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FINAL REPCRT
U.S. Navy Research Project NObs-31222
CAUSES OF CLEAVAGE FRACTURE IN SHIP PLATE

HIGH YIALD STRENGTH STRUCTURAL STEEL

From: University of California, Berkeley, Calif.

Report Prepared by: Alexander Boodberg
Earl o, Farker

ABSTRACT

This report summarizes the work completed under the U.5. Navy Contract
NObs-31222, from November 1946 to the termination date of the contract, 31 October
1948,

The primary objective of the investigation was to study the'effect of
variations in steel composition on the temperatures aﬁ which the modé'of failure
changed from ductile shear_to brit£le cleavage type; .These transition temperatures
were determined by means of tension tests on notched piatésuand welded“structural
asgenblies,

Three types of specimens were uséd, two éimple notbhed specimens and
one that provided restraint to plastic fl&w at a corner produced by welding to:'
gether steel plates set alcong three mutually perpenﬁicuiar plénes. The'specimens |
were tested in tensicn at various temperatures and at a low rate of strain in
order to determine the transition temperafufeé of foﬁé different heats of high
yield strength structural steels, Auxili;;y tests wére'conducted by using a
simple bend test to determine the effect of welding on the behavior of the steels.

Results of the tests show that the four high yield strength structural

steels used in this investigation, when tested in the form of restrained welded



ii
specimens, have transition temperatures that vary from *650F for cne of the steels,
to as high as #75°F for one of the others. The tests of noteched specimens showed
transition temperatures for a particular steel that were approximately SOOF
lower than those indicated by tests of the large specimens, However, it was
found that the steels are rated in the same order of transition temperatures by
ali £hree of the tests,

The nominal stress at the maximuu load, during the tests of small
notched specimens exceeded the ultimate strength (as determined by standard -
tensile bar tésts) of the particular steel, However, the restrained welded
specimens fractured at nominal stress values that were below the yield strength
of the steel as measured in a standard tensile test.

The auxiliary bend tests of small welded specimens of high yield
strength steel indicated that only two of the many types of minefal—coated
electrodes tested wﬁuld produce weldments that were not susceptible to cracking
during the earliy stages of plastic deformation.

Reiatiﬁe hardenability of the four steels was alsc determined., Micro-
harduness surveys of plate, weld and heat-affected zone materials are presented
in Appendix A.

A description'of the various types of auxiliary equipment used in these
tests, methods used in the preparation of the specimens and other pertinent in-
formation are included in Appendix B of this repcrt.

In order to cbmpare the results of this investigation with results
of similar tests of medium carbon steecls, data from tests of medium carbon steels,

"GN and 8" are included in this report.
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INTRCDUCTION

The results reported in this paper constitute a part of a large re-
séérch program sponsored by the Bureau of Ships of the United States Navy and
coordinated by the Committee on Ship Construction of the National Hesearch
Council, This investigation was primarily concerned with the behavior of wvarious
types'of high yield strength structural steels that were tested in the form of
welded structural assemblies ai temperatures from %lOOoF to -108°F. Previously-

1,2
22535k which were a part of the same program, have

conducted investigations,
been primarily concerned with the behavior of variocus types of mild steels under
conditions similar tec those of the present investigation,

Four alloy high strength structural steels were tested during the
course of the program; the yield strengths of these ranged from 66,000 psi to
84,000 psi and the tensile étrengths-ranged from 89,000 psi to 105,000 psi, A&All
steels were tested in the quenched and drawn condition, and one of the steels
was also tested in the normalized condition, One heat of steel was re-heat
treated to improve its notch toughness because some of the early tests showed
poor results,

Results of the tests of relative hardness of the four steels and of
Lthe,microhardness surveys of plate, weld and heat-affected zone materials are
presented in Appendix A.

The primary objective of the investigation was to determine the effects
of variations in steel composition on the temperature at which the type of
fracture changed from the ductile shear type to the generally brittle cleavage
type. The specimen used for these tests contained a discontinuity produced by

welding together four plates on three mutually perpendicular planes to form a

15243,4 = OSee References



right angle corner.

The two minor objectives of the investigation were:; (1) to determine
‘the influence of temperature on the mode of fracture of notched flat @ensile
‘specimens of -the various steels, and (2) to determine the effect of temperature
on the brittle benavior of weldments that were made by welding the high yield
strength structural steels with commercially available electrodes at various
tenperatures of preheat,

The physical properties and the cinemical compositions of the steels
used in the investigation are given in Table I and the electrode data are shown

in Table II,

EXPERTMENTAL WORK

Test-Progga@

- The main feature of'the‘invéstigation cénsisted of tension tests at
various temperatures on Speéimenﬁ céntaiﬁihg abrupt changes in section produced
by welding together four pleces of plate as shown in Fig., la, These four pieces
wéré‘éut from a large 3/4 iﬁ; x 72 ih; x 120 in, plate éccording to the layout
showh‘in Fig, 1b, These Speciméns,“made'of high &ield strength structural steel,
have been called “restrained welded specimens", They were similar in construction
ﬁb, but considerably smaller in éize than the previously tested "hatch corner

L that were made of 3/4-inch thick mild steel, The hign yield strength

speéimens",
stfucgural steels had to be tested in this reduced scale form in order that the
éapacity of the testing machine would not be exceedéd, because the strength of
the steels used in this investigation (see Table I) was almost twice as great as
that of the mild steels previously used. The restrained welded specimen was

selected for test because it incorporated restraint to plastic flow in a welded

speeimen having an extremely severc type of structural discontinuity,
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In crder to establish a basis for comparison between the results ob-

1,2,3 and those obtained in the present

tained on the bshavior of the mild steels,
program on the behavior of the high yield strength structural steels, it was
considered desirable to include datva from tests of restrained welded specimens

o s
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made used, e configuration and the
loading axis for the restrained welded specimen used in this investigation were
so chosen that the stress distribution in the main strength member would be
similar to that found in the deck member of the "hatch corner® sPecimen.l
results obtained from the oR-4 strain gage installations at and neér the corners
of several of the restrained welded specimens, confirmed that the elastic stress
distribution during the tension tests was almost identical to that found in
"hatch corner" specimens, and was not affected by the type of steel used or by
the change in the size or the specimen,

Tension tests werce made on lZ-inch wide centrally notched specimens
and 3-inch wide edge notched specimens of the four high yield strength-structural

d of the one mild steel,

i il 2velag

steels an
the tensile strength, énérgyfto maximum load and to failure, and the percent of
the fracture surface which féiled by shear, were determined atlvarious test
temperatures, From these data it was possible to determine the température at
which the mode of fracture changed from shear to cleavage,

In order to obtain some idea of the weldability of the various steels,
and to check the béhavior of Wéldments, small specimens were welded with com—
mercially available electrodes (enumerated in Tabls I1), and then subjected to
a bend test at different temperatures. These specimens were 3/4-inch thick,

welds at the centerlines of the plates and the weld in most cases was ground
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flush with the surface of the plate prior to the test; no artificlal notches

were added, Various degrees of preheat temperature were tried in the welding
of the different steels. These speciﬁéns were tested in a special jig, the

specimens being loaded sc that the direction of maximum stress was parallel to
the weld, The low temperature Lests were conducted by immersing the jig con-
- taining the specimen in a bath of alechol which was maintained at the desired
testing temperature to within I 2°F quring the test,

