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ABSTRACT

Reported herein are the results of several series of bend tests
conducted on 10-in, square by 3/4-in. thick plates upon which had been
deposited weld metal, The experiments were carried out in conjunction with
tests on large welded tubes of ship plate., The work was begun as part of

NDRC Project NRC-75 and completed under U. S. Navy Contract NObs-31222.

This report presents a description of the test specimens and the
testing technique, Both double-V butt-welded and single-bead specimens were
tested as simple beams supported on a 6-in. span, centrally loaded. The weld
or bead was so placed that it was stressed in temsion by the applied load,
Tests were made at various temperatures ranging from room temperature to
-LO°F on specimens welded with E60LO electrodes, low-alloy steel electrodes,
25-20 stainless steel electrodes, and with Unionmelt, The effects on duc~
tility at -40°F of preheating to various temperatures ranging from O°F to
500°F, of postheating to llOOOF, and of normalizing were determined, The
effect of arc voltage and the effect of the weld contour on the ductility
at various temperatures were determined for E60L0 and Unionmelt deposits,
Chemical analyses of typical weld deposits were made and the microstructure
of most of the specimens was studied, and microhardness surveys were conducted
on about half of the specimens tested, Included in the report are the follow-
ing data: welding conditions, testing temperature, bend angle, maximum
elongation, maximum load and type of failure, microstructures, and hardness

values,

The cracks were found to originate in the weld metal and not in

the heav-affected zone of the base plate even though the heat-affected zone



was in many cases much harder than the weld metal, The ductility of the
bend test specimens was found to be improved by preheating, postheating,
low arc-voltage and by the use of stainless steel electrodes. The ductility
was decreased by low preheat temperature, low testing temperature, fast rate

of electrode travel, high arc voltage, and by the use of electrodes having

high hardenability.
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Introduction

The work reported herein was conducted under OSRD Contract OEMsr #1418

and U.S. Navy Comtfact No. NObs=31222, which became effective August 31, l9h5.

" The formally statedvpurposes of the general investigation are:
(1) determinations of the behavior of steel under conditions of multiaxial stress,
(2) determination of factors responsible for the brittle cleavage fracture of
ship plates without manifestation of appreciable ductility or plastic flow. The
experimental work was divided into two main sections: (a) investigations of the
effects of stress and temperature conditions on the tendency of various steels te
fail in a brittle manner, in which the principal tests are made on test specimens
in the form of tubes and flat plate, and (b) investigations of the behavior of

built-up weldments, principally in the form of sections made to simulate welded
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hatch corners, tostudy the influence of design as well as of materials on behavier
under load. The subject of this report is concerned with some special studies made

in conjunction with section A of the general investigation.

In the course of the investigation on large welded tubular specimens
subjected to various conditions of bi-axial stress, a number of questions were
raised as to the effect of metallurgical changes caused by the welding process on
the mode of failure. In an attempt to interpret some of the results of the tests
on the large tubes, some bend tests were made on samples taken from the welded
portions of certain of these tubes. The apparent successful correlation of the
results of these simple bend tests, as regards certain conditions of failure, led
to an amplification of the study to cover the effect of various weld conditions on

the mode of failure.

Owing to the lack of success in previous attempts to explain causes of
failure of weldments by means of standard tensile and impact tests on small
specimens taken from a weldment, it was considered desirable to utilize a test
specimen and a procedure where the interaction of the weld metal and parent metal
would be closely similar to that existing in an actual structure or part., Further-
more, since metallurgical examinations have shown that a gradation in metallurgical
structure may take place within very short distances in certain zones, a test which

would include the effect of the anisotropy seemed preferable.

Because gquestions raised by the experiments on the large welded tubes
are the reason for undertaking the bend tests, and because the tube experiments

form a general background for interpreting the bend test studies, the principal
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and pertinent results of the tests on the tubular specimens are summarized in

the following paragraphs.¥

Summary of Results of Welded=Tube Tests, —- The 20-inch diameter

tubular specimens were made by forming two pieces of 3/4-inch thick ship plate
into half-cylinders each 10 feet long. These pieces were then welded together
by two longitudinal seams 180° apart to form cylinders, The chemical composition
of the steel used for the cylinders, designated as Steel A, is given in Table 1.
E6020 electrodes were used for the welding, Ten tubes were tested, two of which
were heated 6 to é hours at 1100°F. after welding ("post-heated")., The remaining
8 tubes were given no heat treatment after welding. Tests were conducted at 70°F

and —AOOF, using various ratios of longitudinal to transverse stress.

The results of the tests are summarized in Table 2. All the tubes
tested at 70°F exhibited considerable ductility prior to fracture. All the tubes
tested at -40°F except those most-heated to llOOOF, were relatively brittle. The
. reduction in wall thickness of the tubes tested at -40°F ranged from 2 percent
to 6,7 percent‘for the tubes tested as welded, while the post-heated tube had a
wall-thickness reduction of 31 percent before failure. The tubes tested at 70°F

were more ductile. Reductions in thickness ranged from 7.5 percent to 32 percent.

A study of the fractures revealed that the origins of the fractures were
almost invariably in the welds even though the welds were sound, The welds
appeared to be acting as crack starters thus causing premature failures of the
tubes. In view of the nature of the failures obtained with the tubes, it was con-

sidered advisable to conduct some supplementary tests on the weld deposit of the

*H. E. Davis, G. E. Troxell, E. R. Parker and M. P, O'Brien, "Behavior of Steel

Under Multi-Axial Stresses and fffect of Welding and Temperature on This Behavior:.

Snip Platz Ser’. . (NS306), OSRD Report 6365, Serial N-542, Dec. 6, 1945.
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tubes, This was possible because two 8 in, lengths had been cut from the ends
of each cylinder in preparation for testing. From these rings were machined

standard 0.505-inch tensile test bars.

Tensile tests were made at 70 and -40°F on specimens cut from the tube
walls and from the welds. Typical true-stress natural-strain curves of these
materials are given in Figure 1. Both the weld material and the plate material
were very ductile. Contrary to the’béhavior of the tubes, the tensile specimens
showed greater ductility at -40°F than at 70°F, This apparently inconsistent
result might be due to one of a number of causes., The 0,505 inch diameter tensile
bars were cut from the center portion of the weld; thus the last passes deposited
at the surfaces of the welds were not tested, It is the surface layers in the
multipass weld which are likely to be the least ductile. All underlying passes
are reheated by subsequent passes with a consequent improvement in ductility.

The surface layers in the weld deposit might be the source of the cracks in the
tubular specimens, Another factor which must be considered in relation to the
discrepancy between the results of the tensile bars and those of the tubes is

the difference in the stress conditions, The tubular specimens were subjected

to biaxial loading while the tensile bars wére loéded in simple tension. Further-
more, in the tubes the stress condition was complicated by the rough surface of
the weld so that triaxial tensile stresses may have existed near local irregular-
ities. This difference in the state of stress presumably might account for the
difference in behavior of the material in the two tests. The picture was further
complicated by the fact that the weld zone in the tubular specimens had a residual
tensile stress estimated to be about 45,000 psi. No residual stréss was present

in the 0.505-inch diameter tensile bar.
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It became apparent that thers were many variables which should be
evaluated before a critical analysis of the tube test results could be made.
The evaluation of the separate factors by menas of the tube tests was considered
impractical because of the cost and because of the time necessary for such a
study. To facilitate the investigation, a bend test was chosen and used for

the studies,

Considerations in Choice of Test, -- Considerable thought was given

to the problem of choice of an appropriate test, and a number of preliminary
experiments (including some on other types of tests) were conducted to study
the merits of various conditions of test. The criteria by which the various

possible test procedures were judged were as follows:

1. The outer layer of the weld deposit should be included in the strained material,

2. The specimen must be of such a nature that biaxial stresses can be applied.

3. The specimen must be capable of retaining residual stresses of a magnitude
comparable with those in the tubular specimens (18 inch long specimens were
used for determining effect of stress).

