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" PROGRESS REPORT ‘ L

U, . Navy Research Project NObs-31222
CAUSES OF CLEAVAGE FRACTURE IN SHIP PLATE,

TESTS OF RESTRAINED WELDED SPECIMENS AND HATCH
CORNER SPECIMENS OF MILD STEEL

From: University of California
Berkeley, Calif.

Report Prepared by:

Alexander Boodberg
Earl R. Parker

ABSTRACT

This report summarizes the results of a series of tests conducted
as a supplementary program to the research investigation that was carried out
on the behavior of high yield strength structural steels under the U, S, Navy
Research Contract NObs-31222. The main objective of this auxiliary program
wad to provide a basis for comparison of results from the high yield strength
structural steels and the extensive results that were obtained in the numerocus
investigations conducted on the ship quality mild steels, The temperatures
at which the mode of fracture changed from shear to cleavage type were de-
termined for two of the mild steels by means of tests on several types of
specimens,

Several widely different types of specimens were used in this investi-
gation, The first type of specimen was made in two different sizes but with
the same thickness of steel plate. They were made to provide restraint to
plastic flow &t a corner produced by welding together steel plates set along

three mutually perpendicular planes, Other specimens were in the form of



simple notched plates of- different sizes. Aléq, tensile tests were made on 3/4—
inch thick flat plate spegimens. Some of these contained wglds only along their
longltudinal axes while others had both'transﬁefée.énd longitudinal welds,

The results of the tests on the two sizes of large restrained welded
specimens indicated that the width and height of this type of specimen appargntly
had little or no effect on the transition temperature, The results of the tests
performed on notched plate specimens showed that the transitiocn temperatures de-
termined by tests of the two sizes of this type of specimen were in good agree-~
ment with each other, but that the transition temperatures as determined by
notched plate tests were considerably lower than those obtained with large re~
strained welded specimen tests,

Tension tests of simple welded flat plate Specimens indicated that the
transition temperatures of the steels were not materially affected by the introwe
duction of a single longitudinal weld along the loading axis or by the presence

of two intersecting welds at the center of the unnotched‘plate Specimen.
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INTRODUCTION

The work described in tﬁis part of the report was done as an auxilliary
pmgmtomemmumcmw%wonmemmﬂwofM@yRMSuwgh
structural steels” under the U, S, Navy Research Contract NObs-31222. In order
to make possible the comparison of data obtained from the high strength steel
tests with those that were gathered through a period of years by various investi-
gators on ship quality mild steels,z’B’A!5 additional tests were made on the mild
steels By and C that had been previcusly investigated.3:4

The primary objective of this auxiliary ﬁrogram was to obtain the
transition temperatures and additiocnal information on the behavior of steels B,
and C when tested in the form of restrained welded specimens identical to the
ones used in the high yield strength structural steel investigation,

The minor objective of the program was to investigate the effect of
longitudinal and cross welds on the transition temperature of unnotched flat
plate specimens of mild and alloy stecels.

The physical properties and chemical compositions of the mild, ship

quality steels used in this program are shown in Table I,

EXPERIMENTAL WORK

Test Program

Tension tests were conducted at various temperatures on specimens con-
taining abrupt changes in section produced by welding together four pieces of
plate set along three mutually perpendicular planes, These pleces were cut from
a 3/L" x 72" x 120" plate according to the layout shown in Fig. 1 and were
assembled to form a "restrained welded specimen", shown in Fig. 2a and 2b, the

same type of specimen that was used in the high yleld strength structural steel
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investigationl. These specimens were siﬁilar:in construction, but were con-
siderably smaller than the previously tested "hatch corner Specimens"3 shown in
Fig. 3a and 3b.

The transition temperatures (the temperatures at which the mode of
fracture changed from the ductile shear type to the brittle cleavage type) were
determined for Steel B. by tests of hatch corner type specimens as well as by
tests of restrained welded specimens (Fig, 2a and 2b), Since the transition
temperature of Steel {, as determined by tests of hatch corner specimens, had
been previously establishedB, and sufficient stock of that steel was unavailable,
two of the smaller restrained welded specimens of Steel C were tested.