Test Procedure

The large restrained specimens, of the design shown in Fig. la, were
tested in tension at several temperatures in order to establish the temperature
vs. energy absorbed relationship for each steel. Manganin wire extensomet ers®
were used on all specimens to measure the overall elongation of the specimens
at various loads. From the load elongation curves thus obtained it was possible
to determine the energy absorbed by the specimen. during the test, Energy to
maximum load and energy to fracture werse determined. Specimens were loaded until
fracture occurred in the main strength member as well as in the continuous longi~
tudinal member. The specimens were maintained within I 5% of the ‘testing
" temperature by circulating air, which had been cooled by dry ice, through an
insulated plywood box which surrounded the specimen, The specimens that were
tested at extremely low'temperatures required .additional cooling. This was pro-
vided by spraying liquid nitrogen into the box enclosing the specimen, with the
nitrogen spray so adjdsted that it was uniformly distributed throughout the box,
After the temperature was brought down to below that desired, the nitrogen supply
was shut off, allowing the specimen to warm up slowly to the desired test tempera~
ture. Thermocouples were used to check the distribution of temperature in the

specimen, particularly in the critical region through which the fracture would
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pass, A maximum temperature of 25°F wag observed at points approximately 20
inches below and above the corner, Except for the very low temperature tests,
windows were provided in the box so that ‘the formation and progress of cracks
could be followed visually, - High speed motion pictures were taken of:the for-
mation of cracks in two of the specimens. A specimen under test in the 3;000;000
1b. machine with the cooling box in place is shown in Fig, 2a. A view of a
specimen under test at room temperature is shown in Fig, 2b,

Two types of notched tensile specimens were used, Cne of these was a
12-inch wide centrally notched specimen shown in Fig. 3a; the other was a 3-inch
wide edge notched specimen shown in Fig. 3b. The 12-inch widc specimens were
flame cut from large plates and had a 3/4~inch hole drilled in the center, from
which l-inch long hacksaw cuts were made, extending from the edges of the hole =
toward the edges of the specimen. This notch was further extended for an addi-
tional 1/8 inch toward each edge of the plate with a 0,0l0-inch thick jeweler's
saw, The 3-inch wide specimens were flame cut from a large plate and 1/2~inch
deep
a 0.042winch thick hacksaw. blade. . Thesc two tybes of specimens were tested at
various temperatures and the tensile ‘stréngth, energy absorbed to maximum load
and to failure, and the percent bf fradture surface which failed by shear were
recorded. From these data it was possible to determine a transition tempefature‘
for cach type of specimen and each steel tested,

opecimens for the bend tests were made by butt welding two 3-inch wide

i 9-inch long pieces of stesl, as shown in Fig, 3¢, with various types of com-
merclally avalilable electrodes and using various temperaturcs of preheat, Some
specimens were made by depositing a weld bead en the surface of é-inch by 9~-inch

by 3/4-inch plates. Since these specimens were small it was necessary to maintain
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careful control of the specimen temperature during welding, In a few cases it
wes found necessary to allow the specimen to cool te the proper preheat tempera-
ture before continuing with the welding., Most of the bent test specimens were
tested at +70%F and at -40°F in the jig shown in Fig, 3d. Several of the speci-
mens were tested at G°F, The angle at which the first sign of cracking appeared
was noted and the load and the deflection were recorded, The bend angle was
measured by the relative movement of the‘jig members and checked after removal
of the specimen from the fixture., The results of these tesis were used as a
preliminary criterion for estimating the performances of the large structural
specimens and also for evaluating electrodes and determining desirable preheat
temperatures,

Welding Procedure

All of the restrained specimens used in this investigation were welded
according to the sequence and type of weld shown in Fig. la, For the first seven

specimens of the high yield strength étructural steels, Type 310 electrodes were
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Electrode MA" (vee Table II) and 175% préheat (2 25%), Currents ané voltages
used were those recommended by the manufacturers of ﬁhe electrodes, and are indi-
cated in Table II. Each batch of electrocdes was carefuliy heated for at least

one hour at A00°F just prior to use to insure freedom from moisture, ALl specimens
were welded by the same team of welders, aﬁd the c¢ritical areas arcund the corner
were carefully'examined by means of magnaflux; X-rays were taken of several of

the épecimens. With a few ekceptions (Specimens 1-5, 3—5, 5-5 and 7-3) a pericd

of from 24 to 48 hours was allowed to elapse between the completion of the welding
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RESULTS
G;heral

Thé primary objective of these tests was to determine the transition
temperature éf the several high yield strength structural steels by means of re-
strained welded specimens.

The transition temperature may be defined as a temperature at which
the'@ode of fracture changes from the ductile shear type to the brittle cleavage
type; If a sufficiently large number of specimens were tested {as in the case
of the 3~inch wide edge notched specimen tests) this temperature may be estab~
lished very closely. However, as the expense of testing a large number of speci-
mens of the restrained welded type is prohibitive, in this investigation it was
necessary to approximate the transition temperature of_a particular steel by
arbitrérily choosing & point halfway between the two test temperatures - one tha£
resulted in a predominantly shear fracture, of the test speqimen_and_phg_other
that gave a prcdominéntly cleavage fracture, ' Thus .the transition temperature for
a steel as determined by the large restrained -welded specimens may be in error
by as much as © 20°F because in some cases temperature differentials between the
various tests werc quite largs.

The transition temperatures for the stecls, when tested by means of
3-inch wide edge notched specimens, can be readily determined, as a large musber
of tests can be made rapidly and inexpensively. -

The high yield strength structural steels could not be welded with
cellulose~coated electrodes because of the occurrence of underbead cracking;
consequently, it was necessary to conduct tests on. several qommerpially_available
electrodes having mineral-type coatings. These electrodes inc}gded the 25

chromium - 20 nickel stainless steel,-type'310. During the early. part of the
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investigation the Type 310 electrodes produced bend test specimens which were

much more ductile and thus less susceptible to cracking during the sarly stages
¢f plastic deformation than any of the ferritic-type of mineral-coated electrodes
which were available at that time, Consequently, two of the steels which were
first investigated were welded with Type 310 electrodes, and a prehecat tempera-
ture of 300°F was used bocause the preliminary bend tests indicated this to be
the temperature résulting in the best performance,

.Subsequently a low-hydrogen, ferritic-type electrode, Electrode "A",
was obtained which compared favorably in ductility with Type 310 electrode, and
in addition had considerably higher yield and tensile strengths than did the
Type 310. For this reason the Dlectrodes “A", using a 175°F to 200°F mreheat
temperature, were employed for welding all remaining restrained welded specimens,

Restrained Welded Specimens

Five structural type specimens of Steel 1 were welded with the stain-
less steel electrode and 300°F preheat. These specimens were tested in tension
at tempe?atures raﬁging from -35°F to +70°F in order to establish the trans-
ition temperature for the steel for this type of specimen., The results are
shown in Figs. 4a and 4b, along with similar transition témperature curves for
the other steels tested, and are tabulated in Table III,

The transition temperature for Steel 1, tested in the form of the re~
strained welded specimen, wus about rhOOF as compared with a transition tempera-

~ture of about +5°F determined by tests of 12-inch wide plates, and ~10°F as
found by tests of 3-inch wide édge notched specimens, The shift in transition
temperatures toward higher values for the larger, more complicated specimens is
normal and is a tcndencj which was also exhibited by the mild steels that were
tested previoualy.zrlHowever, the values of the meximum nominal stresses at

failure for the welded specimens of Steel 1 decreased as the testing temperatures
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were lowered, Tids is contrary to the behavior of the other high yileld strength
structural steels and the mild steel B,, the ultimate strengths of which remained
approximately the same regardless of the testing temperatures. An additional
specimen of Steel 1, welded with Electrode "AY and 200°F maximum preheat, was
tested at the close of the program in order to obtain a comparison with the
results of the tests of specimens of this steel welded with the Type 310 elec-~
trodes. There was no major difference in the behavior of the specimen:welded
with the flectrode "AM and that welded with the Type 310,

Two specimens of Steel 2 were welded with Type 310 electrodes at 300°F
mreheat, The one tested at +65° failed with cleavage type fracture and had a
relatively low energy absorption, 496,000 in.lbs. with a maximum nominal stress
of 68,00C psi, The other specimen was tested at +100%F and Failed by shear., The
energy absorption for this specimen was 940,000 in, 1bs, and the maximum nominal
stress was 66,500 psi, An additional.specimen of Steel 2 was subsequently welded
with the ferritic Electrode "A¥, using a preheat temperature of 300°F., This
specimen was tested at +73°F and failled by a mixed shear and cleavage fracture,
having an energy absorption of 326,000 in, lbs,, and a maximum nominal stress of
65,600 psi. Thus the apparent transition temperature for Steel 2, as approximated
by means of tests of the three restrained welded specimens, is in the neighbor-
" hood of +75°F, As in the case of Steed 1, the use of a different welding elec-
"~ trode and preheat temperature did not seeﬁ to alter materially the behavior of
the steel. ' .