L. The specimen must be relatively cheap, simple to make and easy to test.

The bend test seemed to satisfy these conditions. The outer layer of
the weld undergoes the maximum strain; when wide specimens are bent as simple
beams there is developed a transverse stress equal to one-half of the longitudinal
stress {a stress ratio of 1:1 is produced in a cupping test); bend test specimens
can be made large enough to retain large residual stresses (18" long or more);

the cost of making and testing such specimens is relatively small.

Although the bend test seemed ideally suited for the proposed experi-

ments, its suitability nceded to be evaluated experimentally. This was done by
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making bend tests on specimens cut from the tﬁbes. The specimens contained the
weld zone and about three inches of the adjacent plate meterial. The results
obtained with these bend test specimens correlated very well with the results
of the tube tests. (Details are given later in report under Experimental Results).

Consequently, the bend test was adopted for evaluating the influence of the various

factors,




Testing Procedure

All bend test specimens used in the experimental work (except those

cut from Tube I and J) wsre 10 in. square by 3/4 inch thick,

Most of the specimens were made by depositing beads along the center
line of one face and parallel to the direction of rolling of the plate. Some
of these specimens were subsequently tested in the as-welded condition, i.e,
with the beads not ground off, while others were tested after the beads had
been ground flush with the surface of the plate. Additional bend tests were
made on specimens of the same size but containing double-V butt welds instead
of single beads. The butt-welded spccimens were made by welding together two
5-in. by 50~in. pieces of 3/4-in. thick plates. The long welded pieces were

then cut into 10-in., lengths to form the square bend-test specimens,

In some series of experiments, the plates were heatcd or cooled to
various temperatures before the beads were deposited., The heating was done with
an acetylene torch and the temperature of the plate was measured by a contact
pyrometer. The temperature of the plate just ahead of the arc was maintained
within ten degrees of the desired temperature during the welding. Somz of these
specimens were subsequently post-heated in controlled temperature muffle furnaces

to determine the effect of post-heating upon the ductility,

All specimens were loaded as simple beams on a 6~in. span so that the
direction of the maximum tensile stress was parallel to the bead or to the butt
weld, The supports extended across the entire width of the specimen, The load
was applied at the midspan through a loading member which also extended across

the entire width of the specimen, The loading member was rounded to a radius
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of 1/l inch on the edge where it contacted the test specimen., The fixtures
which supported the ends of the beams were also rounded to a 1/4 inch radius
and were recessed to accomodate the weld bead so that the plate rested on the

supports across the entire width.

Tests were conducted at various temperatures ranging from room tempera-
ture.(about 70°F) down to —A,OOFa The specimens were cooled with dry ice to a |
temperature slightly below the desired testing temperature. A specimen was placed
in the testing jig and the test was begun when the temperaturce (measurcd with a
thermocouple attached to the surface of the plate) reached the value recorded in
the tables of test results, The specimens were loaded as rapidly as possible
to maximum load. The loading operation required from 15 to 30 seconds depending
upon the ductility of the specimen. Because of the rapid loading, the tests
were adiabatic rather than isothermal. The temperature rise which occurred
during the test varied from a few degrees for the brittle specimens to as much
as 25%F . for the most ductile specimens. Since the results of the tests are
comparative, only the temperatures of the plates at the start of the tests are

reported,

During the course of preparation of the specimens, measurcments of
the plate temperature were made prior to welding, and the welding currents,
voltages and rate of electrode travel were recorded. During each test, the
temperature, maximum load, bend angle and surface elongation were measured, The
elongation was measured parallel to the weld over a one-inch gage length and in
the region of maximum elongation. Unfortunately, it was impossible to observe
the action of the weld during the test so no record of when the first crack formed

is available. Most of the specimens tested at low temperatures fractured completely
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across the plate when the first crack formed. At room temperature, however,
the weld zone usually cracked in several places and often the plate did not
fracture. In such cases, the cracks formed at bend angles which were sometimes
much smaller than those recorded in the tables, The bend angles at the high
temperatures thus measursd the ductility of the plate material rather than the
ductility of the weld deposit, The low temperature tests, however, provided a
better measure of the weld zone ductility because the first crack which formed

caused the plate to fracture without additional deformation,
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Experimental Results

The s tudies conducted during the course of the investigation may
conveniently be divided into ten groups, as listed below.

1. Bend tests on samples cut from tubes.

2. Experiments with E6010 electrodes.

3. fxperiments with Unionmelt.

L, FExperiments with low-alloy electrodes.

5. Experiments with stainless steel electrodes.

6. &ffect of éomposition and microstructure of the base plate.
7o Effect of pre-heating and post-~heating.

8. fvaluation of the effect of residual stress (with 18" long specimens).
9, Affect of arc voltage.
10. Evaluation of the metallurgical factors.,

The results will be discussed in the order listed.

1. Bend tests on samples cut from tubes. The first step in conducting

the experiments was to determine the suitability of the bend test as an indicator
of thevperformancé of welded structures such as the pressure vessels studied on
NDRC Research Project NRC 75. lihether or not the bend test would yield brittle
and ductile fractures to correspond with the fractures obtained with tubes was

an importent factor to be determined.

As described in the introduction, the tubular specimens were tested
under various ratios of longitudinal to transverse stress; hence the biaxial
stress ratio of 2:1 developed on the tension side of the bend test specimens
was the same as that used for some of the tubes. 'The temperature of the bend

test was also adjusted to correspond to that used in the tube tests. The bend
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test thus satisfied the conditions of stress and temperature.

During the preparation of the tubes, sections about 8 inches long
had been cut from each tube, From some of these sections, pieces about 8 inches
square were cut which contained the welds. Thesc rather crude specimens were
then bent in such a way that the longitudinal weld was stressed in tension, simi-
lar to the manner in which their counterparts in the tubes werc stressed. The
specimens were tested as centrally-loaded beams on a 6 inch span. The curvature
of these specimens, though slight, made a quantitative interpretation of the
results'complicated but the difference between the ductile and the brittle speci-
mens was so obvious that refinements were not necessary. Furthermore, the
behavior of the specimens in the bend test corresponded with the bchavior of the
tubes from which the bend test specimens were cut, Figure 2 shows the results
bobtained when two of the specimens were bent, The ductile specimen was taken
from Tube I which had been post-heated to 1100°F after welding; the brittle

specimen was taken from Tube J which was left in the as-welded condition.

It appeared from these preliminary results that the bend test might
afford a quick, economical and satisfactory means for evaluating some of the
. many complex factors which scvemed to influence the behavior of loaded welded

joints. ith this belief in mind, the following experiments were performed.

2. Experiments with B6010 i#lectrodes. One of the electrodes commonly

used for the welding of mild steel is the #6010 type of electrode. This electrode
is made of low carbon steel and has a collulose coating. A Fleetweld 5 rod was
':chOSen for these tests, All of the bend test samples in this series of tesis

were 10 inch square and 3/4 inch thick. lNost of the specimens were made of single

10 w:ch square plates on which weld beads were deposited, Some of the specimens,
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however, wers made of two 5 inch w1de, 50 1nch long plates JOlned by a double—V
" butt weld ‘and subseduently cut to 10 inch” squares. Only steel A was used for

these experiments with the E6010 electrodesc

Ihe plates were tested as centrally-loaded simply-supported beams with
a six inch spen. The weld beads were placed in. the .longitudinal direction so
'shet'the maximum tensile stress was parallel with the direction of the weld,

The resulting fractures thus traversed the bead. Specimens welded at room
temperature were bent etvtemperatures ranging from;70° to -4O°F, The results

of these tests are recorded in Table 3 and Figure 3, Figure 3 shows the'effédct

of testing femperature on the bend angle obtained in these tests. Thesc results

clearly showed the influence of the tcesting temperature upon the ductility.

A comparison betWeen the double—V butt—welds shows a’strlklsg contr;sr
in behavior. The weld made by a series of longltudlnal passes (51ngle pass
stripger beads) was:extremely brittle while the weld made by os¢illating the
elé¢t?0de from';ide to side so that the entire groove was.almost-filled‘in a
single pass'<wash-we;d) was very ductile., The differenceé in welding technique
had a prefsund effect on.the ductility of the weld, The specimens were made by
weldinguﬁogether two 5 inch wide pieces of plate each 50~in. long. The stringer
beads were started at one end of the'plete'and depOSifed progfessively towards
~-the other end. By the time one pass was eompleted the plate at the place where
the weld was begun had covoled to room temperature, Thus each pass was deposited
on a-cold plate and- COnsequently cooled at a rapld rate. The wash weld progressed
.80 slowly, ‘however, that the plate ahead of the weld was actually preheated by heat
which diffused forward fister than the weld progressed. The orlmary‘dlfference

in behavior appeared to be due to the difference in the rate at which the weld zone
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cooled. This observation led to another series of experiments recorded as part

7 of this report.