Additional tension tests were carried out on 12-inch wide centrally
notched specimens (¥ig. 4a) and 3~inch wide edge notched specimens (Fig. 4b) on
Steels B, and C, in order to augment the information previously obtainedh, and to
establish more closely the transition temperatures for these steels,

Tension tests were made on 3/L-inch thick by 6-5/8 inch wide unnotched
flat plate specimens (Fig., 4c), some of which contained longitudinal welds and
some that had intersecting welds, in order to determine the effect of the welds
on the transition temperatures of the steels,

Test Procedure

The hatch corner and restrained welded specimens were testéd in tension
at several temperatures in order to establish the temperature vs. ensrgy absorbed
relationship for the steels, SR;A strain gages were used con two restrained
welded specimens made of a high strength steel and cne specimen made of C steel
in order to determine the stress di&tribution in the various members of these
specimens and to compare the‘results with those obtained from similer studies

5

made on the hatch corner type of specimen”. Manganin wire extensometers, shown

in Fig. 5, were used on all specimens to measure the overall elongation of the .
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specimens at the various loads., From the load-strain curves thus obtained, the
energy absorbed during the test was determined, Specimens were loaded until
fracture occurred and the energy to the maximum load and to failure were both
recorded, The specimens were maintained at the desired temperature (EBOF) by
circulating air (cooled in a special heat exchanger by dry ice or heated by
means of electric heaters) through a plywood box or a canvas bag which totally
enclosed the specimen, Thermocouples at various positions on the specimen were
used to check the temperatures.

The twe types of flat plate notched specimens were also tested in
tension at various temperatures tc determine the transition temperatures for
the steels., The l2-inch wide centrally notched specimens were made by flame
cutting and a 3/4~inch diameter hole was drilled in the center of each specimen.
One-inch long hacksaw cuts were made from this hole outward, toward the edges
of the specimen, and the notch thus formed was made more severe by extending the
hacksaw cuts for an additional 1/8 of an inch by means of a 0,010-inch thick
Jjeweler's saw, The specimen was then welded to pulling heads and tested in
tension with arrangements for heating or ccoling similar to the ones used for
the large welded specimens,

The 3~inch wide edge notched specimens were prepared by flame cgtting
and making 1/2-inch deep inward notches at mid-length of each edge with a
0.042-inch thick saw blade, The specimens were clamped directly in the grips
of the testing machine and the temperature was controlled by means of a jacket
fastened on each side of the specimen. The cooling or heating medium was cir-
culated through this jacket, For low temperatures, alcohol cocled with dry ice
was used; heated water was used for temperatures over 70°F, Energy absorbed
to the maximum load and te failure was measured by means of clip gages and the

percent of fracture surface which failed by shear was recorded for each of the
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12-inch and 3=-inch wide noteched specimens,

The effect of welds on the transition temperaturé of steels was
studied by means of tests on 3/4-inch thick by 6 5/8w-inch wide unnotched flat
plate specimens shown in Fig., 4e¢. Three groups of these specimens were tested:
one group contained no welds, one had longiitudinal welds only, and the third
group had both longitudinal and transverse welds intersecting at the center of
the specimen. A1l of these specimens were tested in tension at various tempera-
tures, in a manner similar to the 12-inch wide center=-notched specimens, in
order to determine their transition temperatures. The longitudinal welds on
these specimens were deposited with an Uniommelt machine in 3/8-inch deep flame
gouged grooves about 10 inches long, made on the centerlines of both surfaces
- of the specimens, The weld overbuilds were pertially machined off and then -
ground flush with the surface of the plate. The transverse welds were made in a
gimilar manner. As these specimens were flame cut from a large plate the edges
at the center seetion were carefully ground to eliminate any small notcheg that
may have been produced by the cutting. The type of fracture was recorded, and
the energy absorption was measured by means of clip gage extensometers for each
of the specimens tested.