As the'apparent transition temperature of Steel 2 was excepticnally
high, additional heat treatment was performed on two of the plates in order to
improve its notch toughness, Two restrained welded specimens were made from

this re-heat treated steel and were tested at +37°F and +78%F; the result,



- 10 ~
however, indicated no significant improvement in performance, The energy ab-
sorption was low, the nominal stresses at maximum load were almost the same as
for the specimens made of the steel that had no additional heat treatment, A
very small apparent improvement in transition temperature might be credited to

. . . R : I 4 T
the seccnd heat treatment, because the specimen that was tested at +37F failed

with 5 perceht sheaf, as compared to the O percent shear fracture at 263°F of the

no definite statement can
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be made about the transition temperature on the strength of tests on only two
specimens,

The transition temperatures determined by means of 3-inch wide and
l2-inch wide notched specimens for Steel 2 in theroriginal heat treated condition
were about #20°F for both types cf specimens, The additional heat treatment
of Steel 2 resuited in norchange in its transition temperature as determined by
specimens, These high transitlon temperatures wer

unexpected as it was believed that this steel would perform satiéfactorily be-
cause of its chemical compdsiticn and goed imbact strength as determined by
Charpy tests. The apparent 50°%F difference in ﬁransition temperature between
that detéfhined by small notched specimens and fhe one obtained by tests of re-
‘strained welded specimens was simiiar to that of Steel 1 and the mild steel Bp.

Four specimens of Steel 3 were tested in the restrained welded form at
températures ranging from -108°F to +709F, The transition temperature for this

‘steel in this typc specimen was approximately —5ODF. The 12-inch wide centrally

»

‘notched plates and the 3-inch wide edge notched specimens

i

a wide range of temperatﬁres and the transition temperatufe was found to be
G
about =95 F for the 12-inch wide plate and -102°F for the 3-inch wide Specilens,

With this steel, as with Steels 1 and 2, the difference in transition temperature
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between the small notched specimens and the restrained welded specimens was
approximately 50,

As somc improvement was shown in the behavior of bend test specimens
that were post-heated, one specimen of Steel 3 was.made in a manner identical to
all prévious specimens, but all the welds and compoﬂent parts, at and about the
corner, were post-heated by means of oxy-acetylene iorches to 650%F (% 50°F) for
about 10 minutes, The specimen was then allowed to cool normally to 70°F. A
very Slight improvement in both the eﬁergy absorption te failure and maximum
nominal stress values was shown by this specimen as indicated on Fipg. La, How-
ever, energy absorption to maximum load was lower than that of the specimen that
received no heat trcatment. No explanation can be offered for this result,

Steecl i was tested in the restrained welded spescimen form at tempera-
tures rahging from -83°F and +72°F. The transition temperature for the large
weldéd specimen was in the ncighbgrhood of -650F, éompared with the trqngition
temperature of about -108°F for the 3-inchrwide'edge notched specimens and ~102°F
for the 12-inch wide centrally notchgduélatés. The‘difference in transition
temperature cof about LO°F is not as great as that for the other high yield strength
structural steels, This smaller differenée in transition temperature may be
significant in view of the fact that Steel 4 also exhibited an energy absorption
ability that was by far greater than that shown by any of the other steels that
were tested..

At the end of the test.program ong more specimen of Steel L was made
in order to study the effect of the rolling éirection on the behavior of restrained
welded speeimens, The various structural mcmbérs'of this additicnal specimen were
laia out in such a manncr that their lpngiﬁudinal axes Were perpendicular to the

direction of the final roll of the steel platé from which they were cut, however,
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the welding fechnigue, the electrodes, the preheat temperature and the sequence
of assembly in the manufacture of this specimen were identical to the ones used
on all other specimens, As shown in Figs. 4a and 4b, the results of a test at
room temperature indicated that the energy to the maximum load and the nominal
maximum stress were about the same as the corresponding values obtained on the
specimen for which the direction of roll coincided with the loading axis, The
energy‘absorption to failure as shown on Fig. 4a was approximately half of that
of the standard-cut specimen, This lower value of the energy is due to the
nﬁrmallf'lower ductility of plates in a direction transverse to the roll, and is
in general agreement with results obtained Irom Charpy tests.

As repocrted elsewhere5, mild steel B in the as-rolled condition, was
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emperatures ranging from +2°F
to f720F. These specimens were welded with E;GOZOﬁtype electrodes using no pre-
heat, The transition temperature for this steel was approximately +58°F, com~
pared with a transition temperature of +15°F and #20°F for the 12-inch wide cen-
trally notched plates and the 3-inéh wide edge notched specimens, The difference
in transition temperatures, as determined by notched and restrained specimens,
was approximately 40% for this mild stéel, a value similar to that shown by the
high yield étrength structural steels tested. Thus it seems that geometry of
the épecimen is responsible for a shift of the transition temperature to a higher
restraint of the specimen are increased, |

All of the restrained welded specimens failed in a manner similar to
the fracture in the largé ”hétch corner" type of specimens of mild steel, All.
fractures originated at the squarercorner.in the region of the intersecting welds,
between the main stress member "i5", shown in Figs, 5a and 6a, the inboard

‘transverse member "I, and the continuous longitudinal member "CL", The fracture
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usually progressed outboard in the main strength member with the failure of the
continuous longitudinal member beginning shortly after the origin of the fracture
in the main strength member, Typical examples of the fractured surfaces of the
high yield strength structural specimens aro shown in Figs, 5b.and &b, Figé} 7
~and 8 show a sequence of plctures taken during the fracture of Specimens 19-5
and 21~5., -

During tho early tests a great deal of difficulty was encounteneduin
frncturing the spocimen_because the corper formed by the pulling tabs, the con-
tinuous longitudinal andrthe main strength member acted as a more severe dis-
continuity than the corner of the specimen itself, This rosulted in promatnfé
failure near the welded joint of tho pnlling tab and the specimen, Because of
this difficulty, some of the earliesr specimens had to be releoaded a number of’
times; for example, Specimen 3-5 was tested four times vefore failure oocurred
in the welded corner. This retosting nay have influenced the results of the
energy absorption of this Spooimen. Thése oremature failures were remedied by
redesigning the pulling tabs and inserting a triangular plate near the joint.of
rhe end tab and the spocimén, as indicotod in Fig; 2b by "I,

Notched Opecimens

Notched spoc1mons were made fromnthe four heats of hlgh yield strength
stetl and from the mild ateel B which was uoeo in an oarller 1nvest1gat10n2
The transmtlon temperatures 'at Wthh the type of fracture changed irom the
ductlle or shear type to that of the cleavare typo woere detenmlned for eaoh

steel by means of tension tes ts on l2—1nch w1de centrally'notchtd SPLClmeﬂa and
3-inch wide edge notched sp901mtns. Tho resultu obtalntd for the varlous steels

are shown in Figs. 9 and 10, These results show that there is very llttle dlffer-

ence in transition temperatures as determined by the l2-inch wide centrally
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notched plates and b: the 3-inch wide edge notched specimens; the meximum dif-
ference was 15°F for Steel 1,  This steel contained a considerable amount of in-
clusions and consequently the results were somewhat erratic,

Table IV shows the approximate transition temperatures for the various
steels as determined by tests of the three different specimens, One of the most
significant results of this investigation is that all steels are rated in the
same order of relative brittleness by the three types of specimens,’ The trans-
4ition temperatures determined by tests of large restrained specimens were approx-
imately from LOOF 1o 55QF higher than the temperatures indicated by small notched
specimens, for all of the steels tested., Thus, the approximately SOOF difference
in {ransition temperatures may be attributed to the geometry and restraint of
the larger specimens.

