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PREFACE TO TWELFTH EDITION

This Handbook is a revision of the Procedure
Hundbook 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 ifs 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, and more than 500,000 copies were
. printed. When it became apparent that recent
I advances in arc welding made updating by the usual
vision procedure too unwieldy both editorially
d mechanically, the decision was made to follow a
fferent format.

. The present Handbook makes no pretense of
ing a complete or scholarly work. Its text is dir-
ted toward those people who have day-by-day
orking interest in arc welding — to the supervisory
and management personnel of fabrication shops and
steel erection firms; to weldors and welding opera-
tors; 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 simuitaneously 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,
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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 understanding 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 contrlbutors,
thanks are also extended.

The Lincoln Electric Company will appreciate
having called to its attention any 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 8. Sabo, Manager of Educational Services
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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 vears 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 industrially in the early 1200’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 Pyrotechnia, 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
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of Fusion Joining

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 encls were struck repeatedly 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

Fig. 1-1. Carbon-arc welding shap of the late 1800’s. Power source is a
bank of batteries. Note the dynamo on the right.
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at the Royal Institute of England in 1808, where his
discovery aroused a great deal of interes{. 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 texrm
“arc” to his discovery until 20 years later.

After the discovery of the arc, the first person
known to intentionaily 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 made 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 the distance between the rod and plate could be
controlled. Some of the heat developed was lost to
the swrrounding 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 lemp. 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 1887, 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 OLSZEWSK]I, 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 g 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
or 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.




process in which the carbon electrode was replaced
by a metal rod. After an arc was struck, the rod
gradually melted and added fused metal to the weld.
In the same vear — 1889, unaware of Slavianoff’s
work, Charles Coffin was granted a U.5. patent on a
similar metal-arc welding process. (Coffin later
hecame president of General Electric Company.)

The metal-arc process simultaneously developed
by Coffir 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,
filer metal was supplied by excess 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 ARC WELDING COMES TO
AMERICA

- 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

g. 1-2. A portable arc welder of the early twenties.
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Fig. 1-3. An early machine for welding the longitudinal seam in a hot
water tank with an automatic carbon-arc welding head.

confounded when Enderlein introduced a copy of
the Mechanics Handbook, published in England in
1888. This handbook contained a woodcut unmis-
takably showing a shop using the metal-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 metal-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 the electrode was embrittled by
reaction with the air. In an attempt to overcome
these difficulities, researchers developed a number of
electrodes that were lightly coated with various
organic or mineral materials. Oscar Kjellborg, 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.8. patent for 2 heavily
covered electrode, that industry had an clectrode
capable of producing weld metal with good mech-
anical properties. The early covered electrodes, how-
ever, were slow in gaining acceptance hecause of
their cost. The covering process required expensive
production operations, involving the application of
asbestos wrappings, fine aluminum wire, and other
materials.

THE IMPETUS ONWARD — WORLD WAR |

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 the 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 was erécted in 1928, using ar¢ 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 cutbreak 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 1920. Arc welding, thus, became an
accepted process for shipbuilding.

The first application of arc welding to aireraft
also occurred during World War [. 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 feollowing 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, vet 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
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building storage tanks for fuel oil, gasoline. and
petroleum -listillates. An early application of large
proportions was the construction of a million-gallon
standpipe that stood 127 feet high.

In 1928, the stee! 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 brought out several
important advances in consiruction 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 119 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-
1ous beams, which permitted lighter beams and
<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.

Fig. 1-6. An all-welded 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
after 1929, and. by ihc onset of World War 11, the
process was becoming the dominant welding
method. Prior to 1929, the largest undertaking
involving welding was the construction of a 5-ft
diameter, 90-mile pipeline 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 used. 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 the 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, thereafter, 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. 1-7. Welding stee! beer barrel. (1933)

Fig. 1-8. Two all-welded steel presses in an automotive plant. Manu-
factured by Clearing Machine Corporation, Chicago, |llinois. Capacity
100 tons. {Aprii 1839).

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



seam ahead of the carbon electrode. The heat 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
or the Los Angeles Water ‘Authority were welded
y this preocess.

- Use of a granular flux with a continuously fed
are steel electrode led to development in 1935 of
he submerged-arc process, which found its first
1ajor use in pipe fabrication and shipbuilding. A
21-ft tanker was fabricated by this process in 1936.
y 1940, the submerged-arc process was well accep-
ed, but had proved practical primarily on steel plate
wer 1/4-in. thick. About 1942, the process was
mproved to accommodate stock down to 3/32-in.
hick, and, thus, become feasihle for automotive use
nd for general metal fabrication.

* Hand-held, semiautomatic guns were developed
or the submerged-arc process in 1946. Voltage and
urrent 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 1,4 to 1/2-in. walls in diameters from 138 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 electrodes 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 early 1930’s. Later in that decade,
successful gas-shielded processes powered by DC
began to emerge from the aircraft industry in

Fig. 1-9, Chicago Bridge and !ron Company Hortonspheroid of 80.000 bbl. capacity in southern Texas. (May 1840)
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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

ks A IE 3
Fig. 1-10. Four passes are made inside the tower in this flarme-gouged

seam joining 1he head to the shell. A current of 400 amperes and a

speed of 14 inches per minute are used. The absence of smoke, spat-
tor, and visible arc rays increases operator elliciency in appheations in
close guarters such as this. Welds deposied are dense and free of
hydrogen, which reduces the tendency to cracking and elinunates
porasity. The weld must pass Xoray exarrination
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FUNNS

Fig. 1-1'1'. Smeeth clean lines, without outside stiffeners, carry ramp
on sharp 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 alumu-
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
materiais 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 1948, became known as gas metal-arc,
metal-inert-gas, or MIG welding. It proved successful
for welding aluminum, and was subsequently
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 manu-
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. 1:ae 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 resuited in a low-cost process. This
was immediately adopted by automotive shop:= 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. 1-12. Eight-ton transmission housing.




Fig. 1-13, Giant bridge girders for Mississippi River crossing between
Dresbach, Minnesota, and Onalaska, Wisconsin, fabricated by Allied

" Structural Steel.

covered electrode if it could be fed to the arc from a
continuous coil. The coverings of such electrodes,
however, tended to crack if wound into a coil, and
also there was no practical way tc feed electric cur-
rent to a covered continuous electrode. Therefore,
self-shielded electrodes as constituted could not be
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
electroues for surfacing applications.

in 1961, Lincoln Eleciric 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.

Historical Development of Fusion Joining  1.1-9

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 soniewhat. 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-cored arc-welding
process.
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particularly ultrasonie, radiation, magnetic-particle,
and dye-penetrant technigues.

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 Nativnal Bank Building in Chicago. & structure
that typifies the esthetic features achiavable through welded design.
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Properties of Materials

The mechanical and physical properties of Original distance
materials determine their applicability in the design . bEtW";ﬂ points
of a product. In the design of weldments, the prop- ?
erties of primary concern are those that indicate the N
behavior of metallic materials under various condi- ‘ ‘
tion of loading. These properties are determined in l
testing laboratories, where standardized procedures l AR 4.. U
and equipment are used to gather data.

N
MECHANICAL PROPERTIES m e ———

Mechanical properties of metals are those that
- reveal the elastic and inelastic behavior when force is

“ applied. They are:
ultimate tensile strength v‘\ NNM . ll I . ‘i\iiwﬂm“m
yield strength -~

elongation
modulus of elasticity \
compressive strength 4 z
shear strength ; o~
- H-—-—-— 2'1 2" —_——d
fatigue strength & final distance or 25%
impact strength elongation in 2
hardness Fig. ‘_I-IG. Tgnsile test spe_cimen befare and after testing to failure,
showing maximum elongation.

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. 1-17), 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 Fig. 1-17. A typical tensile-testing machine. This machine develops
within the gage marks at the beginning of the test the data for the stress-strain diagram.

K
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Fig. 1-18. 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 (¢)
is expressed in pounds per square inch, psi. The
elongation of the specimen represents the strain (¢)
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 (o).

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 necked-down
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
within 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 sizes of round
specimens.) The standard test specimen for testing a

welded joint transverse to the weld is shown in Fig.
1-20.

4-1/4"
-3/4" 208 -3/4" o
l 2" £0.005" gage
I-i length
RANNMMN _ gnnmn
PLULLL UL
&
L 0500+0.01"
R=3/8 min

Shouldered or square ends may be used if desired;
dimensions shown are for threaded ends.

Fig. 1-19. A standard tensile test specimen. The threaded ends may 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

Weld reinforcement
shall be machined
flush with base metal

l-———_\\ 10" approx 7—4

These edges may
be flame-cut

=
-
I] T —
V-3 -
‘ 'LA—/ L‘,El_
g_ X édge of
My
= widest face
W = 1-1/2" £ 0.01", if 1 of weld

does not exceed 1.
W=1"2001",ift

This section machined,
exceeds 1"’

preferably by milling

Fig. 1-20. A standard tensile test specimen for transverse test of a
welded joint.



60 .
Tungsten
50
4/‘— Steei
= 40
8
8
© 30
g
& 20
Cast iron (range)
10 i
Rubber
O LE £ 1
0 0.001 0.002 0.003

Strain {in./in.)

Fig. 1-21. Typical stress-strain curves within the elastic limit of several
materials.

elongation percentage and the reduction in area
percentage are measures of ductility.

In the design of most structural members, it is
essential to keep the loading stresses within the
elastic range. If the elastic limit (very close 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 eiastic 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 o
Strain ¢

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 cf elasticity and the stiffer the material.
(See Fig. 1-21.)

Any steel has a modulus of elasticity in tension
~of approximately 30 million psi. The American fron
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

= Modulus of elasticity E
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commercially 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 uitimate 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 conducied 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

50
_ 45
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e
w 35
§ Endurance
& 30 o2 &
! Lirmit
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Fig. 1-22. Fatigue test results are plotted to develop a O-N diagram;
stress vs. the nurnber of cycles before failure.
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Fig. 1-23. Typical machine for fatigue testing with a pulsating axial
strass,

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

L

Metal porosity =58
Marks in ground

surface = SR hardness = SR

. LE]

Fig. 1-24. Examples of stress raisers (SR} that lower the fatigue
strength.

Underbead

Unit
stress

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. 1-22.)

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. 1-23) 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. 1-24. Stress raisers can
drastically reduce the fatigue life of a member.

{o}
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Unit strain (g)

Fig. 1-26. The stress-strain diagram for determining the modulus of
resilience and the toughness in terms of ultimate energy resistance.




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.
1-25.) 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 (0,) be
the altitude of the right triangle and the resultant
strain (e, ) be the base. Then

= y vy
" 2
_ Oy Oy
E - E‘. Ey = E
o 2
_ ¥
Y T TEE
where E  is modulus of elasticity

o, is yield strength
e, isyield strain

u is modulus of resilience
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Fig. 1-27. Typical curves far 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.-lbfin.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.

Charpy
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Fig. 1-26. 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 aill 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 noich impact sirength,
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. 1-26) 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
sirength. 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. 1-27.
Hardness

Hardness, as related to metals, is the ability of
the material to resist indentation or penetration.
Two common methods of measuring hardness (Fig.
1-28) are Brinell 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. 1-28. 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 an the hardness of the mats#al.

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 Brinell 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

Elecirical 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 25

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.
1-29. Because the thermal conductivity of copper is




about five times that of iron, the match in contact

This maich j with the copper ignites first.
lights first S( The thermal conductivity of some of the com-
\ mon metals is shown in Table 1-1. The high thermal
— (/h — W conductivity of copper explains why copper is a
Iron bar Copper bar 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
Fig. 1-29. Torch starts heating both the copper bar and the iron bar at expansion and in English units is inches per inch per
the same time. The match in contact with the copper bar ignites first degree F (in./in./OF)_ At room temperature, the
because of the higher thermal conductivity of copper. coefficient for steel is .0000065 in./in./oF, usuany

expressed 6.5 x 10°¢ in./in./OF.