The results from the specimens having a single bead were intermediate
between those for the two types of butt welds, The cooling rate of the single
bead deposits was, of course, much faster than that of the wash weld. Conse-
quently, it is to be expected that the single bead deposits would be less ductile
than the double-V butt welds made by the wash weld technique. The cooling rate
of the veld zone in the double V butt welded specimens made by the stringer becad
technique must have been of the same order of magnitude as that of the single bead
specimens, yet the single bead specimens were more ductile than thiose that were
butt-welded, The difference in ductility is apparently due to the diffcrence in
the contour of the surface. The single beads were ground flush with the plate
surface whilc the‘butt—welded specimens were not ground. This conclusion was
confirmed by later tests on single bead specimens tested in two conditions--as

welded and with the beads ground flush (sce Fig. 8).

3. Experiments with Unionmelt and Steel A, Unionmelt welding is commonly

employed for the welding of flat mild steel plate. Hence it was considered
desirable to study the performance of Unionmelt welds, In this scries of experi~
ments, single beads were deposited at high rates of speed to obtain deposits as
nearly comparable with those deposited by hand with the E6010 clectrodes., A
current of 320 amperes was used with a 1/4-in. rod. ‘The rate of travel of the
electrode was 15-in. per minute, Thus a small bead wés obtained. The beads were
deposited at room temperature and the specimens were tested at various temperatures
ranging from 70o to —AOOF( The results are recorded in Table 4 and the bead engle

is plotted as a function of temperature in Fig. 4. fThe Unionmelt specimens showed
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greater ductility than did the specimens having E6010 beads, This can be at
least partially accounted for by the fact that, in spite of all that could be
done to deposit'metal at the same ratec in the two cases, ‘the bead deposited by
the Unionmelt process was larger and consaquently'cooled at a slower rate than
did the E60L0 bead. There are, however, other conditions which wecre different
in the two cases and might presumably influence the results., One of the mbst
important differenceswas in the arc atmosphere. The atmosphere surrounding
the arc made by the E60L0 slectrode was undoubtedly rich in hydrogcn gas‘
originating from the cellulose coating on the electrodeo The Unlonmelt f“
on the other hand, is a mineral type coating contalnlng 31llcates of calc1um,
alumlnum, etc. and consequently generated -1ittle hydrogen when it was fused
It is well known that excess hydrogen lowers the ductlllty of alloy steel welds,

and it may be that hydrogen has a similar effect on low carbon steel.

Double~V butt-welded specimens wérd also made by the Unlonmelt process

ﬁsing standard welding procedure, The 10-in. square specimens were cut from a

, long piece made by welding together two 5-in. wide pieces of plate each 50-1n.
‘lbhg. The weld was started.at one end and progressed éontinuously tbwards the
'othér 9nd. One pass was deposited on each side of the plate. ‘Thé last side
wéidgd was placed in the bending jig so that it would be stressed in tension dur-
) ing_#hg fest‘_,Tests were made on these specimens at various temperaturés. The
resuits are_rggorted in Table 4 and the bend angle is plotted as a function of

the temperature in Fig. 4.

Thé'éingie—beadASpecimens were more ductile than the butt-welded
specimens even though the single-bead deposits cooled more rapidly than the

butt welds. The difference in ductility was undoubtedly due to the surface condi-
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tion., The single bead specimens were ground flush with the surface of the plate

while the butt welds were not,

L. Experiments with Low-alloy Electrodes and Steel A, Another series

of experiments was conducted with several types of low-alloy steel electrodes—-
Shield-arc 85, Murex Type 80 and Murex AWL, It @ust be recognized at the outset
that bead tests with alloy steel clectrodes are likely to be mislcading. The
alloy stecel electrode is diluted cxcessively by the mild stecl in a single bead
deposit. Consequently, it is nucessary to know the actual composition of the
weld deposit before the results of the bend test can be intelligently appraised.
To obtain this information, metal was machined from the central portion of the
beads of some of the specimens after they were tested, These thips were then
analysed along with similar samples obtained from other specimens. The chemical
compositions are reported in Table 5, The results of the bend tests are given
in Table 6 and the bend angle is plotted as a function of testing temperature
in Fig. 5. The bend angles of the specimens made with the liurex Type 80 elec-
trode were essentially independent of the testing temperature while the bend
angles of the specimens made with the AWL electrodes were roughly the same as
those obtained with E60X0 specimens., The specimens welded with Shieldarc 85
were the most brittle specimens tested. The hardnesses of the beads and heat-
affected zones in these specimens were later measured with a microhardness

tester, The results obtained are discussed in detail in section 10 of this

report,

5+ Experiments with Stainless-Steel Electrodes and Steel A. Experiments

were made with columbium-stabilized, 19 percent chromium, 9 percent nickel cluc-

trodes, and with 25 percent chromium, 20 percent nickel electrodes, The veads
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made w1th the 19-9 electrodes were so brittle that even at room temperature-
many cracks developed in the weld deposit when the specimens were bent through
very small angles, The 19-9 electrode material was so diluted during welding
that the single bead deposited on the plate had a very poor metallurgical struc-
ture, To avoid this condition, 25—20'electrodes were used thereafter. Even with
this electrode the weld deposit was diluted by the fused basge material but not
enough to cause the formation of.the brittle metallurgical structure associated

wiph the 19~9 deposit. The composition of the 25-20'beads is given in Table 5.

'The resdlts‘of the‘bend tests obtained with 25-20 beads are given in
Tabie 6 and the bend‘angles at varioue‘temperapures are plotted in Fig. 5,
togetﬁer witﬁ:the results from tests Qd specimens having low-alloy steel beads.
It is iamportant te‘note'that;no cracks formed either in .the weld zone or the ‘

plate at any testing temperature.

A microscopic examination was made of the weld zone to determine
whether or not the heat-affected zone of the plate had cracked. lficrocracks could
conceivably form in this zone but might not grow. Mierohardness surveys later
revealed that this zone had a maximum hardness of about 500 Knoop whlch 1s equal
to approx;mately 500 Brinell, A careful microscopic survey of the hardened zone
failed’to»ehow‘any_cracks, This seemed remarkablé eon31der1ng the hardnees of |

this material,

The 25-20’type of welding electrode seemed to be ideal for the weldihg
of mild steel to prevent low temperature brittleness in the weld zoneq The
reason for the remarkable performance .of the 3820 Speclmens was not 1mmed1ately L

apparent. Two factors might contribute to the favorable actlon of thlS electrode.
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One is the good ductility and insensitivity to notches of the weld bead; the
other is the low hydrogen content of the arc atmosphere., The 25-20 electrodes
had a lime~type coating which liberated relatively little hydrogen. The results
obtained on mild steel with this type of electrode are in line with those

reportedly obtained with the same type of electrode on low-alloy steel.,

A word of warning is necessary, however, in connection with the use
of 25-20 electrodes for the welding of mild steel, Some later experiments were
performed which indicate that the results obtained in the original tests must be
reconsidered. In the final experiments several identically prepared bend test
specimens were tested in bending with the bead running transversely rather than
longitudinally. The heat-affected zone of the plate was thus subjected to the
maximum tensile stress over the entire length of the bead. The bead was left
on the specimens and consequently acted to concentrate stress at the junction
of the bead and the plate where the heat-affected zone is located. These speci-
mens, when tested at -AOOFQ, fractured through the heat-affected zone after
bending through a relatively small angle. These results show that the use of
25-20 electrodes for welding mild steel will not always prevent brittle fractures
from starting in the weld zone, and that the state of stress and the orientation
of the principal stresses is a factor in determining the ductility and failure,