The relative energy absorption to maximun load and to failure of the
notched specimens, as shown by Fig, ll; was similar to that of the large re-
strained specimens,

It is of interest to note that the high yield strength structural steels
teéted in the form of 3-inch wide edge notched specimens showed stresses at maxi-
mum loads which excecded the nominal tensile strength, as determined by standard
bar tests, by as much as 20 percent. The maximum tensile stress in the 12-~inch
wide centrally nctched specimen was, howeﬁer, either equal to or scmewhat lower
‘than the tensile strength obtained with standard tensile specimens. In the large
restrained welded specimens the fracture invafiably oceurred at nominal stress
values that were below the yield strength of the steel,

Bend Tests
Typical results of the bend tésﬁs carried out on the high yield strength

structural steels are shown in'Fig. 12, Most of ‘the tests were made at two
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temperatures only, +70°F and —AOOF. when tested at +70°F specimens failed by
shear and the cracks were difficult to detoci until they had progressed to a
somewhat advanced stage. & -AOOF, however, the formation of the first tiny
crack was almost invariably followed by complete failure of the specimen, As
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welded specimens. Subsequently, Electrode “A" was obtained, which alsc performed
well and had much more desirable physical properties than did the Type 310 elec~
trodes, In addition, Electrode "A" required lower preheat temperatures and
was much easier to deposit than the Type 310, and therefore, it was used for all
remalning large welded specimens,

It was found in the bend tests that there was an optimum preheat tem—
perature for each steel., As shown in Fig. 13, specimens welded at this preheat
temperature would invariably bend through larger bend angles before fracture would
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the welded specimens was poorer.

Post heating the specimens by means of an oxy-acetylene torch to dif-
ferent temperatures from 650°F to 11.00%F for various lengths of time appeared to
have a certain amount of beneficial effect on the performance of the bend test
specimens; typical results of post heat treatments are shown in Fig, 13, Prac-
tically all of the beneficial effect of post heating was obtained within the first
five minutes of heating and there appears to be no difference in the performance
of the specimens that were post heated by oxy—acetyléne torchess and those that
were heated in furpaces,

A few tests werec made using the T-bend test approved by the American
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lielding Society in 1945 as a tentative standard. In this test the effect of
préheating was found to be parallel to that obtained for the flat plate bend
tests., Also a few of the T-Bend specimens welded with Type 310 electrodes were
post heated in a furnace to 1100°F for periods ranging from a few minutes to as
long *as an hour. As in the case of flat plate bend test specimens, this post
heat Ureatment also produced a certain amount of improvement in the ductility
of the T-Bend test s
obtained within the first five minutes of heating.

Remarks -

In order to present a complete picfure, a few general remarks are in
order with respect:to the appearance, consisténcy of results, weidability, and
general bshavior, of the steels used in this investigatien,

Steel 1, which was tested in the normalized and in the quenched and
drawn conditions, behaved somewhat e:raticéliy bécause of a relatively large

amount of non~metallic_inclusipns. The results from tests of notched normalized
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with this steel as a cpnsidefable number ofAsbecimenélfailed by what appeared
to be cleavage fracture at temperatures ﬁell above the transition temperature for
the steel, Upon a more complete and carefﬁl examination under a microscope it
“was found that the very thin lamina£iohé in the steel were responsible for the
general cleavage appearance of the p;eék, but that each thin layer of steel
aetually failed by shear, This same diffiﬁulty was encountered in estimating
the fractures of Steel 3, |

Although all of the steels tested had a certain amount of inclusions
in l

hem. 3
nem, e mag

quantity of inclusions, and several of these plates contained bad laminations,

v
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The heavy mill scale, especially on Steel 3, made the cubting of these
alloy steels difficult,

The welding of these steels presented several problems that were not
nermally encountered with the mild steels., DBesides the necessity of preheating
and employing speclal electrodes, extremely heavy stiffening was required due to
excessive warpage that accompanied the cutting and welding operations. The warp-
- ing was especially bad with Steels 1 and 3. These two steels have another bad
feature ~ tearing of small chunks of steel from the surface of the plate at
points where tack welds for flanging operations were made. This bchavior can be
attributed to thes bad laminations present in these steels,

Of the four steels that were used in this ihvestigation, btéel Ly aside
from its better physical performance, seemed to be the best one with respect to
its uniformity, weldability and lack of warpage.

In closing it should be pointed out that all the results obtained in
this investigation are applicable only under the same conditions of loading as
those prevailing in these tests and may be consideraBLy-different under conditions
of dynamic loading -such as the ones present in explosion tests.

Investigations of the high yield strength structural steels under con-
d;tions of dynamic loading should be carried out to supplement the findings of |
the static tests in order to rate properly the various steels; however, some of
the steels, due to their erratic behavior, may well be eliminated from consider-
ation for use as important structural members on the stréngth of only the static

tests and of the physical observations of fractures and weldments,
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CONCLUSIDONS

The restrained welded specimen has provided information on the behavior of

high yleld strength structural steels in combination with weld materials, heat

Ly

affected zone, and a geometric design which restricted plastic flow,

Two types of electrodes, both mineral-coated, were found to give satisfactory
performances in large welded structures subjected to plastic strain at low
temperatures, These were stainless steel Type 310, and Electrode “4A"Y, whiéh
is a ferritic electrode having a high yield and tensile strength, good duc-
tility, and a low hydrogen content,

The transition temperatures for the four types of high yield strength struc-
tural steels tested in the form of large restrained welded specimens ranged
from about +75°F down to approximately ~65°F, |

The transition temperatures as determined by the 3-inch wide edge notched
specimens and the 12-inch wide centrally notched specimens were almost the
same for a particular steco
for the four steels tested,.
The relatively constant difference of approximately 50°F in transition temper-
ature which was observed in the tests of large restrained specimens, as com-
pared to the transition temperaturc determined by tests of asmaller notched
specimens may be attributed to the geometry and welding of the large specimens,
The maximum nominal tensile stresses obtained during the tests of tﬁe 3~incﬁ |

wide edge notched specimens of a particular steel were invariably greater than

the nominal ultimate strength of the steel as determined by tests of standard

The maximum nominal tensile stresses for the l2-inch wide center-notched
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specimens were either egual to or slightly below the nominal ultimate
strength of the steel as determined by tests of standard tensile bars,

8, Fracbures invariably started and failures occurrcd in the large restralned
specimens at nominal stress values that were below the yicld strengths of
the steels as détermined'by the standard toensile tests,

9. Transition temperature is in itself not the only criterion in evaluating

e
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Lhe
atures of Steels 3 and 4 were almost the sams, but the energy absorbed by
Steel 4 was much greater at any testing temperaturc than the energy absorbed
by Steel 3,

10, Itbappears that the 3-inch wide edge notched speciﬁcns are a cheap and
simple.means for rating the various stecls in their proper order of brittle-
ness.

11, It should not bBe assumed that steels rated as to relative brittleness in
static tests would perform in a similar relative manher when subjected to

explosive or ballistic loading,
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TABLE 1

PRDPERTIES AID CCMPOSTTICES OF HIGH YIELD STREFGTH STRUCTURAL STEELS
~USED IN THE INVESTIGATICON

1

Steel 1 was alsc used in o

normallzed condition for some

**114 Steel By properties included for comparison

ven
¥ E1°ngation in 81

of the tests

STEEL 1O, 2 3 4 B c
TYPE Alioy Alloy Alloy Alloy Mild Mild
}EAT TRuATl‘E”T Quenchedy& Quenched & Quenched & Ouenched & Semi Killed Semi Killed
Draym. Dregm Drasm, Drawn as=rollad agzrolled
PHYSICAL, PROPLRTIES . |
Yield Strength Psi. Lverage 66,000 80,000~ 80,000 84,000 36,000 39,000
Ultimate Strength Psi. ive, 89,000 97,000 100,000 100,000 60,000 67,400
Elongation % in 2% Lverage .26 22 20 23 - 26 25, 5
Reduction in Area % Average 64, 60 &0 68 63 - -
APPROXIMATE CHEKICAL COMPGSITION -
Carbon 19 14 .16 .16 a5 2
“Manganese 1.08 C 75 1.45 227 77 48 '
Silicon - - -3 W77 21 .17 .05 +05 =
- Molybdenum L2 167 A «20 - 005 . '
Chromium - .60 - 1.13 - 03
Zirconium - «09 - - - -
Phosphorus 014 2023 2017 014 010 012
Sulphur .023 .028 038 021 029 026
Vanadium - - 08 - - . -
NiCkel h - - e - .53 2.32 - .02
* .



