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' CHARACTERIZATION OF BRITTLE CRACK INTTIATION
IN WELDED A-36 AND A-537 STEELS
Henry Peter Offer

Iﬁerganie.Materials Research Division, Lawrence Berkeley Laboratory and

'Department of Materials Science and Engineering, College of Engineering;

Un1vers1ty of California, Berkeley, California 94720
ABSTRACT

An investigarion has been made of the fracture toughness of the

" microstructures in the fusion and heat affected zones and in the

normalized plate microstructure_of two welded low strength structural

.steels. ~Wedge opening loeding (WOL) specimens were machined from 1 in.

thick A-36 steel plate and 2 in. thick A-537 sreel plate in the transverse

direction. These specimens were tungsten—-inert gas (TIG) welded in the

crack tip area, and were then fatigue cracked to depths corresponding

~ to the three predominant microstructural regions.

Testing of each steel was performed at 23, 0, -40 and -75°C for the
welded, side.groo#ed specimens and at the same temperatures for two

thicknesses of unwelded specimens with and without'deep'side grooves.

. Vickers microhardness measurements were made for a strength correlation

in all micrdstructurél regions tested. Charpy V-notch and uniaxial

tensile tests were performed for the normalized microstructures at all

‘temperatures investigated;

The results show that altering micrdstruethre,.testing‘temperature,_
toeghness 1eve1,iand degree of meehenicei constraint has e.significant
effect on the corresﬁendingffracture characteriefies. 'Ihe.most iﬁportant
effect of alrering these'veriébles is on.thelamount of slow, ductile crack

propagation before catastrophic, brittle crack propagation,
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I. INTRODUCTION

Numerous brittle fractures of engineerlng structures fabricated
from low yield strength steels have occurred over the past three
decadesl—3 and_continue to occur despite the ex1stencegof several
analytical and‘experimental performance criteria for fracture resistance.l*_12
The use of linear elastic.fracture mechanics (LEFM) criteria for.fracture
prediction of low. strength steels is" limited by the very 1arge and
therefore, expen31ve test spec1mens required in generatlng data for
fracture before general yielding of the net sectlon by the high testing
machine capacity necessary to fracture such large specimens, and by
the limit transition temperature range (LTTR),_a metallurgical barrler
to plane-strain fracture in these steels.9 The'use'of the generalized
fracture analysis diagram (FAD), althoughvcorreiated with many service
failures, is limited by~the-lack of an analytical relationship between
‘nominal stress and critical flaw si'ze.10 The J integral approach‘to
fracture mechanics may prove very‘useful in extending a failure criterion
into the elastic—plastic and fully:plastic b,eh_arx.r_ior-“ranges.7 To establish
thedgeneral'validity‘ot this approachvxmuch more'testing is needed.
Critical crack- openlng dlsplacement (COD) analyses show experlmental
Justlfication under conditions of small: plastlc deformatlon.ll 12
Critical COD‘values,_however, show dependence on specimen thickness
as plastic deformation increases. The general usefulness of this
approach.will'depend on verification of the assumption that'fracture
occurs at avcriticalvualue of iocal strain at the crackbtip. Near.
crack tlp strain has also been proposed as an engineering ductile fracture

I
criterlon, 3 but has not been substantiated with a wide variety of
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matgriéls,‘Specimen>ge0m¢fries.and typgs.of 16ading. Thus, there
haé'been»much interesf in obtainiﬁg é fuﬁdémeﬁtaivQnderstanding of
ffgdture:fromvbéth engineeriﬁg_and metalldfgical viewpoints.
| A méibr.problem with the existing perf6fm§nce'criteria;is that
eﬁgineering,structures are Of;en'subjectea'fo microstructﬁral,vdésign,
fabricatiéﬁvéﬁd énvironmental cqnditions all of ﬁhich cannot be accouhted'
for in the'performance,criteria or in existing'test specimens, Spme'
of.these conditions which frequentlyfpromoté brittle fracture are low |
ductiiity»miérostructufes,'regipns of triaxialvstress,.residual stresses,
high strain rates,-lqw-températﬁres, cﬁemical envi?onments and sharp
cracks. Eaéh of these coﬁditions can'iead indépehdéntly:to britfle,IIOW»_
energy frécﬁure,and in combination often lead to brittle fracture af
average stresses well beldw méterial yield stréngths.