especially when marked variation in hardness exists in the weld zone,

6. BEffect of Composition and lMicrostructure of Base Plate, Some

limited experiments were performed to explore the effe-t of composition and micro-
structure of the plate metal on duetility of weldments. Semi-~killed steels of
two different compositicns (steels A and B) were used fcr these bend tests. One

of these steels was tested in two different conditions of hea: treatment (E as
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rolled, and B normalized). 'The, compositions and‘heat treatmeﬂ%s of these steels
are given in Table 1, Unionmelpgweld beads weré deposited onfspecimens of these
plates, The results of the bend tests are récorded in T;ble‘7 and ‘the bend
angles at various temperatures are plotted in Fig, 6. As indicated by the differ-
. ence between the behavior of sﬁéél%’A'and B, the chemical composition has some
effect, although it was apparénﬁlyaédéll in ‘this.case.  More important is the
fact that the B steéls,‘which'were chémiéally-identical,-behaved“differeptly in
ﬁthe two differen£ conditioﬁs Gf:ﬁeétrtreatment. There was a small difference
in microstructure which can'bérséén in the photomicrographs shown in Fig, 7.
. The microstructure of steel Aaiéigiven for comparison, The difference in the

results obtained with the two B series of specimens makes it obvious that micro-

structure of the base plate must be considered as an important facfor, i is
not sufficient to study the efféct of chemical composition alene. L =stu'y of
the effect of chemical compositioh”and microstructure is in itsclf & ma.tr nroject

so it was not considercd advisable to extond the study at this time.

Cracks which developed first in the weld metal in this group of tost
specimens apparently acted as notches so that the behavior of thé'piates (after

the welds cracked) was conditioned by the notch sensitivity of the base metal .

oo, Effect of Preheéé%Aém;%d.Posthééting. A number of experiments were
- performed to-determine.the;effegp of_preheating aqglpostheating on the behavior
of bend test specimens, . The Pléﬁﬁs wéFchooied.or he;ted tovVaribﬁé'fémperatures
" as indicated in Table 8 before theyweldmﬁéadé weré aééogitéa;f'fﬂé;%eﬁddahgles
obtained for tests at —AOOF plotted againsﬁrthevpfehea£;£éﬁp;;a£ﬁré for speci~-
mens with E6010 beads are shown in Fig, 8. Specimenc were tested both with the

beads left on and with the beads ground flush with the surface of the plate.
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The specimens tested in the as-welded condition (beads not ground) were consider-

ably more brittle at the low temperatures thap were the specimens for which the
beads were ground flush, It is important to note, however, that even the as-
welded specimens were extremely ductile if the weld beads were deposited on hot
plates. The bead contour had no effect upon the bend angle when the plate was
heated above LOO°F before welding, The remarkable effect of preheating upon the
ductility of the bend test specimens was found to be true for all types of elec-
trodes used and is undoubtedly the result of the slower cooling associated with
the preheating. Slower cooling causes a softer microstructure to result and also
allows more time for dissolved gases, particularly hydrogen, to escape., Addi-
tional comment is given in section 10 concerning the effect of preheating on the
microstructure of the weld zone,

Fig, 9 shows the effect of prehgating upon the bend angle at —AOOF for
specimens having various kinds of weld beads.

For some specimens, the plates were at 100°F before welding, and sub-
sequent to welding were heated to 1100°F for one hour. As shown in Table & and
in Fig. 10, this treatment had a pronounced effect upon the ductility of the bend
test specimens tested at -40°F, Similar specimens were given a normalizing treat-
ment (heated to 1650°F and air cooled) which, in general, seemed to yield results
similar to the trestment at 1100°F. The results of some of the tests on normalized
specimens are alsc reported in Table 8 and are plotted in Fig, 10.

The benericial effect of postheating is obvious., The reason for the
improvement is not clearly brought out by the tests, The 1100°F treatuent is
generally called a stress-relief heat treatment and it is true that it does
relieve the residual welding stresses to a large degree. One important question
is whether or not the relief of the residual stress is responsible for the‘re~

mar<c le lzprovement in the performance of the bend test specimens (and for the
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improvement in the ductility in the large tubular specimens). To establish the

role played by residual stress, another series of experiments was conducted which
are described in detail in the following section.

8, Evaluation of the Effect of Residual Stress. Although weldments

which are given the so-called stress-relief heat treatment are largely relieved
of residual stress, a microscopic examination reveals that metallurgical changes
have also occurred in the heated specimens. (The details of the metallurgical
changes are discussed in section 10,) Consequently, it was considered necessary
to,evalﬁate the effect of stress and the effect of other changes separately.
Fortunately this could be done in a simple manner but 18" long specimens had to
be used instead of the 10" square type. It had been previously demonstrated”
that when all elements parallel to a weld are elongated an amount of .hcut one‘
percent or more, the residual stresses are reduced to a low srder of m gnitude.

| Hence by elongating the test specimens about one percent in =z iensilz “ezting
.machlne prior to bending, it was possible to eliminate practically 231 ¢f the
residual stress without affecting the metallurgical structure. When ihis was
done, fhe specimens were tested and found to behave essentially the same a3 those
coptaining the residual stresses. At —AOOF there was a small bul perceptibly
le{éerbegd apgle for the pre-stretched specimens but the difference was very
small, The bend angle in all cases was relatively large so that the residual
'stress could not be expected to_show a large -effect,

“ In truly brittle fallures Wwhere the total elongatlon prior to failure
is only a fractlon of a percent the strain associated with the residual stress
Qwould be an appreclable part of the total strain, and residual stresses would

be expected to contrlbute greatly to.the fracture, Brittle fractures of this

*E, P. DeGarmo, J..-L, Meriam and Finn Jonassen: "Residual Stresses in Ship
Welding (Ns-304)" OSRD Repor‘t No. 4388 Serial No. 370, Nov. 13, 1944.
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nature were not obtained within the range of temperature employed in these tests,

and consequently the residual stresses could not have played an important role
in the bend test results,/ This conclusion was checked in several ways,

It was also found that residual stresses of high magnitude could be
induced in bend test specimens by local heating with an acetylene torch., The
maximum temperature was never allowed to exceed 500°F so no metallurgical changes
could occur in the mild steel plates, These specimens thus had the residual
stresses but had no discontinuity in the metallurgical structure as did the welded
specimens. In the bend tests, there was no difference in behavior between the
plates with residual stress and those without,

Still another check was made on the effect of residual stress. The
specimens preheated to 500°F were found to have a residual stress pattern almost
identical with the stress pattern in the specimens welded without preheat, The
preheated specimens thus had the residual stress but had very different metal-
lurgical structures. The preheated specimens were very ductile compared with
those specimens not preheated,

The conclusions reached were: (1) residual stresses have little in-
fluence on the ductility of bend test specimens tested, (2) the beneficial effect
of the so-called stress relief heat treatment is primarily the result of changes
in the metallurgical structure (which may include the elimination of hydragen
which apparently causes brittleness when present in large amounts in the weld
zone),

9. Effect of arc voltage. It was observed by H, E. Kennedy* that

welds made at high voltages tend to be brittle in the bend test. Some experiments
were conducted to check his observations. The results of the investigation are

summarized in Table 9 and the bend angle vs. temperature curves are plotted in

., ® Kennedy, "Some Causes of Brittl: Failures in .elded 1ild Steel btructures n
%ldlngﬁJourual Nov. 1945, .‘elding Research oupplvment, p. 588s.




e

Fig, 11, Tt should be noted that preiiatlng relieves the brlttleness 1nduced in
the weld zone by the high welding voltage. The meehanlsm by whlchvhlgh weldlng
voltage*influenoeS'the ductility of the weld. is not clear. It is concelvable
“that ‘the silicon content of the Unionmelt weld is 1ncreased by the hlgh voltage.
This would account for the increased brittleness of the Unlonmelt weld but not

LY e wld

'for that of the hand weld, The increased brlttleness of the speclmens made w1th

the ‘Fleetweld 5 rod might be explained by the 1ncrease 1n the nltrogen and hydro-
gen contents which presumably result from the hlgh voltage weldlng, No s1ngle
explanation seems adequate at the, present tlme and 1t 1s p0831ble that §e§e551
factors contribute to the brittleness of the speclmens welded at hlgh voltage.