Welding Technigue

A11 of the hatch corner and restrained welded specimens were welded
aceording to the sequence and type of weld shown in Figs. 2a and 3a. Type E
6020 and E 6010 electrodes were used for welding these specimens with no preheat
employed. Voltage and current values used were those recommended by the manu~
facturers of the electrodes, All specimens were welded by the samec team of
welders and extreme precautions were used to insure good penetration at the

critical areas noar and around the cormer of the specimens,
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For the flat plate unnotched specimens, the welds wore made with &
Unionmelt machine using 1/4-inch rod at approximétely 9 inches/min,. with 29
volts and 825 amps,

A period of from 24 to 48 hours was alloved to elapse hetween the com-

pletion of the welding and the actuasl test of the specimens,

RESULTS

Genere),
- The primary objective of these tests was to determine, by means of sev-

eral types of specimens, the transition temperatures of two mild steels and
thus to establish a tasis for comperison of the results from the extensive in-
vestigations on mild stee18293’4’5, with those obtained from the tests on the -
high yield strength structural steels. '

The term "transition temperature", as used in this report, is defined
as a temperature at which the mode of fracture changes.from the shear type to
the cleavage type. When o sufficiently large number of specimens is tested,
the transition temperature can be established very closely.. However, the expense
of testing a large number of hatch corner and restrained welded specimens is
prohibiﬁive. Conscguently, in this investigation it was necéssary to approxi-
mate the transition teﬁperatufe of a steel by arbitrariiy choosing a point
halfway bétween thé two tesf témperatures - one that resulted in a predominantly
shear fracture and the other that gave a predominantly cleavage fracture, The-
transition temperature thus determined may be considerably in error bscause the &
increments between the test temperatures were sometimes large.

The transition temperatures as determined by ﬁests of the notched
specimens and the smali unnotched wéldéd specimens were established to within

£10°F because a large number of tests could be conducted rapidly end inexpen-

sively.
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Four hatch corner type specimens of Steel B, were tested to establish
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results are shown in Figs. 6éa and 6b, Data from another reportl showing results
of tests of restrained welded specimens of high yield strength structural steels
are included in these figures for comparison. Properties of these steels are
listed in Table IV, The transition temperature for Steel By, as determined by
teste on the hatch corner type of specimens was approximetely ®40°F as compered
to about #58°F as determined by tests on the restrained welded specimens. The
transition terperature for Steel C was determined in previous test53 and appeared

to be zbout r95°F as determined by tests of hatch corner specimens. Since only

temperature could not be determined accurately, but appesred to be about #100°F,
These transition temperatures for the lerge welded specimens are subject to con-
siderable error because of the small number of tests conducted,

The apparently higher transition temperatures for both mild steels, as
determined by tests on restrained welded specimens, may have been due to the
higher degroe of restroint that was present in this type of speeimen because of
the use of full penoiration welds. Full penetration welds presumably create a
more severe notch condition at the corner of the specimen, The use of a continu-
ous longitudinal member in the restraired welded specimen may alsc have increased
the severity of stress concentration at the welded corner.

Studies of stress distribution, by means of SR-4 gages (Fig. 7) near
the corner of the two types of large welded specimens, have been made, and the
results for the restrained welded specimens of mild Steel C are shown in Fig, 8.
Fig., 9 shows the results of a similar stress distribution study that was prev-

iously made’ on the hatch corner type of specimen. The general stress distri-



stresses on the inboard surfaces of the plates that made up the hatch corner,

and the stresses in the i r in the deck member MM

U7 Y

This change in stress distribution pattern may account for the differences in
transition temperatures for the two types of specimens. Figs. 10 and 11 show the
results of a stress disﬁribution study that wos made on two restrained welded
specimens of & high yleld strength structural steel, Comparison of these two
figures with Fig. 8 shows that the results are very similar to those obtained

from the specimen of mild steeol,

Notened Specimens
Transition temperatures of the two mild steels B, and C were determined
ina previous investigationA by means of tension tests on 12-inch wide centrally
notched and 3-inch wide edge notched specimens, However;_additionel tests were
conducted to check these, and the combined results are presented in.Figé. 12, 13,
14 and 15, The results show that there is very little difference in transition
temperatures as determined by tests of the 12«inch wide centrally notched plates
and the 3-inch wide edge notched specimens. Similar reéuits were also obtained
in the tests of the high yield strength étructural steelsl.