The.purpése Af.this'invesﬁigationnwaéto éharacterize, for use in
engineering design, tﬁe individual énd éombined enbrittling effects
of temperatufe; microstructure, toughpéss-leVel aﬁa_triaxiﬁl stress
as determined by testing relatively smali'size sharﬁly:cracked
) fraCture‘;oughness spééiméné-bf low strength steéls. The effeét of
teﬁperature was determiﬁed by Qarying the test environmentvfromv23°c‘.
. to —75°C,';Miérbs;ruéturai_effécts wére dete:minéd by 1ocatihg éharp
cracks iﬁ the various micfostfuctureénexisting near:a weIded regibn,
and in nofmalized plate migrostructures.i The effect of_t?iaxial étress_
was'determinéd.by_vérying.tﬁe‘tﬁickness of smoofh faéed'tésﬁ specimens,
aﬁd also gy.déép side'grooving test speciméns. The,ﬁfeséncé of sharp
'cracké was simulated byifatigﬁe’precrécking‘the_specimens_through the
" thickness. The effeét of tbqghness levelfhaélinbeétigated by tesfing,

steels with different rates of change of toughness with temperature.



- II. EXPERIMENTAL PROCEDURE

" A. Materials Tested

The materials used in tﬁis investigaﬁion were A-36 and Af537 steel;
Qﬂicﬁ aré»commbnly.ﬁsed in engineering ;tructufe; &ith low strength-to-
weight raﬁiq:reqﬁi;ements. Table I iiéts the thickness, heat numbef
énd chemical composition (provided by thevGrovejValﬁe_and kegulator
Cqmpany),for4thesensteelé. Specimenslﬁere~machinéd from the ﬁlate‘material
in the aé—receiyed conditiOn, which was a ferrite—pearlité.microstructure
with slightubénding in the A-36 steel and pronounced banding in the A-537

steel (Fig. 1).

B. Mechanical Testing

Ji, Hardneés Te;ting
| In order to-obtain a qualifative_ﬁeaéuré'of tﬁe tensile'sprength.

of‘the miérostfucfurés existiﬁgfin tﬂé heat affeéted-zone, Vickers

‘ microhardnesé_measurements ﬁerébmade; The test was performed with a

Leitz Wetzlar testing unit:with an applied'ioad of 2000 grams. For 

each material fhree separate measﬁreﬁents Qere made at each position

" tested below the fused sUrféce; and tﬁé aVerage value at each position

was reported. 'Méésﬁfemenfé.wére taken every O.QZS in. starting 0.025 in.

from the surface until no change in average hardness occurred.

2. Tensile Testing

~Uniaxial tensile Stfess—sfrain propertiés'wéfe'determinéd using a
1 in. gage:léﬁggh; 62250 in. diameter round specimens sﬁqwn in Fig. 2.
.Theée'speéimens were gfound frém the ﬁormalized plate material parallel
to_thé roiiing direction, and tested éécording to ASTM standard

4

£8-69."
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- A 300,000 1b capac1ty electrohydraulic closed 1oop MIS testing
machine was used to test the spec1mens in stroke control A_displacement
rate of 0.030'in./m1n was maintained for all tests. The yield.strength 3
reported is the lower yield value. Strain was measured using an
Instron strain gage eXtensometer Withlail_in.'gage length, which was
calibrated with a micrometer for a total,displacement range of 0.30 in.

The tensile‘tests'were conducted at 23°C in air and at 0°C, -40°C and

—75°C in a bath of dry ice and ethanol.

3. Charpy.VANotcthesting

The longitudinal impact pronerties were deternined using the standard
ASTM'Charpy V-notch specimen shown in Fig. 2. The tests were performed'
on a pendulum impact testlng machlne w1th a 225 ft 1b. capacity and a

hammer veloc1ty of 16.9 ft/sec.

.The impact tests‘were conductedhat_239C,,and at 0°C, ;20°C, -40°C,
'—60§C and —75?C within 5 sec of removal from a crushed dry ice-ethanol
bath. Duplicate tests were.made following ASTM E23f7215'for each‘steel'-.
at-all'temperatures-teSted,:and the two;values'were averaged.