- 10 Evaluation of. metallurgical factors. The most strlklng reSults

- in the ‘bend test experiments were. those obtalned by preheatlng and postheatlngo
The effects were .obyiously not related to the residual stressee “u+vcroeared to
be closely associated with the metallurgical structure of the weld apd heeté
- .affected zone, Microhardness surveys were made of a number of the oeno +eot

“specimens to determine the relative hardnesses of the weld zonee.‘ The results
+of these surveys are given in Appendix A along with macrographs showingjtﬁe'con_
tours of the weld beads (which are alsoelmportant in deterhiningltoe.oerformance
“‘of bend .test: specimens). | R

The results of these hardness surveys may be generalizeo triefl&ﬁes

follows: the higher the preheating temperature the softer the weld zone; post-
heating at 11009F softened the weld zone; th herdness was a maximum in the heat-
- affected zone, . The.heat-affected zone required special study because of‘the

: highcherdnesse$=found thereu‘ (In some cases the hardness exceeded 450 Knoop

 which is roughly equal to 450 Brlnell) The -structure was not marténsitic but

appeared to be Balnltlc, The heat-affected zone is heated above the transformatlon




- 23 - .
temperature during the welding and subsequently cools to room temperature, The

cooling is unusual in this zone, however, because it is first cooled very rapidly
by the cold plate near the weld but the cooling rate is rapidly slowed down as
‘the base plate becomes heated until the cooling becomes extremely slow as room
temperature is approached, This type of cooling is conducive to the formation

of Bainite which seemed to be the structure in the heat-affected zone. The high
hardness in this zone indicated that this region was the most likely place for
cracks to originate, This conclusion did not agree, however, with the obser-
vations reported for the bend test specimens having 25 Cr - 20 Ni beads which
were very ductile and did not cracx in the heat-affected zone even though the
maximum hardness in this region was about 500 Knoop.

Many of the bend test specimens having plain carbon and alloy steel
beads were also examined microscopically to determine the origin of the cracks,
In almost every case, the cracks started in the weld metal, A photograph of
cracks in various stages of growth is shown in Fig, 12, A few cracks were found
to start in the heat-affected zone of some of the specimens examined but such
cracks were exceptional, It immediately became obvious that the properties of the
weld metal were the important factors governing the behavior of the bend test
sPecimensa It appears, then, that preheating and postheating improve the ductility
of the bend test specimens because of the effect of these treatments on the proper-
ties of the weld deposit. It should not be assumed, however, that the heat-
affected zone is never a source of trouble, because in several cases cracks were
observed to start in this region. The 25-20 specimens bent with the beads trans-
verse to the beam axis cracked in the heat-affected zone after only moderate

amounts of strain had occurred.
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’ CONCLUuIONS

uBend test speclmens made by dep051t1ng weld metal of various comp051t10ns on

mild steel plate became progre581vely more brlttle as the testlng temperature
was lowered :

Dif ferences in weldihg:teéhnledeﬁmede a large difference in the ductility of
mild steel welds. Double-V butt welds made with E6010 clectrodes using the
stringer-bead technique bent thfouéh an angle of only 15° when tested et

~40Cp whlle similar specimens made by the wash-weld technique bent through

70° to 80°, The dlfference in the ductility is attributed to the difference

in the cooling rates assoczated w1th the different welding practices.
The'eeoling rete df the weld appears to be one of the most important single
factors in determinleg the aeetility of mild-steel bent-test Specimenec

The weld zones in Speclmens preheated to retard the coolnng rate were found
to be much softer (on the Khoop mlcrohardness scale) than similar 12gions
in spec1mens whlch cooled at more rapid rateso

Reheatlng to llOO F after weldlng produced changes in the properties and
metallurglcal structure of the weld zone which changes were very beneficial,

However, when tested at -40° F, specimens which had been preheated to 500°F

* were found to be as ductile as Specimens which had been postheated at 11C0°F,

A complete nermalizing treatment (air cooled from 1650 F) did not increase

the ductlllty appre01ably more than did the 1100°F treatment,

Thb beneflclal effect of preheating could not be attributed to the effect of

residual stress because the freheated specimens had essentially the same re-

sidual stress pattern as had the specimens welded without preheat. The in-
crease in the ductility could be the result of the difference in the proper-
ties as reflected by the microstructure or to a difference in the gas content

of the weld zone.
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The so-called stress-relief heat treatment (1100°F after welding) pro-
duced benefieial changes in the properties of the weld zone which could .

not be attributed to the relief of stress, This was demonstrated by

stress relieving specimens by stretching prior to bending (stress re-

lieving by stretching doec not change the metallurgical structure) and
by introducing residual stresses in an unwelded plate by local heating

to below 500°F prior to bending. The specimens which were stress re-

lieved by stretching behaved identically with those.containing residual

. stresses, The specimens containing the residual stresges, but having

Te
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no weld, behaved exactly like similar specimens having no,residual- stress.

The heat-affected zone of the base plate was found to have a maxismum
hardness which in ‘'some casés exceeded 450 Knoop (approximafely 450

Brinell). This zone appeared to have a Bainitic type of microstructure,

Microscopic observations established that cracks originated in the weld
metal and not in the heat-affected zone even though the heat-affected

zone was ugually harder than the adjacent weld metal.

Spécimens‘made with 25 percent CR, 20 perceﬂt Ni elecﬁr&deé wefe found to
be very ductile when tested at low températures, evén when welded withqut
preheating of the base plate.

High arc voltages were found to produce less ductile welds than lower arc

voltages.
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APPENDIX A - RESULTS OF MICROHARDNESS SURVEYS

Cross-sections of a number of typlcal SpeCLmens on which weld beads
had been dep051ted were prepared for mlcroscoplc examlnatlon and hardness
testlng. Hardness was measured along a llne through the center of the weld
Beeds across the thickness of the platc,'startlng at the top of the beads.

The hardness values were determlned as Knoop mlcrohardness numbers and were
measured with a Tukon hardness tester whlch was operated w1th a EOO—gram

load in these tests, The sbeedmens were chosen so ﬁhat comparisohs.eould be
made between the effects of'preheating, postheatihg;'aﬁd”ehemieéi'eompesition
of weld.

Macrostructures, at a: magnification of approximately 4, are shown in
‘ the,odd—numbered figures,‘Fiés.AJB to 79. The results of microhardness surveys
are shown in the even-numbered figures, Figs. 14 to 80; in these latter figures
are shdwn-photographic reprodu5€ions of the regionlalehé Which the hardness
indentations were made and plots of hardness vs. distance from top of weld bead
(top of weld bead as shown in edrresponding macrograéhjih'The meerostrdctures
. .and hardness plots for each specimen are given in consecutive figures so that

. a comparison can be made between structure and.hardness.
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TABLE 1. == COMPOSITION, TREATMENT AND PHYSICAL PROPERTIES
OF SEMI-KILLED STEEL PLATES

NOTE: Physical properties based on tests made at room temperature on standard
AeSeTeMe 04506-in. tensile bars, and standard keyhole-notch
Cherpy specimens, described in A,S.T.M. Specification E8-42,

Steel A Steel B, Steel By
As Rolled As Rolled. Normalized
Nominal chemical 0.256 ¢ c.18 C 0.18 ¢
composition 0.47 Mn 0.72 ¥n Q.72 ¥n
Yield stress, ksi. 35.8 . 31.9 ; 35.4
Nominal tensile stress, 53,3 § 56.7 58.0
ksi, ' i * ! ’
{ :
| !
Percent elongation in 4.5 |4 7 ; 5.9
2 in. . : tte e
Reduction in ares, percent 61l.4 69.3 6647
i
Energy abscrbed in Charpy o A
impaet test, ft. - 1lb. OV O 8.0 8.7
Hardness, Rockwell "B" 60-62 58-53 ; 59-60
| :