Coefficients for thermal expansion are not con-
TABLE 1-1. THERMAL CONDUCTIVITY OF METALS stant throughout the entire temperature range — !.’or
example, from room temperature to the melting
point. For this reason, the handbooks give a coeffi-

Thermat Conductivity
near rocm temperature

Metal cal/cm® fem/OC/sec cient within a definite temperature range.
Aluminum EC (99.45%) 057 Metals with a high coefficient of expansion
Aluminum 1100 0.53 present more warping problems, especially if the
. thermal conductivity is low. The thermal coefficient
Aluminum 6061 o4 y . .
, . of linear expansion for several metals is given in
Aluminum casting 43 0.34
_ , Table 1-2.
Copper ETP 0.93
" Red brass (15% Zn) ¢.38

Meiting Point

 Cupro-Nickel (30% Ni) 0.070 A pure metal has a definite melting point that is
“Nickel {99.95%) 022 the same temperature as its freezing point. Alloys
Monel 0.062 and mixtures of metals start to melt at one tempera-
Inconel 0.036 ture (solidus), but the melting is not completed until
Silver 1.0 a higher temperature (liquidus) is recched.

Pure iron 0.18 Arc welding a metal with a low melting point or
Steel (0.23% C, 0.64% Mn) 0.12 low solidus requires less heat input and more
Stainless stesl (Type 410) 0.057 accurate conirol of the process to prevent burn?ng
Stainless steel (Tvpe 304) 0.036 thrpugh, especially if the metal is thin. Melting
Manganese steel (14% Mn} 0.032 points of some common metals and other

temperatures of interest are shown in Fig. 1-30.
Data from ASM Handbook Vol. 1

TABLE 1-2. COEFFICIENTS OF LINEAR
THERMAL EXPANSION OF SOME METALS AT 689F

Motal tin./in./F x 10°) Metal {in./in./°F x 10°°)
Aluminum 131 Molybdenum 2.7
Beryllium 6.4 Nickel 7.4
Copper 9.2 Silver 109
Iron 6.5 Titanium 4.7
Lead 16.3 Tungsten 26
Magnesium 15.1 Zinc 220

Data from ASM Handbook Vol. 1
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oc 1 °F
6020 10,200
3500 6330
3410 6170
2800 5070
1890 3430
1870 3360
1539 2802
1083 1981
660 1220
419 787
232 449
0 32
—39 4+ —38
~78 41+ —110
~273.184 — 459.72

O

Welding arc

Oxvyacetylene flame

Tungsten melts
Oxyhydrogen flame

Chromium melts
Natural gas burner

Iron melts
Copper melts
Aluminum melts

Zinc meits
Tin melts

Ice melts
Mercury melts
Dry ice vaporizes

Absolute zero

Fig. 1-30. 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 resulits.
Since the joining is by intermixture of the substance
of one part with the substance of the other part,

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 cornected 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

with or without an intermediate of like substance,

Arc-Welding Fundamentals

;— Welding machine AC or DC
power source and controls

Electrode holder

Electrode

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°0F 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 SHIELDING

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 granulayr
flux, a fluxing or metal-improving function is
usually also provided. Thus, the core materials in a
flux-cored electrode may supply a deoxidizing func-
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 Electrode

covering —\

Molten pool
Slag _\:r
COTAY

o TH
! - U AT
o

Fig. 1-32. How the arc and moiten poo! are shielded by a gaseous
blanket developed by the vaporization and chemical breakdown oi
the extruded covering on the electrode when stick-electrode welding.
Fluxing material in the electrode covering reacts with unwanted sub-
stances in the molten peol, tying them up chemically and forming a
slrc 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.

Gaseous shield

Arc stream

Base metal

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 plasina.

Positive + -
gas + 1 I — Electrons
ions + ~ {current)
A
Cathode

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 icns flow in the reverse
direction. A negative ion is an 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 vcltage 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
he arc voltage because of increased ionization.

The difference in the heat generated between
he anode and cathode can determine how certain
.ypes of arcs are used. For example, when TIG weld-
ng aluminum using argon gas; the electrode as a
sathode (negative) can use about 10 times more cur-
ent 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 EXX10 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
tn transport the molten metal from the tip of the
electrode 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



.34 Intréduction -and -Fundamentals -

other or oxidize ar.d 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 confact 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 head and the arc is adjusted so that
resistance 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 PROPERT(ES

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
and academic training in engineering materiais and
omponents, it is unlikely that he has adequate
formation about the specific factors that enter
ito welded design. He needs to know how to use
eel efficiently, how to build stiffness into a beam,
ow to design for torsional resistance, what weld
ints best suit kis purpose, etc. He also needs many
ther bits of practical information — few of which
e taught in engineering schools or found in

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 made 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
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The Systems Approach
To Welded Design

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 that 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 paris
are involved, reduced assembly time.

4, Welding positioners which permit more
welds to be made in 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 resiricted 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 back from the load required to tilt the
machine.

Use the maximum strength of critical cables 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 indication 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 tirbular 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, Th::
laying out of a weldment foi 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; opportuni-




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 number of
pieces. This will reduce assembly time and tk =
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
possible to use long flat bar stock welded
together, or to place a special order for a
rolled-to-shape section.

In making heavy rings, consider the cutting of
nesting segments from plate to eliminate
excessive scrap.

Plate Preparation

: Flame cutting, shearing, sawing, punch-press
-blanking, nibbling, and lathe cutoff are methods for
‘cutting blanks from stock maierial. 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 may 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 incorporating 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 be 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 459 flat
fillet, very slightly 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.

Specily 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 f{illet 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, piace the 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-
sary, 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 ot
whether the entire welding operation is to be done
in the jig. The considerations listed helow 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 & 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 weiding
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 reduces preheat requiremeants.

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 452 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, 30° 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 rate.

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 double-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 inspection 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 anrd conservative of inaterials.

When assigned to design a we'ded steel member,
however. the enginecr 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 fromn 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 pericd 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 strength is important, since exces-
sive deflection under load would ruin the precision
of the product. A design based on loading also
equires the use of design formulas for sizing
members.
Sorue parts of a weldment are classed “no load,”
meaning that they serve their design function with-
ut being subjected to loadings much greater than
heir own weight. Typical no-load members are
enders, dust shields, safety guards, cover plates for
ccess holes, enclosures for esthetic purposes, etc.
nly casual attention to strength and rigidity is
equired 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 2 member. The
result is a strain measured as elongation, contrac-
tion, deflection, or angular twist. A useful member
must be designed to carry a certzin type of load
within a certain allowable stress or strain. In design-
ing within the allowable limits, the designer should
select the most efficient material 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 Sugpgested 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 2-1. COMPONENTS OF DESIGN FORMULAS

Load
Application Type Value
steady tension force, Ib
impact compression moment, in.-lb
fatigue {repeated bending torque, in.lh
cyclic variable} shear
torsion
Membar

Property of material Property of section

area, A
length, L
moment of inertia, |
(stiffness factor in bending)
section modulus, S
{strength factor in bending)
torsional resistance, R
{stiffness factor in twisting)
radius of gyration, r

tensile strength, 0
compressive strength, O
shear strength, 7
fatigue strength

modulus of elasticity (tension}, E

modulus of elasticity (shear), E,

Stress and strain

Stress Strain

tensile stress, O resulting deformation,
elongation ur contraction, €
vertical deflectica, A

angular twist,

compressive stress, 0
shear stress, T

The use of design formulas may be illustrated by
the problem of obtaining 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. 2-1). The following
deflection formula may be used:

FL3
3E1

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.

A:
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Fig. 2-1. Deflection (A) of a cantilever beam under a concentrated
load (F}

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 10° 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 inextia, he will
have satisfied the deflection requirement, whatever
the shape cf 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
with steel 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 siress 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

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
strains 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,

moment arm __,/

fb)

e - ——— - _————

{c}

Fig. 2-3. la) Tensile forces applied on a curved bar result in bending
moment diagram as shown in (b}, (¢} bending moments tend to cause
bar tw move in the direction shown, thus reducing curvature.
{llustration exaggerates movement),

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




(usually measured by the ratic 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

lp P P

..uH”“"m““"""m"Im"mmllm.

E
fam (b)_'{ fc)

.. Fig. 2-4. (a) Straight column with concentric load; (B with increased
oading, column tends to move taterally; {c} bending rnoment diagram
s a result of lateral movement; (d) additional buckling a: a result of
hending moment.

fd) e

central portion of the column is then eccentric with
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 cclumn 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.

X A

Y |
Fry4
| |
| |

| 1
I Ny
| |

|
I
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!

Fig. 2-6. Radius of gyration abeut the x-x and y-y axes of a column.
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Two properties of a column section — area, A,
and radius of gyration, r — are important to cor:-
pressive strength. Area is important because it must
be multiplied by the allowable compressive stress to
arrive at the compressive load that can be carried.
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, sincer ="\ , %— , 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.

TABLE 2-2. ALLOWABLE COMPRESSIVE STRESS {A!SC)

Range of Average Allowable
L Compressive
— Values .
r Unit Stress (0)
(lél. 2
CtoC, . - . - 1 Oy
¢ | FS
C, to 200 o - Moxiol
C o KL)Z
—
where: . 3
5 (KL) ( KL
2t e 5 r ra
cC.= and F§ = — + - gy
c o, 3 8C, 8C,

1. For very short columns this providos a {actor of safety of 1.67; for
longer calumans this gradually incroasas {by 15.0% max) up 10 1,92
(Formulas developed earlior wero based on a uniform 1.8 factor
of safety.)

2. FS = factor of safety; O = yield stroength;

K = effective length factor.

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 (f_") 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

. L
slenderness ratios, =

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

Load

AREARRERTRIRRRIIL
S Py

ension
e Ten

- 0

Fig. 2-7. Bending of a beam with unifcrm 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

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

N S
|
oMoy _ 4
| neutral axis

Fig. 2-8. Bending stress at any point {c) in the cross section of a
straighi beam may be readily calculated.

where M is the moment at that point and cg 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:

— ¥
7 c
I S neutral axis

Fig. 2-9. Maximum bending stress in the outside fibers {c) of a beam 1s
of greater 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
length of the beam toward its end, the bending
~ stresses in the beam also decrease. This means the
bending force in the flange is decreasing as the end
of the beam is approached. If a short length of the
tension flange within the beam is considered, as
shown enlarged in the inset above the beam in Fig.
2.10, a difference in the tensile forces at the two
ends is found to exist.

Short length

My  fla M2
Fl"‘_ of flange . Fp =5~
*—-V/////// //// hand
Load \.____ ”‘_S_hear I, |
b3 el llllll
: ! IT
f o _‘
M !
M3
...

moment

g. 2-10. Tensile forces existing in the flange of a beam under load.

How can a tensile force at one end of a plate be
different from that at the other end? The answer is
. that some of the tensile force has transferred out
“ sideways as shear. This means that, whatever the
‘decrease in the tensile force in the flange, there is a
corresponding shear force between the flange and
the web through the fillet welds joining the two
together. The same thing happens on the upper
flange, which is in compression. The decrease in
tensile force in the lower flange transfers out as
shear up through the web to the other flange and
makes up for the decrease in compression in this
flange.

Shear Loading

Figure 2-11 illustrates the shear forces in the
web of a beam under load. They are both horizontal
and vertical and create diagonal tension and diagonal
compression. Tension is not a problem, since there is
little chance of the tensile stress reaching a value
high enough to cause failure. If the diagonal com-
pression reaches a high enough value, however, the
web could buckle. For this reason, structural codes
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Fig. 2-11. 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:

Fig. 2-12. Shear force on the fillet welds connecting the flanges of a
beam to the web may be calculated by the formula for ().

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
number of welds used to hold this &rea.
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PROBLEM: Find the required moment of
inertia {I) of the following beam.

m Type of Beam = 4—t—’

{2} Length of Beam = 120 inches

{3) Load on beam = 10,000 pounds

{4) Allowable unit deflectuon =.001
inches-per inch.