omparison of tronsition temperatures as determined

Table IIT shows a
by tests of various types of specimens used by severalIihvestigatorSB’A. The
rosults show that the restrained welded spoeimen indic.tes the highost transition
tomperature for Stecl By, with the hatch cofnor spocimen showlng a slightly lower
transition tcmperaturc, and most of tho notehed spoeimens giving approximatcly
the samc results. For Stocl C, all of the tests, wiﬁh tholoxcoption of the Charpy
indicate a transition tcmperaturc of #90°F to »100°F,

For the alloy steulsl and mild Steel B, the transition tomperatures

determined by tests of 3-inch wide edge notched specimens were invariably 40°
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to 50°F lower than the ones determined by tests of restrained welded specimens,
This is not true for Steel C, the one "project" semi-killed mild steel thot

was found to be extremely notch sensitive. These results, also substantiated
in part by results on the rimmed "project" Steel E4s° indicate that for highly
notch sensitive steels the transition temperatures do not seem to be influenced
by the size or configuration of the specimens used in their determination.

Flet Plate Unnotched Specimens Containing Welds

The effects of welds, upon the transition temperature of mild Steels

B, and €, as well as of normalized alloy steel ll, were studied by means of
tension tests at various temperatures on the type of unnotched flat plete
specimens shown in Fig. 4¢. The results of these tests, shown in Figs. 16 and
17, indicete that there is g slight shift of the transition temperature to a
higher wvalue coused by the introduction of welds on plates of the mild steels.
4 relatively lerger shift in the transition temperature was observed for the
normalized alloy Steel 1. Unfortunately this steel wes not of uniform quality
and contained mony laminetions and thus these results are not to be regarded
as conclusive or indicative of the performance of alloy steels in general,

It is of interest to note that the transition temperature of Steel C
as determined by tests of 3/4" x 6-5/8" unnotched flat plate specimens, the
edges of which were carefully ground to eliminate any small notches that may
" have been left by the flame cutting operation, was found to be about #20°F,
This transition temperature is gbout 70°F lower than those determined by tests
of the various notched-type spécimens. A similar low transition temperature
for this steel was found previouslyé in tests that were conducted on 3-inch
wide specimens , the edges of which were carefully machined.

The trensition temperature of -10°F for Steel By, determined by



tests of 3/4" x 6 5/8" unmotched flat plate specimens, wes also found to be

congsiderahly lower +

- =g AV .

of the various notched specimens of thet steel.

From the results of this investigction it appears that the slow
tension tests which use notched types of specimens for determination of trans-
ition temperatures of steels are more discriminative than those using other

forms of specimens,

SUMARY

1. Transition temperatures of the two mild steels B, and C, as determined by
tests of hatch corner type specimens, were found to be lower than those de-
termined by tests on the restralned welded specimens,

2. Although smaller in size, the restrained welded specimen was more rigid

vt lam ommnaon e~ 4T1n
L W

i P
LOW Decause O n its

and thus offered more restraint to he use in
construction of a continuous longitudinal member and of full penetration
welds,

3. The transition temperature for Steel C was found to be about +90%F by tests

of all types of notched specimens (except the Charpy type).

Le The trensition temperatures of notch sensitive steels {such as "project”
Steels C and E) did not seem to be affected by the size or the configuration
of the potched specimen used in their determinations,

5, The stress distribution in a restrained welded specimen under a tensile
load was found to be almost identical for the mild ahd the alloy asteels.

6., Transition temperatures of steels, as determined by tests of unnotched
specimens containine welds, are slightly higher thon those determined by
tests of the same type of specimens without welds.

