arc ............................... 5.6-2, 3 
plasma-arc ............................. 5.6-3,4 
atomic hydrogen ........................ 5.6-4.5 



hot-wire ................................. 5.6-5 
narrow-gap ............................... 5.6-5 
master chart.pf .......................... 16.1-30 

Prooftesting ........................... 11.2-16, 17 
Production considerations ...................... .5.5-6 
Proportion21 elastic limit ....................... 1.2-2 
Protective equipment ................ 4.3-12; 15.1-1, 2 
Pulsed-arc transfer ............................ 7.4-4 

-Q- 
Quality, weld .................. 6.2-21; 6.3-23; 6.4-13; 

9.1-3; 9.3-l - 6; 11.1-1 - 5 
Quslification tests ....................... 11.3-l - 38 

AWS buildings and bridges .............. 11.3-l - 15 
AWS piping and tubing ................ 11.3-15 - 24 
ASME boiler and pressure vessel ......... 11.3-24 - 35 
API pipeline ................ 11.3-35 - 38; 13.3-8, 9 
Howtopass ......................... 11.3-S-10 

uenchhardness ...... 
:uenched and tempered steels 

........................... 8.2-2 
3.3-4 - 6; 6.1-17 - 19 

-R- 
“‘,: Radial forces ............................ V<j;T,,:L, 2.1-36, 37 
t:r:z~ ,+&ographic inspection .......... 11.2-6 - 10; 11.3-7,s 
&Radius of gyration ........................ i .. 2.1-9 
&Rewtive additions to shielding gases ......... 4.1-17 - 20 
&+design 
WV%: .. #e.:,,,, :,: y b e quivalent sections 
#& by nomographs 

................. 2.1-22 - 27 
..................... 

&&forcing bars, welding 
2.1-25 - 27 

f&Q ............... : : 13.4-1 - 6 
@@tepair welding .................. 
@%R+sistance welding 

8.1-3 - 6; 8.2-l - 4 
f#& ........................... 1.1-1 
#@!ii*ty 
@&- ” equivalent rigidity factors ...................... 2.1-23 
@& ~&mversion via nomographs ........... 
&R+kwell hardness measuring 

2.1.25,26 
................... 1.2-6 

&.:flods, welding 
& CrandCr-Ni ........................... 4.1-9.10 
b:;i:,:,,, for cast iron ............................. 4.1-10 
~$$:;?,:for aluminum ; ........................... 4.1-11 
:,:j,-, i:~ for copper and copper alloys ~:;~::,, :’ ............ 4.1-11 - 17 

-s- 
,‘Safety practices . . 13.1-3, 4; 13.5-4; 15.1-1 - 5 

,” Schaeffier diagram . . . . . . . . . .._............... 7.1-7 
,’ Scott connection 3.2-4; 4.2-4 

Section thickness, effects of 6.1-5, 6 
Selection 

fixture _. _. . _. 4.4-3 -6 
weldrng process 5.5-l - 7 
process chart . . . 5.5-7 
electrodes for stainless steel 7.2-2, 3 
electrodes for cast iron 8.1-2, 3 
electrodes for cast steel 8.2-3, 4 
electrodes for aluminum and 

aluminum alloys . . . . . . . . . . . . . . . . . . . . 9.2-l 
hardsurfacing materials . 13.7-7 - 10 

Self-shielded flux-cored process 5.3-l - 4; 6.4-l - 42 
Semiaustenitic steels 7.1-11; 13.7-4 
Semiautomatic guns . . 1.1-7; 4.3-4 -6; 

5.4-l; 6.3-20; 6.4-5 
Semiautomatic welding 5.3-l - 4; 6.3-19, 20 
Shear loading . . 2.1-11 
Shear strength . 1.2-1.3 

Sheet metal 
joints ................................ 6.2.3,15 
weldmg .............................. 6.2-11, 15 