(5} Read requirad moment of inertia |

=100 in4 )
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Bridge girder design with a hinged connection.

wlL
ST R =v- YL
A -*X—I T _ L
: L load | Vx w(f—x
t ~
j_|'"“2 "'/2_"1 At center, My = %l—'—
v {_i_
r: v M, =% {L — x)
! shear n_r
1 4q
M¥ : i At center, Amax =%\i'3—\lel:ET
maX| |
[ ;IN Ax = S (L -20¢ +x0)
moment e
At ends, 8 = S4E]

Fig. 2-15. Typical beam probiem, solvable with nomographs in Figures 2-13 and 2-14.
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This weldad 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. 2-13 and 2-14,
are useful for quick approximations of the deflec-
tion with common types of beams and loads. An
example of a typical beam problem, along with
applicable formulas, is shown as Fig. 2-15.

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 impgrtant
~that its shape be such that it will not buckle easily;
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

Compression 1 =
flange rotates

web buckles

Fig. 2-16. Mcde of initial faiture 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 1 sections by intermittently
welding flat plate to the toes of the rolled sections,

Fig. 2-17. (a) Use of closed box sections o resist torsion; (b) use of
diagonal bracing to resist torsion.




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 45° to the axis of the frame. This also
increases the torsional resistance by several hundred
times. '

W

f

(/222 '

Fig. 2-18. Cross-sectional dimensions of flat section whose torsional
resistance, R, is to be determined. o

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:

Wt
R =3
where
R = torsional resistance
W =  width of the flat section
t = thickness of the flat section

Table 2-3. Angles of Twrist

N t=.055 | t= .055
loadings . 2
identical ;__l {j [~
L‘ —
Conventional
method
J .065° | 007°
polar moment
of inertia
Method using
R 2180 | 7.3°
Torsional
Resistance
Actual
twist 220 9,50

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
9-1/2 degrees; and when a similar piece was rolled
into an open-seam tube, the measured twist was 11
degrees. Closed sectiors made from the same width
of material gave, however, torsional resistances from
50 to 100 times as much.

Table 2-4. Angle of Twist of Various Sections

t=.060 |t=.060]| t=.060| t=.060 | t= .060
alt p_—
loadings 3‘;- % O
identical 1
Conventional

method
J ne

polar moment
of inertia

.006° .04° .04° .045°

Method using
R
Torsionai
Resistance

9.59 9.70 100 040 06°

Actual too too
st 9° 9.5¢ 112 | small to | small to
measure | measure

Table 2-4 shows the calculated values of twist by
using 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. Frames made of two channels {a} or two box sections {b)
show greatly increased torstonal resistance,
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Fig. 2-20. Torsional properties, R, of closed tubular sections.

‘approximately equal .to twice the torsional resist-
~ance 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:

TL
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:

6 =

A = area enclosed within mean dimensions
{(dotted line} (in.?)

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

t =

corresponding thickness of section (dg)
(in.)

Ts = shear stress at point (s) (psi)

R = torsional resistance, (in.?)
T = torque (in.-lb)
E, = modulus of elasticity in shear (steel =

12,000,000 psi)

total angular twist (radians)

unit angular twist (radians/in.)
length of member (in.)

mean dimensions of section (in.)
radius of section (in.)

e D
o
i Hn

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.

_ 0
¢ = T

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

T = ¢tE, = Tt
R

The torsional resistance of any closed tubular
shape (Fig. 2-21) can be determined by drawing a




Fig. 2-21. 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:

Twisting

Fig. 2-22. Twisting of fiat strip of steet.

Ji-

~

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

Bending on Edge

~

{a} {6/

Fig. 2-24, {a) Frame with cross ribs shows little resistance against
twisting. (b} diagonal bracing offers exceptional resistance to bending
and to twisting of the entire frame.

longitudinal shear

/ transverse shear

twisting actio
—

— o

Fig. 2-28, Transverse and longitudinal shear stresses in a frame under
-torsian.

transverse A .
shear tensile or cormpressive
o component
twisting component
cancels out ; longitudinal
shear

diagonal brace
* ¥

. side of frame

Fig. 2-26. Transverse and longitudinal 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 is
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 45° 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




the same direction to place one edge of the brace in
tension and the other edge in compression, hence

. the diagonal brace is subjected to a bending action,
~ which it is capable of resisting, and thus the diagonal

bracing greatly stiffens the frame.

Transfer of Forces

Loads create forces that must be carried through
the structure the engineer is designing to suitable
places for counteraction. The designer needs to

~ know how to provide efficient pathways.

One of the basic rules is that a force applied

~ transversely to a member will ultimately enter that
. portion of the section that lies parallel to the
- applied force.

\O_
i

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

Figure 2-27 shows a lug welded parallel to the
ength of a beam. The portion of the cross section of

- the beam that lies parallel to the applied force — and
© thus receives that force — is the web. The force in

the lug is easily transferred through the connecting

* welds into the web, and no additional stiffeners or

$r

Fig. 2-28. Lug welded at right angles to the length of a beam (left};
force causes flange to deflect right).

~ form transfer of force
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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-

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
be designed to carry the
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 fo 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. 2-29. Stiffeners welded in-
side the beam in line with lug of
Fig. 2-28,

) -
/"- ..,__I_!‘_.f/
"-—__- _...-p’

'L F
Fig. 2-30.Force applied to web of heam, paratlel to flanges, causes
excessive bending.
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1/2F 1/2F

L

Fig. 2-31. Lug welded to flanges as shown to 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. 2-32. 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.

v ./ N/ \
AVAVAVY,

N 7,
\ i
N 7,
kY 7
N
”
7, N
7 ")
7, ™
)

Fig. 2-33. Diagonal bracing made with bent plate (top); enlarged view
of intersection of diagonal bracing, showing jog (bottom).

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

B2

A

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.




<ross section
of boom

Fig. 2-35. Schematic of automatic welding head (left}; 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
and amount of loading. This load will produce ver-
tical deflection, which he arbitrarily decides should
not exceed 1/8 inch. Even though there is no known
horizontal force applied to the beam, he assumes
that he should design for a horizontal force of about
one quarter the vertical force.

At this stage the problem is fairly well described.
The engineer considers the possible use of a rolled
1 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 1/8 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 Lecouies apparest
from investigation that the electrical circuifry 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 iz the wrong
design for this situation since the moment of inertia
along the vertical y-y axis (I ) is much less than that

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

Material Selection

In this case — as in mosi 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:

KFL3 _
A ol and F = ma
_ Kmal.?
therefore A= —g7—
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.? and the respective
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moduli of elasticity are 10.3 x 10¢ and 30 x 10° psi,
inserting the ratios of these values (aluminum to
steel) into the above deflection formula, one
obtains:

(0.100 )

Aatumi - (1) \0.284 /(1) {(1)?

aluminum 103 x 106) 1
( 30 x 10° (

Aaluminum = 1.03 Asteel

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 = KAdaL* 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—%in 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, ithis ratio
should be minimal. Or, the ratio could be inverted
to give the opposite of deflection, namely stiffness.

A ratio of X 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 1-is the

A
radius of gyration, r, the ratio becomes:
L _ .
A =T

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, thus decreasing 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 2-5. EQUIVALENT RIGIDITY FACTORS

Compression
STEP 1 -- Determine Short Long
the Type of Loading Tension Column Column Bending TForsion
STEP 2 — Determine Polar
this property of the Area Area Moment Moment Moment
cast member. of Inertia of Inertia of Inertia
A A | | J
STEP 3 Muitiply the above pronerty of the cast member by the following factor
to get the equivalent value for steel. *
EQUIVALENT FACTORS
Grey lron ASTM 20 40% 40% 40% 40% 40%
ASTM 30 50 50 50 50 50
ASTM 40 63 63 63 €3 63
ASTM 50 67 67 67 67 67
ASTM 60 70 70 70 70 70
Malleable A47—-33 35018 83 83 83 83 100
A47--33 325610 83 83 83 83 100
Meehanite Grade GE 40 40 40 40 40
Grade GD 48 48 48 48 48
Grade GC 57 57 57 57 57
Grade GB 60 60 G0 60 60
Grade GA 67 &7 67 67 67
Cast Steel {10 — .20%C) 100 100 100 100 100
Magnesium Alloys 22 22 22 22 20
Aluminum Alloys 34 34 31 34 32
E E E
c [ c E. E.:
A =—A A.=——A l,=—1 = — = —
s E, °© S g, © g I E, e | Js E, I

Subscript *'s’’ is for steel; “‘c” is for casting

* The factors above are based on published values of moduli of elasticity.

The following example illustrates the use of complete cross-sectional view through the cast base
“equivalent sections by presenting the problem of 1s needed. In the view obtained from the pattern
redesigning the cast-iron (ASTM 20) base shown in print (Fig. 2-38), the shaded areas indicate the sec-

Fig. 2-37 as a steel weldment. tions that run continuously through the base, acting
It is desirable that the welded-steel base be as to resist bending. The moment of inertia, I, about
rigid or even more rigid than the case-iron base. the horizontal and neutral axis must be obtained by

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, 1. A

Fig. 2-38. Pattern print — cross section through cast-iron machine
Fig. 2-37. Original cast-iron machine base, ASTM 20 {4900 ibs). 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 Column Bending Torsion
STEP 2 — Determine Polar
this property of the Section Section
cast member Area Area Modulus Modulus
A A S . 2
[
STEP 3 Multiply the above property of the cast member by the
following factor to get the equivalent value for steel.*
EQUIVALENT FACTORS i
Grey lron ASTM 20 21% 94% 21% 28%
ASTM 30 31 123 3 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 &7 73
Cast Steel (.10 — 20%C) 75 75 75 75
Magnesium H-alloy, AZ63,
TG, HTA 50 50 50 33
C-illoy, AZ92,
T6, HTA 50 60 50 37
Aluminum 18574 40.0 40.0 40.0 43.3
Sand T6 45.0 45.0 45.0 50.0
Castings 220 T4 57.56 57.5 57.56 55.0
355 T6 43.7 43.7 43.7 46.6
T7 47.5 475 475 46.6
356 T6 41.2 41.2 41.2 43.3
T7 425 425 425 40.0
A GCA A OCA UCS (J) O¢ (J)
= — = —A, = — ) —f—
3 X c [ o, s 0, c A o, JA
Subscript “'s” is for steel; "c" is for casting

* The factors above are based on published values of tensile, compressive, and shear strength,
using a safety factor of 3 for mild steet and from 4 to 4.8 for the cast materials, depending

upon ductility.

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.?

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 *‘Design of Weld-

Fig. 2-39. Obtaining the moment of inertia about the horizontal
neutral axis of the cast-iron maching base with special | rule.

?;fg:;tas,)" by Omer W. Blodgett, J.F. Lincoln Arc Welding Foundation




Fig. 2-40. Suggested redesign of cast-iron machine base in Fig. 2-37,
for welding.

in.* 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*, or
1.8 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
st base are converted to steel. Figure 2-41 shows
e final weldment, which has 1.8 times the rigidity
ut weighs 49% less and costs 38% less.

Fig. 2-41. Final design of welded steel machine base (2500 Ibs).

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.

_}-—_—-—-—
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Fig. 2-42. Original cast-iron motor base {681 tbs).
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Fig. 2-43. Nomograph for determining required thickness of steel
section for rigidity equal to cast segtion.

2. In a rigidity design, there must be sufficient
moment of inertia to resist a bending load.
When the shapé 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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Fig. 2-44. Nomograph for determining required 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 3/8-in. top and 1/4-in. 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 3/8-in. 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 3/8-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 ibs) with three stiffeners on 1%-in. centers.