TABIE II

AVERAGE VALUES SHOWE FOR THE VARIOUS ELECTRODES USED IN

THE INMVESTIBATION

LManufacturer's dnta on Weld Deposits’

. ELECTRODE CODE LETTER AX¥ B il D e ¥ G 310%*
Low Low - AWS - Low . . AWS. Low USN
CLASSIFICATION 4lloy &lioy  EOO20 Alloy E6015 Alloy AEEL
PHYSICAL PROPERTIES ‘ As Welded
Tensil Strength psi. 95,000 110,000 98,000 78,000 96,000 72,000 112,000 80,000
Yield Strength psi. 77,000 95,000  €5,000 59,000  £5,000 60,000 92,000
Elongation in 29 % . 25 15 20. 21 9 32 17 35
CHEMICAL AVALYSIS (%)
Garbon 08 7 L15 .12 .07 .15 .08 .16 -
Manganese 1.5 1.8 1-8 053 107 '55 109 ' - i
Silicon ) 25 025 -25 106 «3 25 - - ™D
Suiphur (liax %) .03 .03 04 .02 .01 .02 03 - “
Phosphorus .03 .03 .04 .02 .01 02 .03 - '
I"iolybdenum 35 04 «35 082 035 - +33 -
Chromium - - . - - - - - 25
Nickel - - - - - - - 20
Arc Voltage 5/32" Electrode 21 22 23 23 22 22 21 23
Amperage " n 115 120 165 160 150 180 165 135
Arc Voltage 3/16" Electrode 22 22 23 26 22 23 .22 24
Amperage " " 210 210 225 225 230 230 215 205

ﬁalues for electrodes marked with

**rere checked at University of Galifornia



PRIMCIPAL RESULTS OF RESTRAINED WELDED SPECIMENS TESTED

-23 =
TABLE I1I1

Maximum nominal stress computed by d1v1d1ng maximum load by the original lond .
corrying arca

Lond carrying arcn for specimens is 28, 5
Gage length for encrgy measurements is 54 inches,.

5 -JQD inu

Speeimens 1-8 through 7-S welded with Type 310 electrodes.,

Specimens 8«5 through 21«5 welded +ith ferritic Electrode RAY.

SPECTHEN TEST TEWP. UOITFAL MAZ. E{ERGY TYPE PRACTURE
{0,  STEEL  OF STRESS PSI, TO uAX, LOAD TO FAILURE _IN % SHEAR REUARKS
1-S 1 +70 724456 811,000 1,426,000 100
2=5 1 =35 43,860 117,200 117,200 0
3-5 1 0 58,596 470,000 606,600 15 See Note 1
4=3 1 +11 65,614 427,000 568,000 0
5-3 1 +30 66,4210 524,,000 725,000 20
63 2 +63 68,070 496,000 496,000 0
75 2 +100 66,500 530,000 940,000 160
85 2 +73 65,600 326,000 326,000 73
G=S 4 +72 68,400 462,000 24256,000 100
16=8 4 ~18 62 100 490,000 2,040,000 100
11-5 4 VA 70,200 598,000 2,040,000 97
12-5 3 +70 61,400 240,000 426,000 100
13-5 4 -83 61,000 390,000 830,000 8
14~ 3 -108 32,000 90,000 90,000 0
15~8 3 s 65,000 338,000 540,000 88
163 3 62 57,000 126,000 126,000 0
17-5 4 +73 73, 500 460,000 1,120,000 100 See Note 2
18-S 3 +68 64,4400 156,000 494,,000 100 Sec Note 3
19-5 2% 437 63,100 320,000 580,000 5
20-8 2* 478 65, 300 374,000 756,000 100
22355 1o 432 61,600 532,000 532,000 0
Note 1. Reloaded 4 times due to end tab failure,

*

Ze Component nembers of specimen cut in guch 2 way thet their longitudinal
nxes were in a dirsetion perpendicular to the final roll of the plate.

3. All welds and areas adjeccnt to corner heated to 650°F for 10 minutes
after 211 welding was comploted,

toughness,

dinde from platos of Steel 2 thot were re-heat treated to Improve noteh

*¥* lode from plates of the original heat of Steel 1, but thot were rolled at a
loter d-te and were heat treated to acpproximately the same specifications as

the original bateh.
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TABLE IV

APPROLTHATE TRA.SITION TEMPERATURES OF HIGH YIELD STREFGTH
STRUCTURAL STEELS DETZR{IVED BY LEANS OF DIFFERENT SPECIMENS

STEELS 1 ) 3 L B
TYPE OF SPECI/EN APPROXTMATE TRASITION TENMPERATURES

3" Edge Notehed ~ 109F  +18°F- ~1020F ~108%F + 20°F
12" Centrally otched +50p 42099 ~950 ~1029F + 18%F

Restrzined Welded + AC}OF +75°F ~50%F —65°F +589F




UPPER PULLING TAB 0s orT os LOWER PULLING TAB
— -

S,

> By QL0 @3
WELD DETAI ; s
Yy ! o i . a
~ L e W @n L]
R GNP S
i
G_L{‘/ %IO
- LUGS FOR 54" IS
XTENSOM
P
5 4
WELDING PROCEDURE
MS~ MAIN STRENGTH MEMBER NUMBERS IN GIRCLES INDICATES THE SEQUENGE
_ OF WELDING. ALL WELDS MADE USING Y32
GL — CONTINUQUS LONGITUDINAL MEMBER ODE FOR ROOT PA £
0S — OUTBOARD STIEFENER ELEGTR R 5S, %€ ELECTRODE
IS — INBOARD STIFFENER FOR SUBSEQUENT PASSES, PREHEAT, WELDING
OT— OUTBOARD TRANSVERSE MEMBER ELECTRODE TYPE, VOLTAGE & AMPERAGE VARIED
THE FOLLOWING WELDS ARE IT — INBOARD TRANSVERSE MEMBER WITH SPECIMENS. TOTAL OF 5 PASSES FOR EACH
FULL PENETRATION WELDS: WELD .
BETWEEN - MS AND CL
CL AND OT
CL AND IT A
MS AND IT L r /@ 9
MS AND OT MS
WELDS BETWEEN MS AND — PN == — | -
0S & IS ARE FILLET TYPE -
IS /‘\ or 1O® g oL
WELDS. - N @ J._/f 3
Wl il ~ T 1S
SECTION i L A 6%

ELEVATION

FIG. l« RESTRAINED WELDED SPECIMEN USED FOR TESTS
OF HIGH YIELD STRENGTH STRUCTURAL STEELS.
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i ] 3" - EDGE NOTCHED
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N _ DIRECTION OF ROLL
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BEND TEST SPECIMENS
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¥
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WITH L' LONG JEWELERS ( ) SPEGIM ' T
SAW CUT AT THE ENDS. — e,
(0.010" THICK) =
12" CENTER NOTGHED
— ] I

FIG. 3

BEND TEST JIG

VARIOUS TYPES OF AUXILIARY SPECIMENS
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2400
l*o-o
2200 "
STEEL 4 /
ELEC3IO
97 1
2000 /"' Fieo :
1800 i

NUMBERS ADJACENT TO TEST PQINTS

INDICATE TYPE OF
FAILURE IN PERCENT SHEAR.

1600
/ 190
) )
1400 /
ENERGY / /
TO 1200 | !
STEEL 4, ELEC. A}
FAILURE / g\mmvznse ROLL
IN 1000 /
1 steeL 1 ] P 100
1000 INCH- I '| reneat| Jf
800 °+ ELEC.310 / ltreaTeD |
STEEL 2 STEEL 2
POUNDS %'-E%, wo|” ELECTRODE 310
600 .IS", Wad .' R
8 K ,"o . ﬁs /ma STEEL 3,ELEC.A’
/ V. 20 ®y POSTHEATED
STEEL I;> ~ os¥ ;
400 T ELEC.'A -
STEEL 3 | /! @ STEEL2,ELEC.'A
ELEC."A’ y / | i
200 e MILD STEEL %og |
’ -~ |
»)
,/-“'10 éo /,io MILD 100
Ly - pa——— T o ¥
0 o ™ o1~ STEEL "C
- 120 -80  -40 0 40 80 120 160

TEMPERATURE OF TEST F

FIG.4a ENERGY TO FAILURE VS. TEMPERATURE
RELATION FOR RESTRAINED WELDED SPECIMENS

OF HIGH YIELD STRENGTH STRUCTURAL STEELS.