7. The transition temperature of Steel C as determined by means of tension



O
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tests on unnotched flat plate specimens was found to be considerably (70°F)
lower than that determined by tests of the various notclied specimens,

The tronsition temperature of Steel Br,lés determined by tests of unnotched
flat plate specimens, was azlso found to be comsiderably lower than that de-

termined by tests of notched specimens,

peratures of steels by means of slow tension tests, appear to be more

discriminative then other types of specimens,
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TABLE Y, PHYSICAL AND CHEMICAL PROPERTIES OF THE MILD STEELS USED
’ I THIS INVESTIGATION

STEEL CODE LETTER STEEL BI_ STEEL C
Chemical Composition a b a b
" C 0.16 0,18 0.24, 0,24
- Mn 0y 74 0473 0,49 0.48
Si 0,03 0,07 0,043 0,05
P 0,011 0,008 0,015 0,012
S 0,030 0,030 0.033 0,026
Ni - 0.05 - 0.02
A1 - 0,015 - 0,016
Cu - 0007 - 0003
CI‘ had 0.0B - 0103
Mo - 0.006 - 0,005
Sn - 0,012 - 0,003
" - 0,005 - 0.0C9
TYPE Semi-killed Semi«killed
L3 rolled As rolled
PHYSICAL PROPERTIES
Yield Point, psi 35,800 39,000
Ult. Strength, psi 59,600 67,400
Elong. % in 8 in, 26 25.5

DEOXIDATION
PRACTICE

8-1/2 lb,/ton of ferro-

manganese, 1-1/8 1b./ton

ferro~silicon and 2-1/2

Ib./ton of Al«Si in Ladle;
small amoumt of Al added

in mold.

6 1b./ton of 80% ferro-
menganese and 2.6
1b,./ton of 504 ferro-
silicon in ladle; 1/3
1b. per ton of Al in

Y
Mol

Fotes:

g = Analysis furnished by the Steel kanufacturer

b ~ Analysis performed by Mr. S. Epstein (Bethlehem Steel
Co.) for this investigation,
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TABLE II. PRINCIPAL RESULTS OF THE INVESTIGATION
Gage
Energy Absorbed Length
Nominal Anch- for Type
Steel Test Laximum To iMaw, To Failure Energy Fract,

Specimen Code  Temp, Stress  Load: of Long, Meas. 4

No, Letter A OF psi - lemb, in, __ Shear
5-1B By 72 22,800 110,000 210,000 54, 20
S=2B Bp 37 31,000 155,000 155,000 5, 0
S-38 By 46 33,000 152, 000 132, 000 54 0
S=4B B, 2 31,000 §7,000 67,000 52 0
S-1C C 70 23,100 51,000 51,000 5/, 0
S=2C C 130 25,000 101,000 134,000 54, 100
L-1B B, 72 28,000 1,490,000 2,060,000 143 100
L-2B B, L7 27,400 1,420,000 1,580,000 143 84,
L-3B BL. 32 25,700 532,000 1,590,000 143 0
L-4B B, 25 26,600 746,000 746,000 143 0
11 # B 32 25,700 340,000 522,000 143 0
8 % By 66 27,000 ot measured - 80
5 % C 68 24,000 Not measured - 7 0
10 # c 32 23,600 180,000 180,000 143 0
14 * C 120 25,600 284,000 454,,000 143 100
15 ¥  C 70 32,600 1,046,000 1,046,000 143 0
17 * C 72 24,800 ' Not measured - 0
18 %% ¢ 70 32,800 1,354,000 1,358,000 143 0
25 % C U2 29,200 560,000 500,000 143 100
26 * C 100 27,400 342,000 342,000 143 50

*  Results from previous investigation see Reference 3.

#* Welded using 400°F preheat.
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TABLE III. APPROXIMATE TRANSITION TEMPERATURES OF MILD STEELS Bp
AND C DETERMINED BY MEANS OF DIFFERENT SPECIMENS

TYPE OF SFECIMEN STEEL By " STEEL G
Hatch Corner L0 F95%
Restrained Velded #5¢ : #100
108" Hotched Plate™™ below f£32  above #32
72" Notehed Plate™ . about AR #90
48" Notched Plate™ 4  gbout  #30 about /90
241 Votched Plate™ below £32 about A8
12" Notched Plate F18 /95
3"'Edge Notched®*
Yet section 23" x 3/4" about 410 about /90
3" Edge Notched
Fet section 2" x 3/4" . #20 £95
Charpy V noteh® atbut =5 about £20
Special Unnotched 3/4" x 6*5/5“ -10 about £20

Temperatures in table are in degrees Fahrenheit

Transition temperature taken as the temperature halfway between two test temper-
atures = one that resulted in a predominantly shear fracture and the other
that gave predominantly cleavage fracture.