Fig. 2-46. Second redesign of casting in Fig, 2-42: welded steel base
{274 |bs) with four stiffeners on 12-in centers.

shearing and welding, The weight has been reduced
to 41.3% of the cast base and the cost is about 30 to
35% that of the casting,
The redesign program can be taken even further.
If the moment of inertia of the cast base is found, it
. can be multiplied by the equivalent rigidity factor
- (40 percent). With the redesign based on an equiva-
“lent moment of inertia, the base can be made from
5/16-in. steel plate bent into the form of a channel
(Fig. 2-46). Bending eliminates preparing the edges
for welding, as well as welding three pieces together.
A brake-forming operation may increase the cost for
one-of-a-kind or small-quantity manufacture, but
would result in lower cost if several were to be made
at the same time. Note that an additional stiffener is
required because of the thinner top panel.

Fig. 2-47. Final design of casting in Fig. 2-42: welded steel base {248
lhs) with five stiffeners on 10-in. centars.

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

DESIGNING FROM LOAD CONDITIONS

A motor base, such as the one discussed, may be
a 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-
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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).

|
Deflectien at middle

Maximum deflection

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 be used for design pur-
poses. This is justified since the deflection at the
midpoint is always within 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 be used
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A=A|+ Az

Fig. 2-560. Total deflection, A equats sum of individual deflactions.

in a reverse manner to find the required section of a
member, as it is represented by moment of inertia, 1.
For an allowable deflection, A, at the centerline,
each load, taken one at a time, will require a section
with a moment of inertia (I,, I,, I3, 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 evolutionary process. If a
casting broke because it was overlcaded, the next
casting was made heavier in the weak region.

P,

— b

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
awlkwardly.

In weldment (b), the designer reduced the
bottom panel thickness to 3/8 in. by geing to the
equivalent of 1/2-in. cast iron. But to provide ade-
quate width for 3/8-in. studs, he used 1-in. plate for
the side members of the housing. In order to make
the housing oiltight, the side members are continu-

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

Fig. 2-52. Evolution of welded design of a gear housing. Original
casting (a}; first redesign — bottom plate thickness reduced (b);
thinner member used (c).
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ously fillet-welded to the bottom plate on the out-
side; they are also intermittently fillet-welded on the
inside. Welds will be required at all corners, as well.
The design satisfied function, but the 1l-inch thick
side members stand out as a wasteful use of
material.

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

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

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

welded steel

$ N O DR \\\_\4"" :// N, A Oy
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Fig. 2-53. Gear housing. Qriginal grey iron casting (top); suggested
weldment replacement {bottom}.

ment and proper position by the 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 suppprt through a single plate.
Stiffeners 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
boited 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
gquantitative. Qualitative analysis answers the
question, What is the unknown? Quantitative
analysis determines how much of a substanceisina
given sample. 1t is wasteful to yun a long and tedious
chemical quantitative determination when only the
question of what 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

. O 9"~m-1w{”/|s"
Design A = EZZZ‘TZZET
5?“12--__*..115/9"
b T T T .
_ T Design B
237"
e’
- i
B I iy it

Fig. 2-64. Comparisons of two beams with shosk 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:

o2 IL
U = g8
c

Setting up the ratio of Uy 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, 1, and the distance, ¢, from the
neutral axis to the extreme fiber, and their values
are such that the ratio becomes 1:1. 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 1.

Design A Design B
I =5334in.* I = 20964 in*
¢ = 6.06 in. ¢ = 11.94 in.
E = 30 x 10° psi E = 30 x 10° psi
gy = 36,000 psi oy = 36,000 psi
{.= 12 ft. {.= 12 ft.

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.

{7 T TITE I

A A
L) )

Fig. 2-55. Welded frame box section.

The welded frame in Fig., 2-55 is made as a box
section, How caii hiorizontal 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-hevel 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

v 4

Fig. 2-66. Tension and compression forces snter column through butt
welds,



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
enfer 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 ao 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-

em, in reality is not a problem. The outside flange
late is now made in one length and does not have
o 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

Je\'j 1 f
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Fig. 2-57. Original steel casting.
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- Fig. 2-58. First weldment design of casting in Fig. 57.

Fep

Fig. 2-59. Force, F, is transferred into area {a), which lies parallel to
the force.
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Fig. 2-60. Second weldment design of casting in Fia. 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 (¢) 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 8-in., 11.5-1b channel sections. There are
some l-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 1/4-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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C8 x 11.6#

Ly

Fig. 2-61. Detail of section of welded frame made of lengths of 8-in.,
11.5-1b 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
difficuit 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 bess
of rectangular section. As shown in Fig. 2-62(b), this

Fig. 2-62. Section of welded gear housing. la} Original boss; {b)
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 iob in which plates of the same

—J2-1 /8" b

Fig. 2-63. Complete-penetration double-bevel groove joint.

Fig. 2-64. Incorrect specifications would have resulted in the massive
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. 2-64. This
would have involved the deposition of 8.67 pounds
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 1-1/8 in. on each side, the bevel

1-3/4"

.l

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



is 1/2 in. on the inside face of the joint and 1-3/4 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

fal f&i fe}

Fig. 2-66.The correctly designed joint shown in {a} could not apply
when the part had to be redesigned. |f the designer had not been alert,
he might have specified the joint shown in (b} when making the
““change. 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 peossible 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 vertical
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-
cation costs 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
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Fig. 2-67. (a) Original fillet weld between rim and disc of a gear; (b)
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 large 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 weld 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 reaily 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 1/2-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
1/2-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 1/2-in. fillet, would
have superfluous load-carrying capacity, and could
be produced for about one quarter the cost.

L 7T
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Fig. 2-68. Internal diaphragms welded to side members of weldment
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 1/2-in. continuous fillets. A full-
strength weld would require a fillet leg size equal to
three-fourths the plate thickness. Since 3/4 x 8/4 =
9/16, the 1/2-in. fillet welds are almost full-strength
welds. With this amount of welding on these
diaphragms, it should be possible to weld attaching

Fig. 2-70. Thearetical test of weldment in Fig. 2-69.

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 apari 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 adjacent to the diaphragm. Intermittent
fillet welds of 1/4-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 from cast housing fer 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 together. The original casting had a pair of
brackets on the sides of the 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, of course, no point in bolting the handles
to the brackets. They can be welded directly to the
housing,

The Specification of lntermittent 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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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
r the loads. The 6-in.-diameter tube in the center
as 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.

Fig. 2-73. (a) Weldrrent faiiad at fillet welds joining tube to ribs under
servere torsionai load; {b) suggested redesign

When this happened, the weldment failed at the
fillet welds joining the tube fo 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-in,
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

fa)

b}

Fig. 2-74. Clamp with wetded 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 clamp.

If the steel rack is supplied in short lengths, and
several of these lengths are used on the clamp, a
sericus 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 shouid
be welded in line with the flanges of the channel.
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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 th;a load.
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Fig. 2-76. Change of direction of opposing forces. {a) abrupt change;
{b) 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).

11/2" g
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l” ...:.'::‘: 11.54]
|

Fig. 2-75, (a) Section of frame made of channels; (b} 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
scurved beam, increasing both the bending force on
“the inner flange and the radial force.

Fig. 2-78. Tension in 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 th: 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
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Fig. 2-79. Gooseneck used in earth-moving trailer, reinforced with
patch plates,

T

works. A better way of 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 be increased
in thickness.

lower compressive
bending stress

| N

o shifted
S .

. A bt

high tensile \

bending Y

stress \

neutral
axis

Fig. 2-80. Gooseneck reinforced in accordance with sound engineering

practice.

Incorrect ldentification 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

Wrap around
added for
reinforcement

Fig. 2-81. Location of failure in frame supporting rotating truck
boom.
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Fig. 2-82. Faiture analysis of frame in Fig. 2-81 suggests that lower framing members lack compressive
strength. (a) Conditions with boom in far left position; ib) conditions with 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-lIb weight at the extreme
end of the boom 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 the far left position — Fig.
2-82(a) — the top part of the horizontal membe of
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 position 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 smali, 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

relatively 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
to the press frame design illustrated in Fig. 2-84,
since if a fatigue crack develops ai a stress raiser (a),
bringing the side plates in toward the center of the |
beam will not put the stress raisers in regions of

l
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Fig. 2-83. Bearm with cover plates added as strengtheners {topl; '
bending moment diagram {bottom).
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Fig. 2-84. Press frame design (top); simplified diagram showing forces
{center); bending moment diagram (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.

.Anticipating Trouble
.~ The designer does not always know what prob-
‘lems might develop when the product he is working
__'on is put to use. He may be able to weigh the
‘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 make 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 based not on load or
service requirements, but on ease of repair, should
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
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Fig. 2-85. (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
shop should he consulled for ideas relaiive 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-
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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 S = 2

Fig. 2-86(d). Stiffeners can be made from plate
or welded bar stock, as in Fig. 2-86(e). \

. . . - - = i
Gain a stiffener by bending the edge of a sheet 0 ?—‘Ili \Hl‘\l‘l\!l\lllk‘l‘\ll‘lllll\m \!lllillllml

before welding to the next sheet, as in Fig.
2-86(f).

If the section has a cutout, arrange the cutout so Original Stock  Material Sav .
the material can be used for pads, stiffeners, gear ..rlg_"_'?.;_mc ater_“il_s N _ed oy we"i‘mg
blanks, etc., as in Fig. 2-86(g) and Fig. 2-88(c).

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

Roll rings instead of
cutting from plate

NN

: /
Rl e T - Weld bars together instead of
1 cutting from solid plate
if welding cost is tess than
sCrap saved.

Flame cut rings from thick plate.
Try to use inner disc to reduce scrap |oss.

(b)

L.ay out sections so they can
be nested to reduce scrap oss,

fc)
Nf\ .
(L A VY A WY
/ ¥ f
Press : K
indentation Put flange c )
in flat panel in flat plate (d)
increases stiffness to increase

(Cj stiffness (d} \\

Cut segments for heavy ring from
Stiffeners can be made of flat H
PIate or bars wotdan togathe, thick plate and nest so as to reduce

(e} e scrap, (e y

o
1
!
i
- !
]
1
Gain g stiffener by A L :
bending up the edge o ; ; J
the 3180+ bators welding Arrange cutout section so it can
10 the next shoat, £ be used for something else, { y . ] L
ff) rectangular for pads, etc. g {f)

Fig. 2-86. Methods for using material efficiently. Fig. 2-87. Methods for avoiding wasted material.
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Design joints for accessibility. Figure 2-90 shows

7 situations where accessibility is a factor in
welding efficiency.
Design joints to minimize the problem of burn-
/ through. Figure 2-91 illustrates how to avoid
burnthrough problems.
j \\y/ 60" 45  30° 20°
Try to design sections / ma : utomati
i s iU a a atic
;ﬁ:?:ﬁ;:;ig:e&mg Consider whether / fb}

-~ ALY % Z
\

\% Y, —

\ .

NN ‘\k\ N

Arrange cut out section $0 it can be used

L H
. for something else, rectangular sections
for pads, stiffeners, etc. (C}
Fig. 2-88.
. . . %
Roll rings from bar stock instead of cutting from
heavy plate, as in Fig. 2-87(b). :

o
concave convex 45" fiat

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 High currents and slow travel to deposit
fabrication costs. : required metal may cause burn-through.

Use the minimum amount of weld mzial.
Shaded areas in Fig‘ 2-89 indicate the amount of Fig. 2-89.Use minimum amount of weld metal. Shaded areas indicate
added weld metal. added metal. Automatic welding eliminates need for beveling.
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when making these fillets
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Fig. 2-90. Design for joint accessibility,

Drawing calls for flush weld
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Copper —"

May burn
through here

This is too much weid metal to fill in one
pass. On thin metal copper backing
is needed or multiple pass

This joint cannot be filted in one pass
without backing — try offset corner

Z 7

One fundamental rule ta remember

Less than 50% when
gap is present

Burns through
Doubtful
N

About 60% penetration is all that can be
safely obtained with one pass without
backing on a joint with no gap — even
less when gap is present.