RESULTS OF TESTS OF SPECIMENS MADE FROM MILD STEEL WITH
E-6020 ELECTRODE ARE SHOWN FOR COMPARISON,
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1000
900
800
T00
ENERGY
TO 00
MAXIMUM
500
LOAD
IN 400
1000 INCH-
300
POUNDS
200
100
0

NUMBERS ADJAGENT TO TEST POINTS
INDICATE TYPE OF
FAILURE IN PERCENT, SHEAR oo P
[
/
]
/ STEEL 1
_ ELECTROOE 310
--——
/o ; |
STEEL 4 ' i
ELEC.310 @/‘/ELE—C—'i o STEEL 2
2080 J.=2 ELEC. 310
o ] o7 | l
. 1] --"'--
¢ ok ' STEEL 4, E
e, ReEnear s ~TRANSVERSE ROLL
/ TREATED
+e ! sTEEL2 L
" ELEC."A* _ - .
88 x v _ STEEL 2, ELEC.'A"
/ \/ %% .0
! ’ \-.
'a \x 100
— STEEL 3 ’
ELEC.’A / - 190 | STEEL3, ELEC."A"
) 0 a” POSTHEATED
,‘,/0 ®, MILD 7] © 9ol g 100
X7 , ~ STEEL'B* /
MILD STEEL
0 k ‘cll
° l
-i20 ~80 -40 o 40 80 120 160

TEMPERATURE OF TEST °F

FIG.4b ENERGY TO MAXIMUM LOAD VS. TEMPERATURE
RELATION FOR RESTRAINED WELDED SPECIMENS
OF HIGH YIELD STRENGTH STRUCTURAL STEELS.

RESULTS OF TESTS OF SPECIMENS MADE FROM MILD SYEEL
WITH E-6020 ELECTRODE ARE SHOWN FOR COMPARISON.
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T -1 scc,

L.oad
1,670, 000 1bs.

T - 12 Min,

T -1 sec,

Lioad
1, 800, 000 lbs.

T - 30 sec,

T -5 sec.

T -2 sec.

T -1 sec.

T -1 sec,

g,

7 -- I'racture Sequence in Specimen 19-5
Exposure time 1/500 see.; Lime inteorval be-
aeens feames F/A0 soe. unles olhe e




LLoad
1, 000, 900 1bs.

T - 15 min.

Load
1,750,000 lbs.

T - 45 sec.

Load
1, 860, 000 lbs.

T - 3 sec.

T.0ad
1, 8§60, 000 lbs.

m DI oaon
L b= = LS
T - 2 sec.
T - 1/9 car
r-1/2 sec
Fig 8a -- Fraciure Sequence in Specimen 20-3

Exposurae timoe 1/600 sec.; time interval between
frames 1/50 sce, unless otherwisc noted,

T - 1/2 sec.

T - 1/50 sec,
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Fig. 8b -- Fracture Scquence in Specimen 20-§
Exposure Time 1/500 sec.;
Time interval between frames 1/50 sec.
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2.8an S o ;iz
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TEST TEMPERATURE °F s
FIG. 10 TRANSITION TEMPERATURES FOR HYSS STEELS & MILD STEEL B° AS

DETERMINED BY TESTS OF 3 INCH EDGE NOTGHED SPECIMENS
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FIG. 12 TYPICAL BEND TEST RESULTS= HY.S.S. STEELS WELDED

WITH VARIOUS MINERAL COATED ELECTRODES

NO PREHEAT, DOUBLE VEE BUTT WELDS, WELDS GROUND OFF FLUSH WITH SURFACE OF PLATE
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FIG. 13 TYPICAL BEND TEST RESULTS—HY.SS. STEELS WELDED
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DOUBLE VEE BUTT WELDS, WELDS GROUND OFF FLUSH WITH SURFACE OF SPECIMEN, UNLESS OTHERWISE NOTED.

- 0% -



APPENDIX A

CAUSES OF CLEAVAGE FRACTURE IN SHIP PLATE;
HARDNESS, HARDENABILITY AND WMETALLOGRAPEIC TESTS

OF HIGH YIELD STRENGTH STEELS AND CCOLING RATES OF WELDS
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CAPPENDIX A

The ‘main program of tests was concerned with the determination of
transition temperatures of various types of high yield strength steel specimens,
A number of auxiliary studies were made during the investigation which were not
directly concerned with the transition temperature determinations but which were
nevertheless pertinent to the general subject of low temperature brittle failures
of steels. These data are presented in this appendix to the Final Report and
consist ofs (1) Jomnminy curves for the four alloy steels, (2) typical cooling
curves for the heat affected zone of the plate metal in the restrained welded
type specimens, (3) photomicrographs of each steel showing the structure of
the plate metrl, the heat affected zone and the weld metal, (4) microhardnass:
surveys across the heat affected zones of the four steels, and (5) microhardness
surveys of sections cut from the main strength members of fractursd specimens of
each of the steels,

The object of including this additional information was to provide

a more complete picture of the characteristics of the steels than was given in

The Jomminy hardenability curves, Fig. A la, clearly show the relative
hardenability of the four steels. The c¢ooling curves for the critical part of
the heat affected zone in the restrained welded specimen have been included as
Fig. 4 1b to show the thermal history of this portion of the pl:te metal during
welding.

The photomicrographs, shown in Figs. 42, A3, A4 and A5, have been

- P [P P T )
ncluded to show in the vl

(=% nl X
et AL W e

o+

NI LN GTA

, the heat

affected zone and the weld metal of each of the high strength structural steels,
" The photomicrographs of the heat affected zones were taken approximately half-
way through the heat affected region.

The widths of the heat affected zones for the various steels are



- A D -

shown in Fig, A6, In this figure the hardress is indicated at various positions
‘in the weld metal, the heat affected zone and the base plate,

Figss A7, A8, A9, and A10 are microhardness surveys on longitudinal
sections cut from the main strengfh member of the restrained welded specimens,
These pieces were cut from the plate as near to the origin of fracture as
possible. In a few cases the specimens actually contained a swall amount of the
material that had been affected by the heat of welding. Two pieces were cut from
cach steels one from a specimen which had failed by elesavage, the other from & .
gpecimen which had failed by shear. These surveys were made to show the loeal
variations in work herdening which occur in fractured specimens. They are

similar to the curves previously published for mild steels.2
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Introduction
In order tc conserve time for some investigators that may undertake tests
similar tq the ones described in the :ﬁports on high yield strength structural
steel testsl, and the hatch corner testszit seems advisable to collect all the

material that pertains to the manufacture of specimens, we g seguences an
procedures used, testing techniques and temperature control devieces employed,
and the different methods of strain measurements used in these tests into a

single short report,

MANUFACTURE OF SPECTIENS AI'D PULLING TABS

The component parts of the large type spedimens were flame cut from 3/4-
inch x 72«inch x 120-inch steel plates as shown in Fig, B 1 and were assembled

together according to the sequence outlined in Figs. B 2 and B 3. The hatch

shown in Fig., B 4, but it was found that restrained welded specimens were
sufficlently small and light to be assembled easily without the use of a jig

as shown in Fig., B 5., The sequence of asgembly of a restrained welded specimen
are shown in Figs. B 6, B 7, and B &8, The specimens after having been assembled
were walded between two heavy pulling heads so that they could be mouﬁted into
the testing machine for the performence of the tension tests. The double V butt -
welds between the specimen and the pulling heads were made with.high tensgile
strength type electrodes using 20C°F preheat and the welds at the cdges of the
plate were very carefully filled in, in order not
could result in failure of the specimen at this point., In the early part of this

program it has been found that the joint at the upper pulling tab and the parts

MS and CL of the specimen inveriably created a more severe condition of

I;zSee References
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restraint than the corner of the specimen itself and failure between the puilingiw

tab and the s

holes were provided in‘the éxtension of the continuous longitudinal member and a
10=inch x 10~inch x ld-inqh trizngular plate was welded, as shown in Fig. B8, bstwesn
the pulling head #nd the CL member of the specimen,