Shielding, are ............ 1.3-1, 2; 5.1-2, 3; 5.2-l; 9.3-5 
Shielded metal-arc process . . ~. 5.1-l - 4 

welding carbon and low-alloy steels. ........ 6.2-l - 54 
weldmg stanless steels ................... 7.2-l - 8 
welding aluminum and alummum alloys ....... 9.2-1, 2 
welding copper and copper alloys .......... 10.1-3 - 5 
welding clad steels ..................... 13.6-2 - 6 
welding galvanized steel .................. 13.2-1, 2 

Ship construction 
welding history ............................ 1.1-6 
applicable codes and specifications ........... 2.4-4, 5 

Shore scleroscope hardness ..................... 1.2-6 
Short-circuiting transfer (Short-arc 

welding) ................. 4.1-19; 5.4.3;6.6-1;7.4-2 
Shrinkage 

as a cause of distortion .................... 3.1-2, 3 
used constructively ................ 3.1-3; 3.1-16.17 
controlof ............................. 3.1-4-7 
calculating in welds ..................... 3.1-7 - 9 

Sigma phase ................................ 7.1-6 
Silicon, effect of ............................. 6.1-3 
Sizing of welds ................ 2.1-4; 2.2.4,5; 2.3-1.2 
Slag removal ....................... 6.3-12, 13; 6.4-6 
Spalling .................................. 13.7-11 
Spatter ................................... 6.2-18 
Specifications 

in design ............................. 2.1.31,32 
for intermittent welds .................. 2.1-34, 35 

Speeds, comparative welding .................... 6.3-1 
Spitting, electrode ............................ 9.4-6 
Spot checking ............................. 11.2-17 
Spray-arc transfer ........... 5.4-2 - 4; 6.6-l; 7.4-1, 2, 4 
Stabilized stainless steels ..................... ‘7.1-8, 9 
Stainless steels 

compositions and grades ................. 7.1-l- 12 
weldability ........................... 7.1-l- 12 
welding via shielded metal-arc ............. 7.2-l - 8 
welding via submerged-arc ................ 7.3-1 - 4 
welding via gas metal-arc ................. 7.4-l - 4 
welding via gas tungsten-arc ............... 7.5-l - 3 

Steels 
AISI designation system 6.1-2, 10 
soec1f1c2tKJns 6.1-1 -- 3 
AISI-SAE compositions 
low-carbon 
medium and high carbon 
structural carbon 
high-strength, low-alloy 

ASTM specifications 
SAE specifications 

quenched and tempered 
ASTM specifications 

low-alloy 
stainless 
pipe 
reinforcing-bar 

Steel specification 
~- by chemistry 

by mechanical properties 
by end product 
reinforcing bars . . . . . . . . . . . . . 

6.1-10 
6.1-10, 11 
6.1-11, 12 

6.1-12 
6.1-12 - 17 
6.1-13 - 16 

6.1.16,17 
6.1-17, 18 

6.1-18 
6.1-19, 20 

7.1-12 
13.3-1 

. _. 13.4-1 

6.1-1 - 3 
6.1-3 
6.1-3 

_. 13.4-1 

:,’ ,,,,,, ~,,, ,, ,,, 



Stick-electrode welding . . . . . 
Stickout, electrical . . . . . 

Stiffeners . . . i 
Stiffness, “omograph . 
Storage tanks 

applicable codes and specifications 

. 5.1-l - 4 

. 6.4-5.6.9; 6.5-3; 
(see Long stickout) 

. 2.1-19 
2.1-12 

_. 2.4-3 
Strength 

equwalent strength factor . 2.1-24 
nomoeraoh . . _......__..........., _...... 2.1-13 
of al&i~um alloys .......... .. ...... 9.1-3 
underwater welds ........... ... ......... 13.1-l 

Stress analysis .. ... ....... .. .. ....... 2.1-33 
Stress failure ......... ....... ... 13.7-12, 13 
Stress raisers ....................... 1.2-4; 2.1-55, 36 
Stress relief .. .. ..... ... 3.1-7, 18; 3.3-7; 13.6-8 
Stress-strain .... ... ..... ....... 1.2-2 - 5 
Strongbacks .. .. ...... . ...... 3.i-17, i8 
Structural steels 

carbon ... ............................. 6.1-12 
high.strength, low-alloy ... ....... 6.1-12 - 1’7 
quenched and tempered alloy ... .. 6.1-17 - 20 