Corner will meit

Don‘t expect to fill V with
one pass unless backed up

Vel
» Will burn i ' @ g
T through A
W] ok for hand welding
less ™ )
/“Tuxd ¥ 7 These welds look good on drawing
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but are tough to make

Large weld will burn
through thin metal

L

A ___

\ Try to have heavy piece
underneath for backing

s Easy

Very difficult to fili

4

Looks easy on drawing but should be avoided
if nossible, Have joining members at
right angles to pipe

Fig. 2-91. Singie-pass welds requiring large amounts of metal tend to burn through, especially with automatic welding.

Try to avoid placing pipe joints




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. Qil, 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 duplicate
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
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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,
subassemblies.

are easier on

Subassemblies usually provide better access for
welding.

It is easier toc contrcl distortion or locked-up
stresses in subassemblies than in whole
assemblies.
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Rigidity is of primary importance in this design.




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 all but

TYPES of WELDS
TYPES of IOINTS

Single Doukle
b T @® | | |g 1§ —

Square E@E %8:]
= e |23 DK
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Fig. 2-92. Joint designs {ieft); weld grooves {right}.

b
(L ]

corner corner

Fig. 2-93. Single-bevel weld used in T joint {left) and corner joint
(center); single-V weld in corner joint (right).

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

The Design of Welded Joints

welds are also widely used in machine design.
Various corner arrangements are illustrated in Fig.
2-94. The corner-to-comer joint, as in Fig. 2-94(a),
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 burn 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

. (a) (b) fe)
fe) ()

fd)

Fig. 2-94. Various corner joints.

through, and requires just half the amount of the
weld metal as the joint in Fig. 2-94(a). However. by
using half the weld size, but placing two welds, 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 to 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,

- : % VS H
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éad Good Bad Good

Fig. 285, Size of weld should be determined with reference to

thinner member. gﬂ
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Fig. 2-96. 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. 2-96).
The throat, a better index to strength, is the shortest
distance 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. 2-97) is used for many
joints. The AWS prequalified, single-bevel groove T
joint is reinforced with a fillet weld.

T \
d ! "
i

Fig. 297, 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 doubie-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 pcssible 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

-

Table of Relative Cost
of Full Plate Strength Welds

Cost, $/ft

" . ;
Vo 1 14 2 2 3
Plate thickness, in.

Fig. 2-99. Relative cost of welds having the full strength of the plate.




flat position flat position
/‘

overhead position

Fig. 2-100. In the flat position, a single-bevel groove joint is less
expensive than fillet welds in making a T joint.

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 2 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
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
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

iz,
7
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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 60° angle allows the use
of large electrodes and high welding current.

e—— | ——

A
A LAY

t

Fig. 2-101, Partial-penetration double-bevel groove joint.

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 1-in.
throat, a 452 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 =10in A = .B00in

2

500 in

Fig. 2-102. Comparison of weld joints having equal throats.
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Fig. 2-103. 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 60° groove joint with an
egual fillet weld reinforcement for the same throat
size would have an area of 57.8% of the simple fillet
weld. This joint has the benefit of smaller cross-sec-
tional area — yet the 60 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 45%-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 45° joint
without 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 a 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

incofrect
throat

Fig. 2-104. Determining minimum throat: incorrect result ileft}; cor-
rect resuit (right).

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 throats = 1/2 in. + 0.707 (3/4 in.) = 1.033 in.

Throat= 0.707 {1/2 in. + 3/4 in.} = 0.BB4 in.

Correct
minimum
throat

(b}

]

Fig. 2-105. Examples showing effect of correct and incorrect throat
dimension in determining allowable lcad on a combination weld. In
(a}, the weld allowable is incorrectly figured by adding sach weld
separately; in (b} weid allowable is correctly figured on the 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
maftches the plate.

In machine design work, where the primary
design requirement is rigidity, members ave 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 guestion 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




TABLE 2-7. RULE-OF-THUMB FILLET-WELD 5I12ES
WHERE THE STRENGTH OF THE WELD METAL
MATCHES THE PLATE

Strength design Rigidity design
Piate Full-strength 50% of full- 33% of full-
thickness weld strength weld strength weld
{t) (eo=3/41) tw=3/81 {wo=1/4 1)
Less than
1/4 1/8 i/8* 1/8*
1/4 3118 3/16* 3/16*
5/16 1/4 316" 3/16*
3/8 5/16 3/16* KIANN
The 3/8 3/16 3/16*
172 3/8 3/16 3/16*
9/16 71186 174 1/4*
5/8 1/2 1/4 1/4*
34 9/16 5/16 1/4*
7:8 5/8 3/8 5/16*
1 3/4 3/8 5/16*%
“1-1/8 7/8 7/16 5/16
1-1/4 ] 112 5/16
1-3/8 1 1/2 3/8
1.1/2 1-1/8 9/16 3/8
1-5/8 1-1/4 5/8 7116
1-3/4 1-3/8 3/4 7/16
2 1-1/2 3id if2
2-1/8 1-5/8 7/8 9/16
2-1/4 1-3/4 7/8 9/16
2-3/8 1-3/4 1 5/8
2-142 1-1/8 1 5/8
2-5/8 2 1 3/4
2-3/4 2 1 3/4
3 2-1/4 1-1/8 3/4

. TL
L

Jese vaiues have been adjusted to comply with AWS-recommended
minimums.

were stressed to one-third to one-half its usual value,
the weld would be sufficient. Most rigidity designs
are 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.
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Fig. 2-107

If the root opening is too small, root fusion is
more difficuit 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.
1

Double V

¥

Single V

Fig. 2-108. Using doubte-greove joint in place of single-groove joint
reduces amount 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.

{od o UK

fa) (b} fcl

Fig. 2-109. (a) 1f the gap is too small, the weld will bridge the gap,
leaving slag at the root: (b) a proper joint preparation; {c) a root
opening too large will resutt in burntarough.




Figure 2-109(b) shows how proper joint prepara-
tion and procedure 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.

: VAR b i VAN

fa) ?
g Spacer to prevert burn through.

This will be gouged out before
welding second side

Fig. 2-110. Backup strips — (a}, {b), and {c) — are used when all
welding is done from one side or when the root opening is excessive, a
spacer 10 prevent burnthrough (d) will be gouged out before welding
the second side.

Backup strips are 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.

N

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

\NL ]

N/ 11

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 trapped slag at the

i

root (Fig. 2-112),
f-_ w___I_—EReinfnr:emem

(a} : (by
Fig. 2-1%13. The reinforcement on a butt joint should be minimal, as in

(a}).

Reinfarcement

On a butt joint, a nominal weld reinforcement
(approximately 1/16” 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 burnthrough than a joint with a root
face, especially if the gap gets a little too large, (Fig.

2-115).
11N\ ]
Root face t Root tace
Raot face

L
Fig. 2-114. A root face minimizes tendency to burnthrough.

Fig. 2-115. A feather edge is more prone to burnthrough than a joint
with a root face.




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
¢3s pceket would be formed.

7 <7y
2 y % //’ /,’ . :
X
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Fig. 2-116. ~cvesswtabity o genned by compronnuing between bevel
dn ]t e

['late edges are beveled to permit accessibility to
all paris of the joint and insure good fusion through-
out the entire weld cross section. Accessibility can
be gained by compromising between maximum
bevel and minimum root opening (Fig. 2-116).

Degree 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 459,

{ A

L

Va—

Wrong (22-1/29)

ight (459

A

Fig. 2117, Degice of bevel 1ay be dictated by tie need for main-
taning proper elecirode angie.

J and U preparations are excellent to work with,

but economically they may have little to offer
because preparntion requires machining as opposed

T3S

/ / j :

S | ' i

e L 0

Fig. 2-118. A pevel mreparation with a-backup <o ip may be more

economical than a J ro U groova.

Bevel wad
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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.

g 3 =
LS AN

Fig. 2-119, Without back-gouging, penetration is incomplete.

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

subseqguent beads.
Wroun Right
LY
3

Wrony _\ Right \
Fig. 2-120. Proper back-gouging should be deep enough to expose

e T = s Raa=s 1}
SOUNO wWehild maidr.

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,

Vol Y gl Yy

Single-U groove butt

<

Single U grove corner Double-U groove butt

|

Assemble Gouge Weld
1 1 )
\ f
Assemble plates Gouge joint Weld unit
tngeiher without between tiks, together

gouging and then
tac« weid

retack weld, and
finish gouging

Fig. 2-121. Partial-penetratinn submerged-arc groove welds, U-groove
joint preparation may e done either pior to or after fitting.
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2.14.2.2, will be helpful to fabricators who freq-
uently run up against a situation where assembly and
tackup before gouge-preparation of U-groove joints
for welding would be logical and less costly. This
practice has not been forbidden in the past, but
some inspectors — not having a clarification of its
acceptability — have not permitted it. AWS, by

specifically noting that U-groove joints for complete-
penetration and partial-penetration welds may be
made “prior to or after fitting,”” removes all doubt
regarding acceptability. Figure 2-121 illustrates the
joints where gouge-preparation of U grooves after
fitup and assemisly is applicable and the sequence of
fabricating a column in this manner.

Preparing to test beam-to-column connections.




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. Expeiicnced 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 9, where

o, is the tensile yield strength of the material.

Even this formula is conservative. The shear
strength of structural plate has been given values
that range from 2/3 to 3/4 of its tensile strergth,
but the above shear allowable is only Z/3 of the
‘tensile allowable (2/3 x 60 o, = 0.40 o,). In
addition, this shear stress vzlue 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 wouid seem logical, therefore, that a more
realistic vaiue 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.5.)

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.

2.3-1

Allowables for Welds

TABLE 2-8
ALLOWABLE LCAD FOR VARIOUS SIZES
OF FILLET WELDS
Strength Level of Weld Metal {EXX)
| s0 | 70 | 80 | 90 1 100 [ 10

" Allowable Shaar Stress on Throat of Fillet Weld
or Partial-Penetration Groove Weld {1000 psi)

7= | 180 | 210 [ 200 | 270 | 300 | 330
Allowabie Unit Force on Fillet Weld {1000 psi/linear in.}
f= 12.73w | 14.850 | 16970 [ 19.0900 | 21210 [ 233300
Leg Size Allowable Unit Force for Various Sizes of Fillet Welds
w {in.) (1000 Lbs./Linearin.}) i
1 1273 14.85 16.97 19.09 21.21 23.33
718 11.14 12,99 14.85 16.70 18.57 20.41
3/4 9.55 11.14 1273 14.32 1592 17 .50
5/8 7.96 9.28 10.61 11.93 13.27 14.58
1/2 6.37 7.42 B8.48 954 10.61 11.67
7/16 557 6.50 7.42 8.35 9.28 10.21
3/8 4.77 5.57 6.36 7.16 795 875
5/16 398 4.64 5.30 597 6.63 7.29
1/4 3.18 an 424 4717 65.30 5.83
3116 2.39 278 3.18 358 398 4.38
1/8 1.59 1.86 212 2.39 2.65 292
116 795 830 1.06 1.19 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 (t4)
equals 707 x leg size («»).-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 () per inch for a 1/2-in. fillet weld made with
an E70 electrode:

t=707Tw=xr

f=.707 w x (.30) (EXX)

f=.707 x1/2 in. x .30 x 70,0600 psi
f = 7,420 psi/lineal in.

Note that Table 2-8 lists the allowable shear
stress (7) for the commonly used E70 weld metal as
21,000 psi (0.30 x 70). This 33% increase over the
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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-in. fillet weld based on the new allowable equals
that of a 1/2-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 (1/2-in. to 3/8-in.) will produce a 44%
reduction in the amount of weld metal required for
the joint. A 1/2-in. fillet that formerly cost $100 to
make can now be replaced with the same length of
3/8-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

new throat
te=.707w + 11"

previous
throagt

-new throgt
fe = W

previous
throat

o

up te and over ¥g" [\

including ¥a" [\

Fig. 2-122. AISC gives credit for penetration beyond the root of
fillets made with the submerged-arc process,

fillet welds 3/8-in. and smaller, the effective throat
(t, ) is now equal to the leg size of the weld (w ):

when w < 3/8-in. thent, =w

For submerged-arc fillet welds larger than 3/8-in.,
the effective throat of the weld is obtained by
adding 0.11 to .707 w:

when w > 3/8-in.  then t, = 0.707 w + 0.11 in.