TABLE 2. -- SUMMARY OF TEST RESULTS - 20-IN. DIAMETER TUBES

] T Conventional Nominal Average Maximum Reduction !Potential
g s From Stress Loadi. Test Stresf Stress,® True Stress Percent in Energy
iegl' Plate | Ratio,” Coz:itzgn Temp. psi. psi. at Fracture, Eloagation Wall at Nature of Fracture
e No. ob/oi 8 OF. Longi- | Trens- [Frop. | Ulti- psi. in 5 in,. Thickness, |Fracture,
tudinal | verse [Limit | mate Long. Trans. Long. Trans. ft.-1b.
Initiated by shear in plate about 4 in.
from and parallel to weld near mid-
I
A 13970 2 ;::::::i 70 26,250 | 52,500 |30,000|89,000 | 42,500 |85,000 <1 18.0 30.0 133,000 section; after shearing for aboub 5
in., crack propagated over consider-
able length of tube by cleavage.
i8] 12991 2 " 70 24,900 | 49,800 |30,000|62,000 | 45,000 {90,000 <1 21,0 32.0 148,500 Practically same as for tube A.
pd 13993 | 2 J -42 25,660 | 51,300 |40,000(54,000 | 30,000°|60,000° | <0.2 | 3.0 3.0 110,000 Cleavage fracture entirely around cir-
cumferential end weld.
Shear for 6 in. (premature);f after re-
¢d 13970 1 Axial load, 70 55,100 | 51,300 !30,000{55,000 | 60,000°|59,500° 4.4 4.4 9.0 109,500 pair by welding, shear for % in., then
int.press. cleavage.8
4 13973 Cleavage fracture originating in weld
D 15695 1 " 70 56,800 | 53,100 |30,000!56,500 | 60,500° 56,000° 3.5 4.0 7.5 102,C00 about 48 in. from mid-section and prop-
agating spirally around tube.
Cleavage fracture originating in weld
E 13973 1 " 70 56,800 { 51,000 |30,000(61,800 | 69,000 172,000 9.2 | 10.6 20.0 143,000 2 in. from mid-section and propagating
completely around tube. No shattering.
13973 Cleavage fracture originating in weld
F 13595 1 " ~44 45,400 | 44,500 |140,000|44,500 | 45,500 |45,500 1.5 2.0 3.5 86,500 24 in, from mid-section. Specimen shat-
tered into many pieces.
3 Cleavage fracture originating in weld
I 13970 1 " -39 62,500 ; 51,400 (40,000165,000 | 85,500 |88,500 17.4 | 18,7 31.0 201,000 4 in. from mid-section. Specimen shat-
tered into many pisces.
Cleavage fracture originating in weld
J 13994 1 " -38 59,700 | 59,300 |25,000{59,000 | 61,000 64,500 3.0 3.0 6.7 160,500 28 in, from mid-section. Specimen
- shattered into many pieces.
Cleavage fracture originating at defect
: : o 3 .
6 13970 | 1/2 Axial load, | ,, 50,800 | 24,700 |42,000{49,500 | 50,000 {25,000 | 2.0 0.3 2.0 38,000 in plate 90° from weld 44 in. from mid
int. press. —_—e section and propagating around specimen.
No shattering.

1§

d& = ciroumferential stress; OL

= longitudinal stress.

Nominal stress computed on basis of original wall thickness but with respect to greatest diameter obtained at the designated load condition.

Computed as load on a given section divided by actual cross-sectional area, except as noted in footnote e for specimens failing prematurely. Underlined values indicate direction

of stress presumed to goveru failure.

Failure occurred at or near ends or end connections, presumably due to high complex stresses caused by bending induced by end restraint.

they indicate average stress levels attained before localized conditions caused failure.

Values given are those for mid-section of tube at instant of failure.

Shear fracture 6 in. long, crossing longitudinal weld at 1/8 in. from circumferential end weld.

Fracture 4 in. long (apparently shear) at root of circumferential weld, starting about & in. from nearest longitudinal weld; then cleavage fracture extending completely around speci-

men at angle of about 70° from axis.

Compression energy in liquid and concrete plugs, and elastic energy in specimen.

Computed on basis of original diameter and original thickness.

Tube heat-treated for 8 hrs. at 1100°F., after welding.

However, results are significant in that

Fracture started inside of tube, in circumferential weld.

University of California
Engineering Materials Laboratory

gc



TABLE 3. — RESULTS OF BEND TESTS ON 10-IN. SQUARE BY 3/l IN. THICK PLATES OF STEEL A

VELDED WITH 5/32 IN. DIAM. FLEETWELD 5 (E6010) ELECTRODES
Arc Voltage 26-28, Welding Current 150 Amps.

Speci- Rate of Elec— Test Max. Bend Elong.
men Type of Weld Material trode Travel, Temp. Load Angle, in 1 in. Remarks
No. in. per min. ©°F Kips. Degrees percent '
1 None —_— -0 90 78 28 No cracks
2 Single bead, ground flush with plate 10 70 85.3 78 2L Cracks in weld only
3 " " " " " " 10 32 80,2 60 19 L " " 1
& 1] L " " n L 10 0 79 . 8 5 9 20 ”" 1" 1t i
5 u " " " " " 10 -20 76.1 33 14 Cracks in weld and plate
6 " " " ] " n 10 40 71,0 2l 40 n nooon n "
T Dewlet burnad, stringer teass, led 0o o a5 2 Gmminwlony
8 ditto 10 32 8l.3 42 15 Cracks in weld and plate
9 ditto 10 0 79.3 32 12 mooowoom o v
10 ditte 10 ~20  Theky 19 7 " noon " o
n ditta 10 -0 70.6 14 6 n nooon " u
Double V butt-weld, wash weld technique, cooled »
12 to 70°F between passes, as welded. 2 75 92.0 82 28 Cracks in weld only
13 ditte 2 32 89.5 82 28 " woon "
14 ditta 2 @ 92,0 72 25 wo o Moow
15 ditte 2 20 92,0 8 27 n noon "
16 ditte . 2 ~40 92,6 69 23 Cracks in weld and plate
;p DeleVbabreld ok wid techniqie ket 5 g gLo m B omoks fnveld ooy
18 ditto 2 32 90,5 79 25 n voon "
19 ditte 2 0 92.0 77 27 n noon "
0 ditta 2 20 92.6 80 27 " woow "
21 ditte 2 -40 95.0 78 27 No cracks



TABLE 4. — SUMMARY OF BEND TEST RESULTS ON 10-IN. SAUARE BY 3/4-IN. THICK PLATES OF STEEL-A

WELDED BY UNIONMELT PRCCESS*

Electrode Diameter 1/4 in., Arc Voltage 2628

Speci- Welding Rate of Elec—  Test Max. Bend Elong.

men Type of Weld Material Current, trode Travel, Temp., Load Angle, in 1 in., Remarks

No. Amps. in. per min, °F,  kips. Degrees percent

22 Single bead, ground flush with plate 320 15 70 92.0 75.5 23 Cracks in weld only.

23 ditto 320 15 32 81.0 77 24, Cracks in weld only.

24 ditto 320 15 ~-20 85.5 68 20 Cracks in weld and :
plate. w

O

25 ditto 320 15 -40 83,0 L2 16 Cracks in weld and ]
plate.

26 ditto 320 15 ~60 82.5 38 13 Cracks in weld and
plate.

27 Double V butt-weld, cooled between 800 12 75 92.1 66 21  Cracks in weld only.

passes, as welded

28 ditto 800 12 32 89.5 L 15 Cracks in weld only.

29 ditto 800 12 0 92,6 51 18 Cracks in weld and
plate.

30 ditto 800 12 -20 9, .8 56 21 Cracks in weld and
plate.

31 ditto 800 12 -1L0 94.0 3 11 Cracks in weld and

plate.