The pulling tabs were made by welding together 9 plates of high tensile
strength steel zs shown in Fig, B 9 and the hole for the ﬁulling tlevis pin was
then machined in the completed assembly. The average life of»é pulling tab was
from 5 to 6 tension tests of sﬁecimens.of high yield strength structural steel

when these specimens failed by cleavage. Fulling tabs hadléonsiderably longer

shock load at the failure of specimen was pleced on the plates of the pulling
tab to which the ends of the contirous longitudinal memher of the specimen

were attached,

The specimens were placed in the lérge testing machine with both the upper
and lower pulling tabs securely blocked against the heads of the machine by means
of timbers 1o prevent the sideward motion of the parts of the specimen wheﬁ
fracture oceurred, Cables fastened around the columns of the testing machine and
on to the specimen were added as additional safely measuvres,

At the start of the progrom the cooiing or heating of the specimen was
accompliched by circulating air throush o ﬁzippered" canvas bag that totally

enclosed the specimen.. Later as the temperature requirenent became more severe

L Voine =]

iy x
o£L 2L

e double walled plywood box was used in place of the canvos bag. 3 10

3w
L

the construction of this plywood box., Fig. B 11 shows the construction of the

.

special heat exchanger used to heat or cool the air that was circulated
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around the specimen, Cooling of the circulating air was accomplished by 1=1/4
ineh thick blocks of"dry ice placed in special wire containers inside of the heat
exchanger., When tehperatures over 70°F were desired radiant heaters were vsed in
the same heat exchenger with a special switch provided that turned the heaters
off if the air circulating motor stopped for any reason,

For some of the extremely low temperature tests sdditional cooling was
required. This was provided by supplying liguid nitrogen, which was forced by

alr pressure from the nitrogen container through a syphon shown in Fig. B 12, to

the specimen,

The liquid nitrogen impinging on the speciien would cool it to tempera-
tures of as low ag ~150°F in a matter of a few minutes. Temperatures were
measured by thermocouples ond a uniform temperature distribution was obtained
by controlling the nitrogen spray at the various points of the specimen, When
a uniform temperature of about 10 to 15°F below that desired was reached, the
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up slowly to the desired tes temperzture, Even at test temperatures of as
low as ~108°F the heat gain through the pulling tabs and the cooling box. was
extremely slow sc that the specimen température remained constant (+ 59F)
throvghout the test period of about 45 minutes. For most of the cold tempera-
ture tests additional insulation about the cooling box was required; this wes
provided by covering the entire cooling box with heavy wrapoing papcr and
carefully sealing off all joints with 2~inch wide painteris tzpe.

The test temperature of the sﬁecimen wag checked by .means of 12
thermocouples locsted at various places on the specimen. These were connected

to a switch so that the temperatures at the different points could be ohtained
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quickly. Tension tests were started when the thermocouples in the regioen of the
séecimen corner were within Z2°F of each other, In some instances, when specimens
failed by shear, it was lmpossible teo-maintajin the temp rature within the region

of fracture closer than ESOF of the desired test temperature, due to heat gener-
ated by the fracture.

.The specimens were loaded in the large tensile testing machine at an approxi=-
mate rate of 5C,000 lbs, per minute until failure occurred in thé-main strength
member, “MS", as well as in the continuous longitudinal, "CL¥, The energy ab-
§§rption was measured by means of a manganin wire extensometer, shown in Fig. B 13,
that was connected to an SB~4 Strain Hecorder. A fast drive wasrprovided for
the recorder ehart (one complete chart revolution in 2 minutes) and while a load
increment was applied teo the speeimen the chért motor was shut off, At certain
intervais, usually 50,000 1b, increments, the load was maintained a short time,
the reading on the load dial was called off by the testing mabhine operator and
£he chart mptor'on the SR-4 recorder was started and run for about 10 seconds.
This résulted in a series of "steps' being recorded on the chart for the different
loads., (An example of a recorder chart for a test of a hatch corner specimen
of B, steel is shown in Fig, B 20}, After the maximum load was reached, the
reccrder was kept running continuously and the sirain readings on the chart vs,
the_loads were 'called off" by the operator and were recorded by an observer.

From this record it was possible to plot the strain-load curve,‘the integration of
which would give the energy absorption by the specimen, The method just deseribed
provided a reliable, simple way of recording the data necessary for energy de-
terminations. After the failure of the specimen, the overall elongation was checked

by actual measurements of. the distances between the éxtensometer ilugs and the
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fractured edgss of the specimen.

Stress distribution studies on several of the specimens were made by
means of SHe4 electric strain gages. It was found that time and effort could
be saved by using many manually operrted SR-/ indicnting instruments rather than
8 single multiple point recorder, since the automntic unit requires rather
extensive and careful initiel balancing to get the many gages within the range
of the instrument, In this investigation six different circuits with manually
operated indicators were used, thus each operator had only 12 readings to take
for any one load conditionj a complete set of reading was usually obtalned in
less than 2 minutes, Several "key" goges were connected to continucusly operated
SR-4 strain recorders to give a check on the overcll slongation at certain points
of the specimens The strains at various points of the specimens were computed

from the averages of the readings of thetwo gnges directly opposite each other

o]
ja

the two surfaces o

=

the steel plates.

di2=inch Wide Notched Specimen

The 12«inch wide notched specimens were prepared by flame cutting 3/4-
inch x 12-inch x 22-inch pieces from the large steel plates {with the 22jinch
dimension parallel with the direction of roll), and by drilling a 3/4-inch hole
in the coenter of each specimen, From this hole, in a direciion perpendicular
to the longitudinal axis of the specimen, hacksaw cuts were made for 1 inch
toward the edges of the specimen, and the notches thus crented were made nore
severe by extending each hacksaw cut for an additional eighth of an inch with
o 0,010=inch thick jewsler's sawe. The specimens were then welded by the
Unionmelt process between pulling heads shown in Fig. B 14, The run~off tabs
were cut off and the edges o

to prevent ereeks ot the edges of the butt weldss
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The specimens were tested in tension in the 3,000,000 lbs. machine at
various temperatures, The cooling of the specimens wos accomplished by using
dry ice in the same heat exchanger that was employed for cooling the large
restrained welded specimens. The cooling box for these specimens is shown in
Fig. B 15, and for the extremely low tempcrature tests the single nitrogen spray,
elso shown in that figure, was used near the top of the specimens Five
thermotouples were used to check the temperature of the specimen and three 9-inch
long monganin wire extensometers were used on each face of the gspecimen == two
near the edges and one at the centerline., These were connected in sefies and
thus the average strain was recorded on the chart of the SR=4 continuous
recorder to which they were connected, Strnin readings at various loads were
recorded by an observer and the load-deformation curve plotted for the
specimen, The energy absorption was obtained by integration of the area under
this curve,.

The 3/4~inch x & 5/8«~inch unnotched specimens were flame cut from e
large plate by using & specinl 1/4-inch thick steel template which was used as
o guide for the tip of the cutting machine, These specimens were welded to
pulling head in 2 manner similar to the 12«~inch centrally notched specimens,

The welds on the 3/4-inch x 6 5/8~inch wide "welded" specimens were deposited
into 3/8-inch deep flame gouged grooves with a Unionmelt machine using 1/4~inch
rod ot epproximately 9 incheg per minute speed and 825 amps. at 29 volts.