Stud welding ... ........ 5.6-2.3 
Studding ...... .. .......... ........ 8.1-5.6 
Subassemblies, weldment .. ....... .. .... 2.1-4, 43 
Submerged-arc welding ...... 1.1-7; 4.3-S - 10; 5.2-l - 5. 

carbon and low-alloy steels .... .. 6.3-l - 74 
stainless steels ......... ... ....... 7.3-l - 4 
clad steels .. ... ...... ..... 13.6-6 

Sulfur 
effect in steels ...... ..... .. ......... .6.1-2 
segregation ...... ...... .......... ..... 6.3-17 

Symbols 
design formula .... ...... .. ...... .2.1-O 
cost equatmn ............................ 12.1-2 
standard welding (AWS) ...... .. 16.1-25 - 29 

-T- 
Tandem arc welding ....... .......... 6.3-13.15.22 
Techniques, welding 

shielded metal arc, carbon and 
low-alloy steels ........ ........... 6.2-P - 12 

submerged-arc, carbon and 
low-alloy steels ..... ... .... ... 6.3-2 - 15 

submerged-arc, carbon and low-alloy 
steels wth multiple arcs ........ ... 6.3-13 - 15 

semiautomatic self-shielded flux-cored, 
carbon and low-alloy steels .... ... .. 6.4-6 - 9 

full-automatic self-shielded flux-cored, 
carbon and low-alloy steels . ... ... 6.4-9 - 11 

shielded metal-arc, stainless ..... . ..... 7.2-4, 5 
submerged-arc, stainless ....... ......... 7.3-3 
shlelded metal-arc, alummum .. ... ..... 9.2-2 
gas metal-arc, aluminum ..... .. ........ 9.3-7 
AC TIG, aluminum ........ ............. 9.4-7 - 9 
DCSP TIG, aluminum ......... . ........ 9.4-9 - 11 
DCRP TIG, aluminum ................ .. 9.4-11 
underwater .......... ............ .... 13.1-2.3 
galvanized steel .................. 13.2.I,2 
pipeline ................ ..... 13.3-2 - 8 
clad steels ............................ 13.6-l - 7 
hardsurfacing .................... 13.7-10 - 19 

Temperature conversion tables ......... ... 16.1-52 
Temperatures, preheat and interpass ..... ..... 3.3-l - 5 

Tensile strength ............................ 1.2-1, 2 
Tension loading .............................. 2.1-8 
Terms and definitions, arc-welding .......... 16.1-l- 24 
Tests 

tensile ................................. 1.2-1.2 
mechanical properties, flux-cored welds ......... 6.4-2 
AWS procedure qualification ............. 11.3-l - 3 
AWS weldor qualification ................ 11.3-2 - 6 
AWS welding operator qualification ........... 11.3-6 
AWS qualification tests for piping 

and tubing ....................... 11.3-15 - 24 
ASME qualification tests fcr pipe 

and plate ........................ 11.3-24 - 35 
API qualification tests for pipeline 

welding ......................... 11.3-35 - 38 
abrasion and impact resistance ........... 13.7-19.20 

Thawing water pipes ...................... 13.8-l - 3 
Tinermal arc blow ............................ 3.2-3 
Thermal conductivity 

definition ................................ 1.2-6 
of commeraal metals ....................... 1.2-l 
effect on shrInkage ......................... 3.1-4 

Thermal expansion ...................... 1.2-7 ; 3.1-3 
TIG welding ...... 1.1-7; 4.1-17 - 20; 4.3.10,ll; 5.4-4, 5 
Time, welding ............................... 3.1-7 

TIG, welding ...................... 1.1-7; 4.1-17 - 20; 
4.3.10,ll; 5.4-4.5 

Time, welding ............................... 3.1-7 
Timers, synchronous ...................... 4.4-9 - 11 
Tolerances, manufacturing .................... 2.1-39 
Torches 