The cost-reduction potential of this change is
substantial. The 41% increase in effective weld
throat for fillets up to and including 3/8-in., com-
bined with the 33% increase in allowable shear
stress, means that the allowable strength of these
welds is increased 88%. Or a weld size can be almost
cut in half and still have the same allowable unit
force per inch.

For example, consider the allowable unit force
for a 1/2-in. E70 weld, 8 in. long, made under the
old specifications and a 1/4-in. E70 weld, 8-1/2 in.
long, made with the new:

£1/2=1/2 x 0.707 x 15.8 x 8 = 44,600 Ibs.
f1/4=1/4 x 21 x 8-1/2 = 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-in. 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 AWS Structural Welding
Code, this table has been expanded to include

TABLE 29
MINIMUM FILLET WELD SIZE (w) AISC 1.17.5

Material Thickness of Thicker Part Joined Minimum Fillet
lin.} Size, (in.}
to /8 incl. 1/8
over 1/4 to 1/2 316
over 1/2 to 3/4 1/4
over 3/4 10 1-1/2 5/16
over 1-1/2 to2-1/4 3/8
over 2-1/4 to 6 1/2
over 6 5/8

material less than 1/4-in. thick and 1/8-in. fillets.
Where materials of different thicknesses are being
Jjoined, 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.

Allowables for Weld Metal — A Handy Reference

Table 2-10 summarizes the AWS Structural Weld-
ing Code and AISC allowables for weld metal. It is
intended to provide a ready reference for picking the
proper strength levels for the various types of steels.
Once this selection has been made, the allowables
can be quickly found for the various types of welds
that may be required for the specific assembly.
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TABLE 2-10. PERMISSIBLE STRESS OF WELD
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Type of Weld and Stress

|

Permissible Stress

l Required Strength Level (1}{2)

COMPLETE PENETRATION GROOVE WELDS

Tension normal to the effective throat.

Same as base metal.

Matching weld metal must be

*Compression normal to the effective throat.

Same as base metal.

used. See Table 1.17.2.

Tension or compression paraltel to the axis of the
weld.

Same as base metal.

Weld metal with a strength tevel
equal to or less than matching

Shear on the effective throat.

.30 x Nominal Tensile strength of weld metal {ksi)
except stress on base metal shall not exceed .40 x
yield stress of base metal.

weld metal may be used.

PARTIAL PENETRATION GRQOVE WELDS

*Compression normal to effective throat.

Same as base metal.

Tension or compression paraliel to axis of the
weld.

Same as base metal.

Weld metal with a strength level

Shear parallel to axis of weld.

.30 x Nominal Tensile strength of weld metal (ksi}
except stress on base metal sha!l not exceed .40 x
vield stress of base metal.

equal to or less than matching
weld metal may be used.

Tension normal to effective throat. (4)

.30 x Nominal Tensile strength of weid metal {(ksi)
except stress on base metal shall not exceed .60 x
yield stress of base metal.

FILLET WELDS (3}

Stress on effective throat, regardiess of direction of
application of lcad.

.30 x Nominal Tensile strength of weld metal (ksi)
except stress on base metal shall not exceed .40 x
yield stress of base metal.

Weld metal with a strength tevel

equal to or less than matching

Tension or compression parallel to the axis of
weld,

Same as base metal.

weld metal may be used.

PLUG AND SLOT WELDS

Shear parallel to faying surfaces.

.30 x Nominal Tensiie sirengih of weid metal (kSt]
except stress on base metal shall not exceed .40 x
yield stress of base metal.

Weld metal with a strength level
equal to or less than matching
weld metal may be used.

AISC allows lower strength weld metal to be used.

‘(1) For matching weld metal, 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 partial penetration groove welds joining the component elements of built up members (ex. flange to web welds} may be de-
signed without regard to the axial tensile or compressive stress applied to them {(note on AISC Table 1.5.3).

.. {4) Cannot be used in tension rnormal to their axis under fatigue loading ({AWS 2.5). AWS Bridge prohibits their use on any butt joint {2.12.1.1},
- oF any splice in a wnsion or compression member (9.17}, or splice in beams or girders {9.21), however, are allowed on corner joints parallei 1o
axial force of components of built up members {9.12.1.2{2}. Cannot be used in girder splices (AISC 1.10.8).

Weld Matching Weld Metal and Base Metal

Metal 60 (or 70) 70 80 a0 100 110
A36 AR3GrB
A106 GrB A131 A242 A4A1
A139 Gr B A375 A537 Class 1
A381 GrY35 A500 Ab16 Gr 65, 70 .

Type o\ AB01 AB16 Gr 55, 60 A572 Gr 42.60 A nee 2 o | AB14 AS17
AB24 ALK29 A588 A618
AS70GrDLE A573 Gr65 API 5L X Gr 42
AP{ 5L Gr B ABS Gr AH, DH, EH
ABS Gr AB,C,CS,D.ER

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
automatic 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 welded 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 method is based on the range of stress.
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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 2,000,000 cycles
(4) Over 2,000,000 cycles

and eight different categories representing type of
joint and detail of member. The chart provides the
allowable range in stress (o, or 7_,), which value
may be used in the conventional fatigue formulas:

g T

o - ST or SI
max 1-K 1-K
min. stress min. force
where K = =
max. stress max. force

min. moment
max. moment

_ min, shear
max. shear

Of course, the maximum allowable fatigue value
used should not exceed the allowable for steady
loading.

An alternate use of the allowable 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), the
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
terminatior 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:

Gsr
Omax = 1..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) that the fatigue allowable
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 both, it 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 {20), 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.

Category @




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 1/3 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 (86) and higher than the
transverse fillet in (37), category G. The fatigue

Allowables for Welds 2.3-7

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.

Fatigue strength of transverse

fillet welds

Sliding
action
at root

Tearing
action
| at root
ﬁ
*
L )
Category (6) i
i
Fig. 2-124. Thoere 1 o greater teaning action at the root n category G,

warrdanting a fower fatigue allowable,
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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 materials designed to secure uniformity
and to protect the public interest in such
matters as building construction and public
health, established usually by a public agency.”

Standard: ‘“*Something that is established by
authority, custom, or general consent as a model
or example to be followed.”

Rule: “*An accepted 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-
tionsy 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
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Mechanical Engineers (ASME), and the American
Petroleum Institute (API).

Among government agencies, the Interstate
Commerce Commission has rules for the fabrication
of over-the-road vehicles and for containers used in
interstate commerce. The various branches of the
military services also prepare specifications. A list of
major agencies involved in code and specification
writing 1s presented in Table 2-11.

Some specifications — for example, those of the
Society of Automotive Engineers (SAE) — actually
are not standards but are merely guides to recom-
mended practices. Other specifications rigidly call
out the design and fabrication procedures to be
followed and are legally binding. In any event,
neither the design nor fabrication of a welded struc-
ture should be undertaken without the full know-
ledge of all codes and requirements that must be
met.

Meeting the requirements of a code does not
protect anyone against hability concerning the 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
tne 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 applications 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 the
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
WPAFRB (EWBFSA)
Wright-Patterson Air Force Base, Ohio 45433

American Association of State Highway Officials
917 National Press Building
Washington, 0.C. 20004

American Bureau of Shipping
45 Broad St.
New York, N. Y. 10004

American Institute of Steet 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 |nstitute
1271 Avenue of the Americas
New York, N.Y. 10020

American Society of Civil Engineers
345 East 47th St.
New York, N.Y. 10017

American Society of Mechanical Engiheers
. Boiter and Pressure Vessel Code Committee
\ 345 East 47th Street

New York, ™.Y. 10017

American Society for Testing Materiails
1916 Race Street
Philadelphia, Pa. 19103

American Water Works Association
2 Park Avenue
New York, N.Y. 10016

American Welding Society
2501 N.W. 7th Street
Miami, Fla. 33125

Lloyd’s Register of Shipping
17 Battery Place
New York, N.Y. 10004

Department of Navy
Nava! Supply Depot
6801 Taber Avenue
Phitadelphia, Pa. 19120

Society of Automotive Engineers
485 L exington Avenue
New York, N.Y. 10017

American National Standards I nstitute
1430 Broadway
New York, N.Y. 10018

Fabricators or manuifacturers 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 Cede.

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 gualification 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:

e ASME Boiler Construction Code, American
Society of Mechanical Engineers

Section I — Power Boilers

Section II — Material Specifications
Section III — Nuclear Vessels & Components
Section IV — Heating Boilers

Section V — Nondestructive Examination




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.

o API—ASME Code — Unfired Pressure Vessels
for Petroleum Liquids end Gases, American
Petroleum Institute and American Society of
Mechanical Engineers. :

e General Specifications for Building Naval
Vessels, United States Navy Department,
Bureau of Ships.

e Marine Engineering Regulations and Material
Specifications, United -States Coast Guard.

« ABS Rules for Building end Classing Steel
Vessels, American Bureau of Shipping.

s Standards, Tubular Exchanger Manufaec-
turers’ Association, Inc. -

e Lloyd’s Rules and Regulations,
Register of Shipping.

Piping: A considerable amount of pipe is welded

accordmg to procedures developed by individual

contractors without regard to code requirements.

Piping for steam and other pressure work, however,

is usually welded to code requirements. Many codes

r piping are written on the basis of minimum

requirements for safety, and some applications may,

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 [ 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 Liguids and Gases. Although more
liberal than Section VIil 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.

Lloyd’s
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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 contractors, 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 especiailly large-diameter pipe, having wall
thicknesses greater than 1-1/4 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 cutside, the pipe is usually protected with a coal-
tar enamel lining or coating applied in accordance
with AWWA Specifications 7A.5 or TA.6.
Field-Weided 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 Weiding of Steel Storage
Tanks, {D5.1), provides complete specifications for
construction of storage tanks for all types of service,
except that no unit stresses for the stee! plating are
specified. These unit stresses will depend upon the
service conditions involved and may be found in
these industrial specifications:
e Specifications for Gravity Water Tanks and
Steel Towers: Associated Factory Mutual
Fire Insurance Companies

e Standards for the Construction and Instal-
lation of Tanks, Gravity and Pressure,
Towers, Etc.; National Board of Fire
Underwriters

e Specifications for All-Welded Oil Storage
Tanks, 12-C; American Petroleum Institute

e Standard Specifications for Elevated Steel
Water Tanks, Standpipes and Reservoirs,
(7H.1; D5.2); American Water Works
Association — American Welding Society

o Specifications for All-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
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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
« [iller 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
» 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
can 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 — Ocearr and Coastwise, Parts

59.15 and 59.30

TABLE 2-12. SOURCES OF TECHNICAL
INFORMATION
Alloy Castings i nstitute

405 Lexington Avenue
New York, N.Y. 10017

Aluminum Association
420 Lexington Avenue
New York, N.Y. 10017

American Foundrymen's Society
Goif and Wolfe Roads
Des Piains, i1, 60016

American Society for Metals
Metals Park, Ohio 44703

Copper Development Association
405 1 exington Avenue
New York, N.Y, 10017

Ducuie iron Society
Post Office Box 858
Cleveland, Ohio 44122

Library of Congress
National Referal Center for Science and Technclogy
Washington, D.C. 20540

National Association of Corrosion Engineers
8980 M & M Building
Houston, Texas 77002

National Certified Pipe Welding Bureau
56530 Wisconsin Ave. — Suite 750
Washington, D.C. 20015

Society for Nondestructive Testing
914 Chicago Avenue
Evanstan, lli, 60602

Steel Foundry Research Foundation
21010 Center Ridge Road
Rocky River, Ohio 44116

Subchapter H — 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. ‘




(yeneral Specifications for Machinery, Section
Si-4, Welding and Brazing.