These unnotched specimens were tested in a manner similar to the 12winch
center notched specimens, but four 6=inch span clip gages (similar to the 2-inch
clip gage showm in Fig, B 13) were used to measure the overall elongation of
the specimen ~~ one at the centerline on each face of the specimen and one at

each edges The centerline gnges were comnected in series to one recorder and
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the two edge gages, also in series, were comnected o znother SR=4 continuous
recorders The results of the two records were averaged for plotting the load=
elongation curve from which the enefgy absorption wrs determined.
3=Inch fide Notched Spgcimeng

The 3/4" x 3" x 18" specimens were flame cut from a large plate with the
18" dimension in the direction of the roll of the plate, The specimens were then
notehed for 1/2" at each edgo witﬁ o 0,042«inch thick Doall saw, No attempt was
made to check the sharpness of the notch except for an oceasional check on the
width of the saw blade and the sharpness of its‘teeth. The depth of the notch
and thus the net width of the specimen was kept to 2" £ 010", As the
consistency of the resuits for most of the stcels indicate, there wos no apporent
effect produced by the minor variations in the sharpness of the nolches made
with saws of different tooth shorpness,

The 3-inch wide pdgg notched specimens were clamped directly into the
flat jaws of the testing machine and encrgy measurements were made by means of
two 2=inch leong clip gages, shown in Fig. B 13, which straddled the notch at
sach edge of the speeimen, as showm in Fig. B 16, The desired test temperaturcs
were obtained by circulation of aleohol through two copper cooling jackets,
ghown in Fig. B 17, that wéré clamped to both of the specimen faces, thus
forming a "sandwich" as shovm in Fig. B 18. The tempercture was checked by
means of two thermocouples.soldered acar the noteh to each edge of the specimen.
The alcohol that was circula#ed through the jockets was cooled and pumped by
means of the special heatexﬁﬁangarunit showm in Fig. B 16, Dry ice was used
to cool the alcohol and by propor-manipﬁiafion of tho by-pass velve good
temperature control of the specimenl couid-éasily be obtained. For extremely

low tempernture tests, liguid nitrogen was expanded and circulated throggh the
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Jackets with the aid of the siphon showm in Fig, B 12, and thus test temperstures
of as low as -160°F were easily maintained,
For test temperatures of over+ 70°F water was used as the circulating
medium and thermostatically controlled electric heaters were used in the
exchanger unit to heat and maintain the eirculating water at the proper

temperature,

connected in sories to a Foxboro SR-4 recorder eguipped with o fast chart drive.
The recorder was operated in ¢ mamner similer to the one used for recording
strains on the large test specimens, From zero to the moximum load, the various
load increments were morked off on the recorder chart by operating the driving
motor for a few seconds at the desircd locdsy the rest of the time the chart
rermained stationory., Beyond the meximum load the recorder motor was kept
running continuously and the marks for the various loade zbove the maximum

were made on the chart by meomentarily clesing a special chorting switch so

]

arranged that cither the compensating or the ac
The shorting of the active gage, used for marking 2,000 1bs. load increments,
resulted in o pen displacement in one direcetion, while the shorting of the
compensating gnge, used to mark 5,000 Ibs, increments, would displace the pen
in the opposite direction. In this monnor the conduction of the test and
recording of the data could be accomplished, if necessary, by a single operator.
The lower part of Fig. B 20 shows an SB=/) rccorder chort with the data from a
test of & 3-inch wide edge-notched specimens

Bend Test Specimens

For the bend test specimens 3=-inch wide strips about 38 inches long

cut fron a lérge plate of stecl and one of the edges was flame beveled for
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welding. Two of these 3=inch strips wore scevrely fasiencd to a large heavy
plate to prevent excessive warping and heating, and were welded together with
due precaution exercised to keep the temperature at the desired level during the
wolding procedure, The 6=inch x 38—inch.strips thus formed were then cut into
four 3/4-inch x 6-inch x 9~inch bend test specimens, Weld overbhuilds were ground
of f at the center of the specimen with care being exercised to have the grind'
mérks in the direction of the weld. The specimens were precocled in = dry ice and
alcohol bath and the test was performed in a special jigl that was totally
immersed in another alecohol bath placed on the lower table of ﬁhe testing machines
This bath was kept at the desired temperature hy means‘bf a-GDFfoot long coil of
5/8-inch diameter copper tubing through which alcohol from the heat exchanger,
shown in Fig, B 19, was circulated. The bend angle of the specimen was measured
by a calibrated é-inch span clip gage (similar %o the one shown in Fig. B 13)
that actually measured the vertical cdovnward movement of the load application
member of the bend test jig. The clip gage indications were recorded on a chort
of a continuous SR=4 strain recorder and the various loads appliecd to the
specimen were jndiccted on the recorder chert by means of the small deflections
of the recording pen which were caused by momentarily short circuiting the gage
eircuit, as already described in comnection with the 3-inch wide specimen tests.
Bend angles after failure were measured by means of a protractor and served ag a
check on the ones obtained from the meastvrement of the veriiccl movement of the
loading member of the jig.
Recommendatiion

Tt is strongly recomnended that tests of large restrained specimens be
the hehavior of steels that have been thor-

™ < 3 ] s
i - diz g A LAy LR

pughly tested by other mecans (including dynamic teste). From all indicetions
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 to date, the tests performed on smaller less expensive specimens (12-inch wide
or 3-inch wide notched specimens or U, 8. Navy tear test specimens) rate the
steels in the same order as the tests of the large restrained welded specimens,
so additional tests of the large speeimens at present are not justifiable, Even
with the extremely favorable labor situation that prevailed at the University of
California, such as using the same crew of four technicians as welders, chippers,
cutters, riggers etc., the cost of each restrained welded specimen was about

$1600400 for labor and overhead, with an additional $175.00 for the material

used in each specimen.
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16 8BS  WELDING AN OUTBOARD STIFFENER ON THE RESTRAINED
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UPPER PULLING TAB, READY. FOR TACK WELDING, SHOWING
TRIANGULAR INSERT "T" AND SNIPE “H" IN THE EXTENSION
OF CONTINUOUS LONGITUDINAL “GL"

LOWER PULLING TAB IN POSITION

FIG . BB RESTRAINED WELDED SPECIMEN — UPPER & LOWER PULLING TABS,
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PLATES 4 &6 PLUG WELDED TO 5, WELDS GROUND OFF FLUSH.

2. PLATES 3 &7 ARE THEN PLUG WELDED TO THE ASSEMBLY, WELDS GROUND
OFF FLUSH.

3. PLATES 2 & 8 WELDED TO ASSEMBLY AND THE PLUG WELD HEADS GROUND
OFF FLUSH.

4. PLATES | &9 PLUG WELDED TO ASSEMBLY, CONTINUOUS FILLET WELDS MADE
ALONG ALL EDGES. HOLE BORED IN COMPLETED ASSEMBLY.

FIG:B9 PULLING TABS FOR LARGE WELDED SPECIMENS.
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L BUTT WELD TO

3 g;abe%TUDS UPPER TAB
¥20 COPPER
MANGANIN WIRE SOLDERED INSULATED WIRES

TO SCREWS
\. » P . |
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n f
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"""S'“E'w/%y
ACTIVE COMP  COMMON s
TERMINALS OF FOXBOROQ FIBER INSULATOR

SR—4 STRAIN RECORDER

TWO TYPES OF EXTENSOMETERS USED FOR
FlG-B13 STRAIN MEASUREMENTS.
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CouPLE WIRE

Fig. B16 - 3"Edge Notched Specimen in Testing
Machine Showing Iixtensometer
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o—DISCHARGE TO COOLING JACKHET l'/—)"r'E TURN
[ ]

COOLING CHAMBER VALVES

(D) — RESERVOIR DXSGHARGE
@) -FRESERVOIR BYPASS
(3)— RESERVOIR INTAKE
(@- COoLING COlL
BYPASS
@)- cooLiNG COIL
DISCHARGE
@)~ COOLING GHAMBER
DRAIN

5 - VALVE

NOTE | FOR INTERNAL PRIMING USE RESERVOIR. IN USING RESERVOIR, OPEN () AND EITHER @ OR @ OR BOTH.
NOTE 2. FOR EXTERNAL PRIMING THE RESERVOIR IS NOT USED. IN THIS CASE CLOSE BOTH @ 4o @ Ao orEn @ .

PORTABLE  HEAT-EXCHANGE UNIT (USED TO MAINTAIN CONSTANT TEMPERATURE ON TEST SPECIMENS.) FiG. 519

-428-F
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