* Oxweld 36 rod, Grade 20 flux,



TABLE 5. -~ CHEMICAL ANALYSES OF TYPICAL BEAD DEPOSITS

2 Fleetweld & 26-287  0.18 0.46 0.02

64 " 26-28Y 0,17 0.44 0.04

70 " 26-28V  0.15 0.43 0.10
100 " 30-32V  0.15 0.45 0.10
32 Shieldarc 85 26-28V  0.23 0.45 0.11 0.6l
76 u u 26-28V  0.17 0C.40 0.11 0.26
42 AL 22-24V 0,24 0.58 0,06 0.153
27 lurex 80 22-24V  0.24 0,48 0.09 0.09
47 25Cr-20Ni R6-28V 0,18 16,40 14,18
22 Uniamelton Steel A 26-28V 0.20 0.42 0.43
25 toow "M 26428V 0,17 0.44 0,27
52 " " Steel By 26-28V 0.13 0.62 0.37
56 W "™ 28-28V  0.13 0.81 0.33
58 " Steel Byy 26-28V 0,11 0,60 0,32
62 ot oM 26-28V 0.12 0.54 0,32
94 " 24-76V  0.13 0.35 0,49
95 " 34-36Y  0.21 0.38 0.52

a
See Tables 2, 4, 6, 7, 8, and 9 for details.



TABLE 6, — SUMZRY OF THEST RESULTS ON 10-IN. SQUARE BY 3/4-IN. THICK FLA

e

LA

OF STiEL-A

WITH BEADS OF SHIELDARC 85, MUREX TYPE 80, MUREX A.W.L. AND 25-20 STAINLESS ST:EL ELECTRODES

Electrode Diameter 5/32 in., Welding Current 150 Amps., Rate of Electrode Travel 10 in. per min,

- Speci- Arc Test Maximum Bend Elong.

' men Type of Weld Material Voltage Tempgrature LQad, Angle, in 1 in., Remarks
No. i3 kips. Degrees percent
32 Shieldarc 85 electrode; 26-28 70 84.0 66 2l Cracks in weld only
33 ground flush with plate " 32 78.0 L5 16 Cracks in weld only
34 ditto n 0 66.0 19 9 Cracks in weld and plate
35 ditto " -20 55.0 9 7 Cracks in weld and plate
36 ditto " -40 59.0 6 1.25 Cracks in weld and plate
37 Murex No. 80, ground flush  22-24 70 80.0 73 23 Cracks in weld only
38 with plate n 32 80.8 70 23 Cracks in weld only
39 ditto n 0 80.4 59 20 Cracks in weld and plate \;
LO ditto " ~20 79.0 73 23 Cracks in weld only v
L1 ditto it ~40 83,0 70 23 Cracks in weld and plate
L2 Murex A.W.L., ground flush n 70 84.6 75 23 Cracks in weld only
43 with plate n 32 .7 38 13 Cracks in weld only
INA ditto n 0 77.3 L9 15 Cracks in weld and plate
L5 ditto n ~20 76.9 L3 15 Cracks in weld and plate
L6 ditto " -40 6L.5 19 7 Cracks in weld and plate
L7 25 Cr — 20 Ni Electrode; 26--28 70 85,6 71 20 No cracks
18 ground flush with plate " 32 86.9 7 18 No cracks
49 ditto " 0 87.3 69 26 No cracks
50 ditto " -20 89.2 70 22 No cracks
51 ditto n ~40 88.14 66 20 No cracks



Electrode Diameter 1/4 in., Arc Voltage 26-28, Welding Current 320 Amps., Rate of Electrode

TABLE 7. -- SUMMARY OF TEST RESULTS ON 1lO0-IN. SQUARE BY 5/4—IN. THICK PLATES

WITH UNIONMELT BEADS

Speci- Test Maximum Bend Elonge.

men Type of Weld Material Temperature, Load, Angle, in 1 in., Remarks

No. oF kips. Degrees percent

22 Unionmelt, single bead, ground 70 92,0 75.5 23 Cracks in weld only.

23 flush with plate, Steel A 32 8140 - 77 24 Cracks in weld only.

24 ditto ~20 85.5 68 20 Cracks in and plate.
25 ditto ~-40 83.0? 42 18 Cracks in weld and plate

26 ditto ~60 82,5 38 13 Cracks in weld and plate.
52 Unionmelt, single bead, ground 70 73,0 - 7645 22 Cracks in weld only.

53 flush with plate, Steol Byr 32 75,02 66 22 Cracks in and plate.
o4 ditto 0 79.0 69 21 Cracks in and plate.
55 ditto ~20 7340 38 14 Cracks in and plate.
56 ditto - ~40 8l.5 5045 16 Cracks in and plate.
57 ditto ~80 69.0 37 13 Cracks in weld and plate.
o8 Uniommelt, single bead, ground 70 8540 71 21 Cracks in onlys

59 flush with plate, Steel B, 32 8L1iQ- 78 21 Cracks in weld only.

60 ditto 0 80.0 86 26 No cracks.

61 ditto -20 84.5 76.5 22 Cracks in weld only.

62 dttto 40 85.0 57 16 Cracks in weld and plate.
83 ditto -80 87.0 70 20 Cracks in weld and plate.

Travel 15 in. per min.



TABLE 8, — RESULTS OF BEND TESTS ON 10-IN. SQUARE BY 3/L IN. THICK PLATES OF STEEL—A

SHOWING THE EFFECT OF PREHEATING AND POSTHEATING

Arc Voltage 26-28

Speci~ Elec— Welding Rate of Elec—~ Test Plate Temp. Temp of Max. Bend Elong.

| men Type of Weld Material trode Current trode Travel Temp. before weld-Postheat Load Angle in 1 in.Failure
- No. diam, in, Amps., in. per min, COF ing, °F °F. kips. Degrees percent

6, Fleetweld 5, bead ground off 5/32 150 10 —10 0 None  67.0 28 10 a
65 ditto t " " " 100 " 81.0 50 20 a
| 66 ditto " " n " 200 n 8,.0 81 25 b
Y ditto n n 1 n 300 1 86.0 79 25 b

68 ditto " " n " 400 n 81.0 70 21 b

69 ditto R H " " 500 " 82.3 Th 25 b

70 Fleetweld 5, bead left on " " n n 0 " 60,0 9 7 a

71 ditto n n " " 100 n T72.0 26 11 a

72 ditto " H n " 200 " 8..0 L9 19 a
T3 ditto " n " 1" 300 n 88,4 61 21 a

Th ditto " n " " 100 " 88.0 71 25 a
75 ditto n " " n 500 " 87.0 72 I b w
76  Shieldarc 85, bead left on n " " n 0 n 55,0 7 6 a ¥
77 ditto " " n " 100 " 70.0 24 12 a !
78 ditto " " " n 200 " 87.0 L9 19 a

79 ditto " 1 n " 300 n 87.0 55 20 a

80 ditto 7 n " 1" 400 1t 8L.0 57 20 a

81 - ditto " " " i 500 " 88.0 63 22 a

82 Unionmelt, bead left on /4 320 15 u 0 n 75.0 30 12 a

83 ditto " " " n 100 n 82.0 L3 15 a

8L ditto ' " " " " 200 t 85,0 L7 22 a

85 ditto " n " t 300 n 86.0 67 23 a

86 ditto " " " " L00 n 88,0 a8l 2L c

87 ditto 1 " " " 500 " 89.0 91 25 ¢

88 Fleetweld 5, bead left on 5/32 150 10 n 100 d 88.0 93 26 b

89 ditto " n " n 100 e 90,0 83 23 b

90 Shieldarc 85, bead left on u " " =77 100 d 88.0 81 26 a

91 ditto n " " n 100 - e 85,0 86 25 b

92 Unionmelt, bead left on 1/4 320 15 " 100 d 85.5 83 28 b

93 ditto n " " 1 100 e 85.5 83 28 b
NOTES: ~ Cracks in weld only d - Postheated at 1100°F. A.C. for one hour.

f

a — Cracks 1ndwg%dlgggoglate b - No_cracks

3 — Postheate and air-cooled for

3

L hour.