TIG ............................. 9.4-5; 5.4-4.5 
arc-gouging .............................. 13.5-4 

Torsional loading ....................... 2.1-15 - 18 
Toughness of metals .......................... 1.2-5 
Transfer of forces ..................... 2.1.19,36,37 
Travel speed, arc .............. .6.2-15; 6.3-4, 5, 14,18; 

6.4-9 - 11; 6.5-2, 3; 9.1-2 
Tronble-shooting .............. 6.2-17 - 19; 6.3.26,27; 

6.4-9; 13.5-4; 14.1-6, 7 
Tubular sections ............................ 2.1-17 
Tungsten carbide .......................... 13.7-1,2 
Tungsten inert-gas welding .......... 1.1-7; 4.1-17 - 20; 

4.3-10, 11; 5.4-4, 5 
Twin-electrode welding ............ 4.3-7 - 9; 6.3-21, 22 

-U- 
Iiltimate wergy resistance ..................... 1.2-5 
Ultrasonic inspection .................... 11.2-14, 15 
Underbead cracking ................... (see Cracking) 
Undercut .......................... 6.2-18: 11.1-4.5 
Underwater welding ...................... i3.1.1 i 4 

-v- 

Ventilation .............................. 15.1-4.5 
Vertical-down welding .................... 13.3-2 - 4 
Vertical-up welding ................. 6.4-11; 13.3-4 - 6 
Visibility, arc ............................... 5.5-6 
Visual inspection ......................... 11.2-I - 5 
Voltage 

constant ...................... 4.2-2; 4.2-6; 6.3-22 
variable ................... 4.2-2, 5, 6; 5.1-4; 6.3-21 
effect of variations .......... 6.3-3 - 5; 6.4.7,8; 6.5-2 



-W- 
Water piping, specifications for .................. 2.4-3 
Weights of steel shapes .................. 16.1-43 - 46 
Weights of steel weld metal ................ 12.1-3-8 
Weldability 

carbon and low-alloy steels ........ 6.1-l - 20; 6.2-21; 
6.3-23; 6.4-13, 14 

stainlesssteels ......................... 7.1-1-12 
aluminum and aluminum alloys ............ 9.1-l - 6 
copper and copper alloys ................... 10.1-l 

,,Weld bead metallurgy ....................... 6.1-3, 4 
Welded design 

general considerations ...................... 2.1-1 
factork that affect ...................... 2.1-2 - 6 
design approach ........................ 2.1-6.20 
for strength and rigidity ..................... 2.1-7 
evolution of a design ................... 2.1-28, 29 
qualitative vs. quantitative methods ....... 2.1-29 - 31 
meetmg a design problem ................ 

,;~,;jJelders 
2.1-31, 32 

................................. 4.2-l - 8 
;:;, AC transformer ........................ 4.2-2 - 4 /,:, ii $;,, alternators ............................... 4.2-4 

-DC transformer-rectifiers 4.2-4, 5 
generators ........................... 4.2.5,6 

selection ............................... 4.2-7, 8 
Welding arc ............................... 1.3-2, 3 
Welding circuit, basic ......................... 1.3-l 
Welding currents 

chow of .............................. 1.3.3,4 
types for submerged-arc ................... 6.3-2, 3 

Welding heads ..... ....... 4.3-7 - 10; 4.4-4 - 6; 5.4-2 
Welding operator qualification (see Qualification tests) 
Welding sequence ...................... 3.1-6, 11,12 
Welding techniques ........... (see Techniques, welding) 
Weldment layout ............... 2.1-2, 3;2.1-39 - 41 
Weldor qualification ............ (see Qualification tests) 
Weld reinforcement ........................ 2.2-2 - 4 
Weld types ... .................... 2.1-33; 2.2-I - 5 
White iron .................................. 8.1-l 
Wiredata ............................. 16.1-39-41 
Wire feeding 4.3-4 - 10; 6.3.i9, 20; 6.4-5 

-X- 
X-ray examination ........ (see Radiographic inspection) 

-Y- 
Yield strength ........................ 1.2-1, 2; 3.1-4 