General Specifications for Inspection of
Material, Appendix 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 contactors has headquarters
in Washington, D.C. and 'ocal branches throughout
the United States. Its purpose 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

Codes and Specifications 2.4-5

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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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. 3-1). These changes, irf
turn, affect heat flow and uniformity of heat distri-
bution. Thus, these variables make a precise calcu-
lation of what happens during heating and cooling
difficult. Even if the calculation were simple, of
greater value in the design phase and in the shop is a
practical understanding of causes of distortion,
effects of shrinkage in various types of welded
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. 3-1. Changes in the properties of steel with increases in tempera-
ture complicate analysis of what happens during the welding cycle —

and, thus, understanding of the factors contributing to weldment
distortion.
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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 tembera-
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-

Heated bar

re-d---g o] il
\ : 7 : !
:/iii/l ;f’f '////1
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Bar at room temperature - ((

Restrained bar
after cooling

Bar restrained
during heating

{a) 18} fc}

before heating and
after cooling

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 an cooling. f restrained, as in (b}, during heating, it can expand
only in the vertical direction — become thicker. On cooling, the
deformed bar contracts uniformly, as shown in {(c}, and, thus, is per-
manently deformed. This is a simplified explanation of a basic cause
of distorticn in welded assemblies.
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ments of the lower temperature. But 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 canuse the base metal to move, thus distorting
the weldment.

Longitudinal

(b}

Fig. 3-3. The fillet welds in {a) have internal longitudinal and trans-
verse stresses. and these welds wou!ld shrink to the dimensions of
those shown in (b} if they coukd be unattached from the base plate.

To re-establish the condition showr in (3}, the fillets in {b} would"

have to be stretched longitudinally and transversely by forces that
exceeded their vield strength.

Another approach to understanding internal
stresses in a weld is shown in Fig. 3-3. Fillet 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 shrunk 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
zone that shrinks along with the weld.

fc/ 340 amp, 30 v, 6 ipm, thick plate (solid curve)
310 amp, 35 v, 8 ipm, thick plate (dashed curve)

é-i—i—)—-’—)—)—-?—)—%—é——)-é—-—)—)—)—)—‘r

(d) 170 amp, 256 v, 22 ipm, 10-ga sheet
01234567?9.)10

| . L L A L '] 'l 'l J

Scale {in.)

Fig. 3-4. Higher welding speeds reduce the size of the adjacept_ be_!se
metal zone that shrinks along with the weld and help to minimize
distortion.




An indication of these effects for some typical welds
is shown in Fig. 3-4.
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 distorted 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 fo con-
tract uniformly in all directions. When carefully
done, spot heating produces shrinkage that is effec-
tive in correcting distortion caused by previous
heating and cooling cycles.
Shrinkage of a weld causes various types of
distortion and dimensional changes. A butt weld
between two pieces of plate, by shiinking trans-
- versely, changes the width of the assembly, as in Fig.
3-6(a). It also causes angular distortion, as in Fig.
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
plate to lift. Longitudinal shrinkage of the same

eld would tend to deform the joined plate, as

Angular distortion is also a problem with fillets,
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
are below the neutral axis, the ends bend down, as
“in Fig. 3-6(f).

g% Gas torch

/Af{}ft = : T

fnf

Cool plate restrains As heated area cools,
expansion it tends 10 shrink

fa} Heating {8)  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 {a), the heat from the torch causes a
thickening of the spot heated. In (), the cooled spot has a lesser
volume within the thickness of the plate. A buckle that may have
existed is now replaced with a siight bulge at the spot that was
flzme-shrunk.
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BUTT WELDS
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Fig. 3-6. How welds tend to distort and cause dimensional changes in
assermmblies,

HOW PROPERTIES OF METALS AFFECT
DISTORTION |

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, thermal 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 the weld, the possibility for
distortion of the weldment is higher

Thermal conductivity is a measure of the ease of
heat flow through a miaterial. Metals with relatively
low thermal conductivity (stainless steels and
nickel-base alloys, for example) do not dissipate heat
rapidly. Metals 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 3-1 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*

Modulus of |  Yield Coef of Thermal Thermal
Matal Elasticity | Strangth Expansion Conductivity
110° psi) | 1907 psi) | imicro-in.fin./oF | {cal/cm® /em/OClssc)
Carbon Steels 30 a8 7 0.12
Stainiess Steels 29 45 10 0.04
Aluminum Alioys 10 20 12 Q.50
Copper Alloys 15 10 2 0.90

“Strength and thermal data shown are approximations for comparative use only.
Actual data for different grades and alloys of these mezals vary widely; for example,
small amounts of aloying etements considerably change the thermal conductivity of
aluminum and copper.

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 1-1/2
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-



vented, but it can be controlled. Several pract
ways can be used to minimize distortion cause.
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.

Excessive reinforcement {greater than
/’ dimension T) increases distortion
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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 1/32 to 1/16 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
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Fig. 3-7. Distortion can be prevented or minimized by technigues that defeat — or use constructively -- the effects

of the heating and cooling cycle.
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amount of weld metal.

2. Use intermittent welding: Another way to
minimize weld metal 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 t{ransverse 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 smaliler 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 welding are
important factors.

6. Use backstep welding: In the backstep tech-
niqute, 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 shrinkage to 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
opposing 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 com-
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
necessaty tc 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 in 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(1). 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




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
example:
.. _ Stress (0)
Modulus of elasticity (E) Stram (¢)
=9
E steel

_ 45,000
30,000,000

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 methed must be
~ used with care. For example, a root bead should
- never be peened, br_ause of the danger of either
.. concealing a crackF or causing one. Generally, peen-
- ing is not perm.ted on the final pass, because of the
possibility 0. covering a crack and interfering with
inspection, and because of the undesirable work-
hardening effect. Thus, the utility of the technique
is limited, even though there have been instances
where between-pass peening 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
1s 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. Minimize welding time: 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 elecirodes
or mechanized welding equipment reduces welding
time and the amount of metal affected by heat and,
consequently, distortion. For example, depositing a
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given-size weld in thick plate with a process operat-
ing at 175 amp, 25 v, and 3 ipm requires 87,600
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 meta: 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 ncticeably shorten the building’s
dimensions.
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Fig. 3-8. For a given weld thickness, transverse shrinkage increases

directly with the cross-sectional area of the weld. The large included
angles in {a) are for illustrative purposes only.
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Shrinkage
,/‘.

1/8"

1
T

/v

(1/4)(314) + {1/2)(3/41{3/4) + {2/31{(1/8){1-1/8)
0.563 in.

Il

Transverse Shrinkage = 0.10rﬂ

= 0_10(0.563)
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 the transverse-shrinkage
farmula.

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 1/2-in. plate. The large included angles shown in
this graph are illustrative only; angles above 60° are
seldom used in welding. Transverse shrinkage of 60°
single-V and double-V joints in several plate thick-
nesses are showrn 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:

Transverse shrinkage = 0.10 —?— (1)

where A = cross-sectional area of the weld in in.” -
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

3/4”

w —"“"\

Ei?—bc E/ ==
Angular Angulan.'
Distortion Distortion

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:

0.02Ww!'? .
—— =  —in

Angular distortion = "

Values of w!? for use in this equation are given in
Table 3-2.

TABLE 3-2. VALUES OF w!'?

Weld Size Value

w lin.) w3
3/16 0.114
/4 0.165
5/16 0.220
3/8 0.280
7116 0.342
1/2 0.406
9/16 0.474
5/8 0.543
3/4 0.688
7/8 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 1/4 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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- longitudinal welds:

resulting from
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Longitudinal distortion = T |- {3)
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Fig. 3-12. Longitudina! distortion varies directly with the cross
sectional area of weld metal, 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.*; 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 caiculated and measured
values for longitudinal distortion is shown for
several examples in Fig. 3-13.
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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), substantiaily
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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Fig. 3-14. The lateral distortion in (a) resuited from the center of
gravity of the two welds being well above the neutral axis. The deep-
penetration characteristics of automatic submerged-arc (b) lowered
the center of gravity of the welds and helped reduce the distortion.

be excessive — 0.42 in. in the 100-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 100-in. length.
If this amount of distortion cannot be tolerated, the
column members could be prebent 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-weld
all pieces together before welding, producing a rigid
unit with counterforces to resist those generated by
shrinkage. Analysis indicates that the center of

e g ]
— 134
T MNeutral " Neutral
2-112"_1 axis— 0'682} axis7 ‘ \0.55(i1

TL_‘_H T r—‘ﬁ‘#‘v
5/8" CG of welds 2 CG of welds

fa} &)
Fig. 3-15. By a design change. the distance of the ce 1ter of gravity of
the welds in this assembly from the neutral axis w2c reduced from
0.682 in. (a} to 0.556 in. {b). Longitudinal distortion was thus
reduced from 0.42 in. to 0.32 in. for the 100-in. length.
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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 1.11 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 1/4-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 1-1/2 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 be 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
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Fig. 3-17. This unsymmetrical beam defies an assembly seguence that
lowers horizantal distortion 10 a point where flame-straightening
would be practical. The best solution appears to be one in which the
L-shaped subassemblies would be welded in half lengths and then
weld-joined into full-length units after flame-siraighiening.

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 axis approxi-
mately 3 in. from the center of gravity of their two
1/4-in. fillets. Calculation shows that the welds
would cause the eads 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 pilates 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 the 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, the 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
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Fig. 3-18. The sequence of placing the welds and the practicality of
running two welds simultaneously are important factors in the
welding of this assembly.
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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 still 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
yvield 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 accomedate two adjacent welds; the two welds
at the narrower dimension should be made sim:i-
taneously. The resulting bending about the x-x axis
would be slight, and 2 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, resuiting in some camber.

] | —
- _cGofa
Neutral sis ~ Neutrat axis — G of 4 welds
- - CG of 6 welds
fal 6}

Fig. 3-19. By welding the cover plate to the hottom plate first, as in
(b), and straightening it before tacking and welding the beam, the
distortion in the final beam would be oniy about one-third that if all
parts were lacked together for welding, as in (a).

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 1-3/4-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

LI

t=1/2in, t=0.1046 in.

Fig. 3-20. The 1/2-in. plate in the hopper box at the left has about 17
times as much resistance to buckling under the shrinkage forces of the
corner welds as the 12-gage sheet material in the box at the right.
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Fig. 3-21. Shrinkage in the centerline weld (a) has the same effect as if
a turnbuckle (b) were used 1o shorten the centerline of the memier.
A twist, either as shown in {¢) or (d}, must resuit when the outer
edges of the member are longer than its centerline.

sequence would thus produce only one-third the
distortion {2/3 x 1/2 = 1/3), 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 1/2-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
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size of the corner welds in the hopper made from
1/2-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 t*® 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

L _
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Fig. 3-22. Fillet welds tend to shorten the flanges of a long, thin
beam, leading to the twisting shown in (b). Flame-strinkage 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 responsibie 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 ocut-
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 first 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
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Fig. 3-23. in the automatic welding of flange to web running two
fillets simultaneously, positioning the web either horizontal or vertical
is acceptable practice.
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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.

fa} tnclined Fixture

| |

f6) 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.




This 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 with the
use of a trunnion-type fixture, shown in Fig. 3-25(b).
After weld 1 is made, the girder is rolied 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-
“sitioned for weld 3. After weld 3, the girder is roiled
and weld 4 is made with the head following the
same path as for weld 3.

In both cases, welding sequence is not influ-
nced by considerations of distortion control but by
he positioning that consumes the least amount of
time.

Slender, Lighi-Gage Columns: Slender columns
or lights, signs, or other mounting purposes are
commoenly 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

Ej fa}  Formed channe! column.
f6/ During weiding, top expands,
center bows up

fc) Shortly after welding, still
bowed up slightly. Second
{bottomj weld is made now.

{d} After cooling to room temperature,
member is straight.