*# Resulte obteined in a previocus investigation, see Reference 3

#¥ TResults obtained in o previous investigetion, see Reference 4
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TABLE IV. PROPERTIZS OF HIGH YIELD STRENGTH:STRUCTURAL STEELS
STEEL NO. 1 2 3 4

TYFE ALLOY ALLOY ALLOY ALIQY

& Quonched Quenohed Quenched Quenched
TREATLEITT & Drawm & Drawn £_Drawn & Drawm
Physical Properties
Yield Strength, Psi 66,000 80,000 80,000 &4,,000
Tensile Strength psi 89,000 97,000 100,000 100,000
Elong, in 2",% 26 22 20 23
R4 % &l 60 60 68
MNihhaeid anT Mamesmn3ddE Ao o
LI el L UUUIWES.L UJ.U.I.J.a ‘E
Carbon 519 014 .16 016
Mangznese 1.08 75 1.45 #27
Silicon 24 77 21 .17
Molybdenum b 16 48 20
Chromim - - 60 - 1 - 13
Zirconium - Q9 - -
Phosphorus 014 023 017 014
Vanedium - - .08 -
Mickel - - .53 Ra32
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FIG. 2b ~ RESTRAINED WELDED SPECIMEN 1IN TESTING
MACHINE, SHOWING PULLING TABS AND
MANGANIN WIRE EXTENSOMETER.
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LOAD-STRAIN CURVES FOR RESTRAINED WELDED SPECIMEN OF STEEL C.
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LOAD-STRAIN CURVES FOR HATCH CORNER SPECIMEN OF MILD STEEL "C'
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CORMER IN THIS TYPE OF SPECIMEN.
Ae,.,- TRANSVERSE STRAIN 13 — LONGITUDWNAL
Ae" = STRAIN AT VICINITY OF CORNER 14 — TRANSVERSE

D= DIAGONAL
Tr= TRANSVERSE
T= TOP

B BOTTOM

FIG. ©
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LOAD-STRAIN CURVES FOR HIGH TENSILE STRENGTH STEEL RESTRAINED SPEGIMEN 1—S
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* STRAIN VALUES BASED ON NOTE:' SEE FIG.7 FOR L * LONGITUDINAL
SINGLE GAGE. ALL OTHER LOCATION OF GAGES. D = DIAGONAL
VALUES ARE AVERAGE OF Tr= TRANSVERSE
TWO GAGES, TOP AND Tz TOP
BOTTOM OF PLATE. B+ BOTTOM

Le, = LONGITUDINAL STRAIN

deq=DuGoNAL STRAIN

Aeq= TRANSYERSE STRAIN FIG. 1O
D@ « STRAIN AT VICINITY OF GORNER. |3-LONGITUDINAL , 14 —TRANSVERSE.
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Ae, vs. LoAD

LOAD-STRAIN GURVES FOR HMIGH TENSILE STRENGTH STEEL RESTRAINED SPECIMEN 2-S

Y

0l
STRAN —~+ be-a00.4%*
dep vs. LOAD

LOAD - POUNDS

AN

s:rnmu——|

Aeq vs. LoaD

r-doo,d'/"
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Q'D'oo. N
Pl B
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smAm—-|
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N

* STRAIN VALUES BASED ON
SINGLE GAGE. ALL OTHER
WALUES ARE AVERAGE OF
TWO GAGES, TOP_AND
BOTTOM OF. PLATE.

0= LONGITUDINAL  STRAIN

AeD= DIAGONAL STRAN

Ae. s TRANSVERSE STRAN

Ae = STRAIN AT VICINITY OF CORNER, ' 13-LONGITUDINAL; 14— TRANSVERSE

STRAIN"I

|‘-_ 400‘31'/"

NOTE: SEE GAGE LAYOUT
FOR LOCATION OF GAGES

L= LONGITUDINAL
D= DIAGONAL

Tr= TRANSVERSE
T=TOP

B= BOTTOM

FI1G.11.
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MODE OF FRACTURE, PER CENT SHEAR
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