TABLE 9. — RESULTS CF BEND TESTS ON 1O-IN. SQUAIE BYPB/A IN. THICX PLATES OF STEEL-A

SHOUING EFFECT OF WELDIKG VOLTAGE

Testing Temperature _AOOF,, No Postheating Treatment

Speci- Elec- Arc WeldingRate of Elec-Plate Temp. Max. Eend Elong.
men Type of Weld Material trode Volt-Currenttrode Travel,before weld-Load, Angle, in 1 in. Remarks
No. diam., in.age Amps. in. per min. ing, “F. kips.Degrees percent
70  Fleetweld 5, bead left on 5/32 26-28 150 10 0 60,0 g 7 Cracks in weld and plate
71 ditto n " " " 100 72,0 26 11 ditto
72 ditto " " " " 200 84,0 49 19 ditto
73 ditto " " n n 300 88., 61 21 ditto
T4 ditto t " " " 400 88.0 71 25 ditto
75 ditto " " n " 500 87.0 72 24 No cracks
82 Unionmelt, bead left on 1/4 " 320 15 0 75.0 30 12 Cracks in weld and plate
83 ditto ’ " " " " 100 82.0 43 15 ditto ,
84 ditto n n n " 200 85.0 47 22 ditto N
85 ditto n " " " 300 86.0 67 23 ditto !
86 ditto n moom " 100 88.0 81 2l Cracks inweld only
87 ditto " " " " 500 89.0 91 25 ditto
95 ditte " 3436 " n 0 87.6 19 7 Cracks in weld and plate
95 ditto " n " n 100 72,0 23 12 ditto
96 ditto " " " " 200 80.0 34 15 ditto
97 ditto n " " " 300 83,0 L3 15 ditto
98 ditto n L n 400 77.0 33 14 ditto
99 ditto n w n " 500 86.0 53 20 ditto
100 Fleetweld, 5, bead left on 5/32 30-32 150 10 0 54.0 L 3 Cracks in weld and plate
101 ditto " " " n 100 60.0 8 6 ditto
102 ditto " " n n 200 83.0 40 15 ditto
103 ditto " n " n 300 73.0 28 12 ditto
104 n n L u L00 85,0 83 26 No cracks

ditto
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FIG I3 -CROSS-SECTION  OF WELD BFAD,
SPECIMEN 2 (Z~ivcH pPLaTE )
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FIG |4-SFPECIMEN 2; FLEETWELD 5 ELECTRODE

( SEE TABLE-3)




FIG.15 -CROSS-SECTION  OF WELD SEAD,
SPECIMEN 25  (Z-inch prare )
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FIG.I7 ~-CROSS-SECTION  OF WELD BEAD,
SPECIMEN 32 (Z-vcw prate )
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(SEE TABLE 6 )




FIG. 19 -CROSS SECTION  OF WELD SEAD,
SPECIMEN 37 [ Fnck prate )
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( SEE TABLE 6 )
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FI16, 21 -CROSS-SECTION OF WELD BEAD,
SPECIMEN 42  (Z-ivcn prare )
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FIG.22-SPECIMEN 42; MUREX AWL ELECTRODE,

( SEE TABLE 6)
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( SEE TABLE 6)




FIG. 25 -CROSS-SECTION
SPECIMEN 52
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FIG. 26 -SPECIMEN 52; UNIONMELT ELECTRODE.

(SEE TABLE 7)
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FIG.27-CROSS-SECTION OF WELD BEAD,
SPECIMEN 58  (Z-incw pLate )
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FIG 28-SFPECIMEN 58; UNIONMELT ELECTRODE.

(SEE TABLE 7)
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F1G, 29 -CROSS-SECTION OF WELD BEAD,
SPECIMEN 70  (Z-ivcr pLaTE )
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FIG. 30-SPECIMEN 70; FLEETWELD 5 ELEC
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( SEE TABLE 8 )
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FIG. B/ -CROSS SECTION  OF WELD BEAD,
SPECIMEN 71 (Z-ivow prate )
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FI6.33 -CROSS-SECTION OF WELD BEAD,
SPECIMEN 72— (Z-incH PLATE )
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FIG. 34 -SPECIMEN 72; FLEETWELD 5 ELECTROLDE;
200 °F PREHEAT «csee TABLE 8)




FIG.35 -CROSS-SECTION  OF WELD EEAD,
SPECIMEN 73 (Z-ivew prate )
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FIG.36-SPECIMEN 73; FLEETWELD 5 ELECTRODE;
300 °F PREHEAT (SEE TABLE 8)




FIG, B7-CROSS-SECTION  OF WELD BEAD,
SPECIMEN 74 (Z-ivcw pLate )
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FIG. 38-SPECIMEN 74; FLEETWELD 5 ELECTRODE;
400 °F PREHEA]. csee TABLE 8
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500 °F PREHEAT ¢ SEE TABLE 8)




FiG. 4/ -CROSS-SECTION OF WELD BEAD,
SPECIMEN 76  (Z-incw praTe )
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FIG. 42-SPECIMEN 76; SHIELDARC 85 ELECTROVE;
O °F PREHEAT. (SEE TABLE 8




FIG.43-CROSS-SECTION OF WELD BEAD,
SPECIMEN 77  (Z-incw prate )
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FIG. 44 -SPECIMEN 77; SHIELDARC 85 ELECTRODE;
/100 °F PREHEAT. (SEE TABLE 8)




FIG.45 -CROSS-SECTION  OF WELD BEAD,
SPECIMEN 78 (2 incw prate ]
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FIG. 46 - SPECIMEN 78, SHIELDARC 85 ELECTRODE;
200 F PREHEAT. csee Ta8LE 82




FIG.47-CROSS-SECTION  OF WELD BEAD,
SPECIMEN 79 (2 ivew pLate )
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FIG. 48 -SPECIMEN 79; SHIELDARC 85 ELECTRODE,
300 F PREHEAT. ¢ SEE TABLE 8




FIG.46-CROSS-SECTION  OF WELD BEAD,
SPECIMEN 80 (2 wcH pLATE )
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FIG. 5o -SPECIMEN 80; SHIELDARC 85 ELECTRODE,
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400 °F PREHEAT. ¢SEE TABLE 82




FI6,.57 -CROSS-SECTION  OF WELD BEAD,
SPECIMEN 8/ (F-incrH pLaTE /
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FIG. 52 -SPECIMEN 8/1; SHIELDARC 85 ELECTRODE;
500 F PREHEAT «¢See TABLE 8
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FIG 57-CROSS-SECTION OF WELD EEAD,
SPECIMEN 84 (3 ek prate )
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FIG. 58-SPECIMEN 84; UMIONMELT 5 ELECTRODE;
200 F PREHEAT, ¢ see 1a8LE 8




FIG.59-CROSS-SECTION OF WELD BEAD,
SPECIMEN 85  (F-incr prate )
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FIG. 60 -SFECIMEN 85; UNIONMELT ELECTRODE
300°F PREHEAT. ( SEE TABLE 8 )
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FIG. 62 - SPECIMEN 86; UNIONMELT ELECTRODE; .
400°F PREHEAT (SEE TABLE 8 )
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FIG, 63 -CROSS-SECTION  OF WELD BEAD,
SPECIMEN 87  (Z-incw pLate )
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500°F PREHEAT. ( SEE TABLE 8 )
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FIG.66- SPECIMEN 88; FLEETWELD 5 ELECTRODE;

| HOUR - 1100 °F POSTHEAT. (SEE TABLE &)




16.6/ -CROSS-SECTION  OF WELD BEAD,
SPECIMEN 89  (Z-incH prare )
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FIG.68- SPECIMEN 89; FLEETWELD 5 ELECTRODE;
2 HOUR -1650 °F POSTHEAT. (SEE TABLE &)
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(SEE TABLE 8)




FIG 7/ -CROSS-SECTION OF WELD SEAD,
SPECIMEN S/ /‘}-/NCH pPLATE ]
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FIG.72-SPECIMEN 9/; SHIELDARC 85 ELECTRODE;
2 HOUR - 1650 °F POSTHEAT. (SEE Ta8LE 8 )
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FIG. 74 -SPECIMEN 94 ; UNIONMELT ELECTRODE,
O°F PFPREHEAT  (SEE TABLE 9 )




FIG, 75 -CROSS-SECTION OF WELD BEAD,
SPECIMEN 95 /*}‘/NGH pPLATE )
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FIG. 76-SPECIMEN 95; UMONMELT ELECTRODE;
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FIG. JB-CROSS-SECTION  OF WELD BEA D,

SPECIMEN 10/ ( F-mwer prare )
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{O0°F PREHEAT. (Ser 1ABLE 9 )