Fig. 3-26. A technique for welding slender, lightgage columns — so
that the end result is a straight column.
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Fig. 3-27. Weld shrinkage and gravity can be used beneficially to
produce and controt the camber in 4 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 initiaily 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 camber (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. 3-28. The convex side of the 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 resuiting 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
alilowed to cool, with intermediate observation of
the degree of distortion-removal achieved.

The convex side of a bent beam or buckied
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,

Metal tubing

/

Rubber hose

72— Water and
4. air spray

Fig. 3-29. Equipment for providing an atornized spray of water to
acceterate cooling 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 air past the orifice in the fitting draws water
into the air 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.

After weiding

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 ~ould
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Fig. 3-31. Technigue for developing camber in beams with or without
cover plates so that little or no locked-in stress results.

exceed the yield stress of the cover plate and cause
streiching 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
should also be flame-shrunk, along with the cover
plaie.

_ Flame-shrinkage can be used to develop camber
. in beams with or without cover plates so that little
¢ ot no locked-in stress results. A wedge-shaped area

2 (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.
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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

Joint to be welded

Copper clamps /—
; m \\

Copper water tubes

Fig. 3-33. A water-cooled jig for rapid removal of heat when welding
sheet metal.

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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Fig. 3-34. Various strongback arrangements to control 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 45° to
the joint, as in Fig. 3-24{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

Yoke
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Fig. 3-35. Strongback arrangements that atlow pressure to be applied
at considerable distance from the joint.
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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




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 MINIMIZING DISTORTION
Do not overweld.

Control the fitup.

Use intermittent welds where possible.

Use the 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,

- Weld alternately on either side of the joint when

Use minimal weld passes.

Use high-deposition-rate processes.

Weldment Distortion 3.1-19

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.

Prebend the members or preset the joinis 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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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 controlied, 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
from the ground or at the start’of the joint. Forward
‘blow can be especiaily troublesome with iron-
owder or other electrodes that produce large slag
overings, where the effect is to drag the heavy slag
r the crater forward and under the are.

There are two types of arc blow of concern to
he weldor. Their designations — magnetic and
hermal — are indicative of their origins. Of the two,
magnetic arc blow is the type causing most welding

‘MAGNETIC ARC BLOW

.©  Magnetic arc 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

of flux
D

w

Direction
of current

Fig. 3-37. A current through a conductor sets up a magnetic field that
may be represented by planes of concentric circles — “'flux lines.”
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always exists because o. .ne change in direction of
the current as it flows from the electrode, through
the arc, and into and through the workpiece.

To understand arc 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, thereisa
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
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Fig. 3-38. Concentration of magnetic flux behind the arc at start of
joint forces the arc forward. Flux concentration ahead of the arc at
the end of the joint forces the arc backwards.




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 the midpoint of the weld.
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Fig. 3-39. Arc biow caused by ground effect. The magnetic flux set up
by the ground current combines with the flux around the electrode
causing a high flux concentration at {x) that blows the arc away from
the ground connection.

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.”
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Fig. 3-40. Flux set up by ground current is behind the arc in (a), and
ahead of the arc in (b},
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Fig. 3-41. Superimposed magnetic fields. Magnetic blow at the finish
end of the joint (a) is reduced because the two flux fields tend to
offset one ancther. At (b) the two fields are additive and cause a
strang 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 arc.
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




Fig. 3-42. Arc-blow problems are frequently encountered when weld-
ing with high DC current in deep groove joints such as this. The use of
AC current may be an expedigni soiution.

¢ 4

- Fig. 3-43. Considerable arc blow can be expected when placing this
- inside”” fillet, using DC current. AC may be the solution.

- 3-43 illustrate situations in which arc blow with DC
urrent 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, stiil 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

| Arc Blow

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.
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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 ocutward; (b} arcs are same polarity;
rmagnetic fields oppose and the arcs blow inward; {¢) arcs are DC and
AC; little magnetic blow occurs.
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When fwo 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
90 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,
crocked 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:

® 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 probiems.

® Hold as short an arc as possible to help the arc
force counteract the arc blow.

fa) th)

Arc blow Blow reduced

Fig. 3-45. Arc blow, as in (a), can sometimes be corrected by angling
the electrode, as in (b))
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both sides

Fig. 3-46. Direction of welding and the sequence of beads for 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.

e 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 with {he submerged-
arc process must »e determined by the type of weld
defect.

Back blow is indicated by the following:

Spatter.
Undercut, either continuous or intermittent.
Narrow, high bead, usually with undercut.
An increase in penetration,
Surface porosity at the firish 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.




THE EFFECTS OF FIXTURING ON ARC 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:

¢ Fixtures for welding the longitudinal seam of
cylinders (Fig. 3-47) should be designed for a

Nonmagnetic
clamps

Copper
back-up

The distance
should be
one in. min.

Fig. 3-47. Welding fixtures for clampingﬁcylindrical work shouid have
. at least 1in. of clearance between work and supporting beam. Clamps
near the arc should be nonmagnetic.
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Fig. 3-48. A copper insert in a steel backup bar shouid not be used.
The stee! of the backup bar will increase arc blow.

minimum of 1l-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.

o 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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Maintaining preheat on a large column splice before welding with the seif-shielded flux-cored process.




In some welding operations, it 1s 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 beftween 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:

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 1330°F), 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

Temperature —pp

Fig. 3-49. 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 {T) when the initial temperature of the plate
is 70°F than when the injtial temperature is 300°F. in other words,
the cooling rate [OF/sec} is stower when preheat is used.
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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. 3-50. The Lincoln Preheat and Interpass Temperature Calculator
is @ convenient toel for 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-
ments may be needed for specific steel chemistry,
welding heat input, joint geometry, and other
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, q) 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:

_ %Mn %Ni %Mo %Cr %Cu
Coq =%CH—F— + e+ = +— +—13

This formula is valid only if the alloy contents
are less than the following:

0.50% C 3.50% Ni 1.00% Cr
1.60% Mn 0.60% Mo 1.00% Cu

Approximate preheat and interpass temperatures,
based on carbon-equivalent values for steels, are:

C., upto 0.45% .

eq

. . . preheat is optional
C.q = 0.45 to 0.60% . 200 to 400°F

C, over060% . ..... 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 o 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:

E160

J = V1000 - C C ottt 1

where:

d = Heat input in kilojoules/in. or kilowatt-
sec/in.

E = Arc voltage in volts

I = Welding current in amperes

V = Arc speed in in./min.

 Preheating and Stress Relieving ~ 3.3:3



3.34  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 calcuiating 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 100°F. 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. i

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.

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.

INTERPASS 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

Several types of portable pyrometers are avail-
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TABLE 3-4. Compariton Chart of Suggested Preheat Temperatures When
Shielded Metal-Arc Welding Representative Quenched and Tempered Alloy Steels

Minimum preheat or interpass temperature for welding with
low-hydrogen electrodes, OF
Mod.

A533B | A517 AB42 A543 HY-130 A203D AB53

Plate thickness, in. Steel Steeal Steel Steel Steel Steelt Steel
To 1/2, inch 50 50 150 100 75 50 50
Over 1/2 to 5/8, incl. 100 50 200 125 75 50 50
Over 5/8 to 3/4, incl. 100 50 200 125 125 50 50
Over 3/4 10 7/8, incl, 100 50 200 150 125 50 50
Cver 2/8 10 1, Incl. 100 50 200 150 200 50 h0
Over 1 to 1-3/8, incl. 200 150 250 200 200 150 150
Over 1-3/8 1o 1-1/2, incl. 200 150 250 200 225 150 150
Over 1-1/2 10 2, incl. 2C0 150 250 200 225 150 150
Over 2 to 3, incl. 300 200 300 200 225 200 200
QOver 3 300 200 300 200 225 200 200

Note: A preheat temperature above the minimum may be required for highly restrained welds. No
welding should be done when ambient temperature is below O0CF. Welding of steel at an initial
temperature below 100 F may require preheating to remove moisture from the surface of the steel.
From ASM Metals Handbook, Volume 6, 8th Edition.

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.
As a consequence, preheat temperatures and welding
heat inputs must be closely controlled. Narrow
limits are thus placed on the procedures.
Through research, welding procedures have been
developed that assure high strength and good tough-
ness, ductility, and impact properties in the welded
joints. The recommended heat inputs and preheat
temperatures are intended to allow sufficiently fast
cooling rates to avoid brittle structure. In general,
-.this means a cooling rate of 6°F 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 interpass
temparature, °F
Submerged-arc
Process
Alloy

Shielded Gas or carbon- Carbon-

metal-arc metal-are steel wire, steel wira,
Plate thickness, in. process process neutral flux alioy flux
Upto 1/2, incl, 50t 50t 501 50t
Over 1/2 to 1, incl. 501 50t 501 200
Qver 1102, incl. 150 150 150 300
QOver 2 200 200 200 400

* A preheat temperature above the minimum shown may be required for highly
restrained weids.

t Welding at any initial plate temperature below 100°F will require extreme
care to minimize moisture on the steel heing welded.

TABLE 3-6. Maximum Welding Heat Input in
Kilojoules/Inch for Butt Joints in ASTM
AB33, Grade B Steel

Preheat
and inter- Plate thickness, in.
pass tem-
perature, °F 1/4 3/8 1/2 5/8 3/4
70 23.7 35.6 47.4 64.5 88.6
150 20.8 3i.4 4i89 h7.4 77.4
200 19.2 288 385 53.0 699
300 19.8 23.8 319 42 .5 55.7
400 12.3 19.14 259 3356 M9

3.3-5
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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- 11/a

pass tem- and

oo 3/16 174 3/8 1/2 5/8 3/4 1 over

70 17.5 23.7 35.0 47.4 64.5 88.6 Any Any
150 5.3 209 30.7 419 57.4 77.4 120.0 Any
200 14.0 19.2 28.0 35.5 53.0 69.9 110.3 154.0
300 116 15.8 235 319 42.5 55.7 86.0 120.0
400 9.0 12.3 18.5 259 335 419 65.6 94.0
TABLE 3-8. Maximum Welding Heat Input in Kilojoules/lnch
for Butt Joints in ASTM A517, Grade F Steel

Preheat

and inter-

pass tem- Plate thickness, in.

perature,
oF 3/16 1/4 1/2 3/4 1 1-1/4 1-1/2 2

70 270 36.0 700 121.0 Any Any Any Any

200 210 290 56.0 990 173.0 Any Any Any
306 170 240 47.0 82.0 126.0 175.0 Any Any
400 13.0 19.0 40.0 65.0 93.0 127.0 165.0 Any

Note: Heat-input fimits for temperatures and thick nesses included, but not shown, in this

table may be obtained by interpolation; 25% higher heat inputs are allowable for fillet welds.

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-
heat would be too risky, since suca 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
heat input limits can be exceeded somewhat without
materially reducing the yield strength but there is
little information for fatigue and impact properties.

TABLE 3-9. Suggesied Welding Heat Input
for Joints in HY-130 Steel

POINTERS ON PREHEAT

® A cardinal rule when welding materials that
require preheat is “keep it hot.” It is costly to
reheat to maintain assembly temperature.

® 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.

T Sy

O

Heat input, Kilojoules
Shielded
metal-arc Gas metal-
Plate thickness-in. process arc process
3/8 to §/8, incl. 40 35
Over 5/8 to 7/8, incl. 45 40
Over 7/8 1o 1-3/8, incl. 45 45
Over 1-3/8 to 4, incl. 50 b0

w gy

Fig. 3-51. Heat has two avenues of escape from a conventional butt
weld (bi-thermal heat flow) and three avenues of escape from a
conventional fillet weld {tri-thermal heat flow).




e 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.

e 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.
3-61.

e 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 slowly 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 sfress. 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

Preheating and Stress Relieving
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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 75°F. 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 1/2 to 2-1/4% and the molybdenum up
to 1%, the stress-relief range is 1250 to 1300°F for
one hour. Som