4. Fracture Toughness Testing -

Wedge °p¢ning loading:(WOL) fracture toughness specimens were
machined accordingdtodFig. 3‘from normaliaed'nlate;v The. crack plane
was oriented nerpendlcular to the direction of rooling in:all specimens.
The A—36 steel specimens were machlned to three geometrles.‘
(1) L.,000 in. thlck without side grooves,'(Z) 1.000 in._thick with side | l‘ ¥
grooves 0. 015 in. w1de and 0 125 in. deep, and (3) O 750 1n. thick

without side grooves.. The_A—537 steel specimens were machlned also to
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threé geometriés:_;(l) 1;5605in. thi¢kf§1thou£'sidé gfoqées; (2) 1.500. in.
think'wifhfside grooves 0.015. in. wide and 0.250 in. deep, and (3) 1.000 in.
thick withouf éide gfoovés.'}Thé side grooves.wefe cut aftef fatigue
precracking. | o

">After machining»fhe'specimeﬁs wérg:fﬁsed'in'thé crack'tip area across
tﬁe thickness éf fhé_specimen. A Miliérlweldér model'SQQ PLA-SCM was used
with 230 DCfamperes:fcurrént; 20 volts.stfaight bblarity potential,-
and 35 cfh argoﬁ gas. cover. The 1/8 in,v&iameter‘tungsten'electrode,
spaced l/8vin. ffom"thé specimen'surfégé, was_shfouded-wifh the fabricated
alumina-cg§>shownbipffiga'4a weld'paSSes weré contrplled with a Heliwéld
' Au;omatic‘Cohtrol fan21 ﬁodel HMC-fvat a speed ofvé.O in./min. The.
ZSPecimenéjweré mounted on an Airliné model FAL 1/308 longitﬁdinalvweld
fixtﬁre.. The:welding'equipment is shown in operétionkin Fié. 5. A
welded_spécimen sidé»view.is shown in Fig. 4; S |

VA' After one fuéidn'péSS_a fatigue créck'starter ;io§ D;OOB in. wide -
and a minimum of 0.050 in. deepvwas'made with an‘aﬁrasivé slitting
wheél._ Thgispecimené were thén‘fatigue;craéked aécbrdingito ASTM

£399-7270

:é_minimum of 0.050 in. Th¢ overa1chrack average.length was
coﬁtfoiled'iﬁVOrder:;ﬁat thg fa;igué craék edgé‘would bé in microstruétural'
regioﬁ A, B or C. |

.'Miéfostructural regioﬁs_A; B aﬁd'C,wefe‘feétgd with éide grooves
’,for-bdth étéels.‘,Thg speéimené of'Bétﬁ‘steeis:wifhoﬁt‘side grooves
Qefg tested-only in'fégion A in order:to isoiate_the effects of plastic
éqnét?aint in the thiékness‘direétiop.

,Eacﬁ sﬁécimen geometryﬁaﬁd micfdéttﬁ@tura1 region was tested at

23°C in air and at 0°C, -40°C and -75°C in a dry ice-ethanol bath.
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The“testing'was performed en a. 300.000‘ib capactty electfohydraulie
closed-loop MTS testing machine in stroke’ control 17 showﬁ in Fig 6.
:The loadlng pin displacement rate was - malntained at 0. 030 in /min for all
tests. Crack. growth was monitored with a double—cantllever—beam
 disélacement gage,;6 shown .in Fig. 7, and was autegraphically recorded.e
For each specimen,geoﬁetty tested;_an experiﬁental compliaﬁcev
caiibratioﬁ curve waé'determiﬁed.ls TheianOSIin. wide fetigue ereck
starter siotaﬁae suacessively increased in O.QZS'in; incrementé and the
specimen compliehce correéponding to the total'ereek iength was measured
in the lineef'elestie load reﬁge. The dotblefeahtilever—beem displacement
gege;'calibreted with a mierometer for a'total'diéplacement range qf

: 0 150 1n., was used to determine spec1men compllance. The compliance

curves are plotted in F1g 8. Values of compllance calCulated at incremental

crack 1engths are presented in Table II.



C;'.Micfdscogz‘;.

1. Optical Micrdscopy»

L Metallographic‘specimenS'wéré cut.from theﬁwéided WOL toughness
SPecimens_after tésting ﬁith the ﬁlane of‘polish'imﬁediately_below
aﬁd'pafallg; to the fracture surface. 'After mounting in Bakelite,

- the SPeCimens %eré_gfouﬁd on siiicon_éarbide paper té 600 grit, polished
on a.lu diamond abrésive wﬁeel, and given é final bolish with O.GSZgaﬁma.
‘aiumina microboliéh. Specimens Wére then -etched With a.2% nital’solution
for 10 to 30 sec. |

| ObSeryétions Qeré ﬁade'with a Carleéiés‘Uitraphot II meta1lograph,
mounted witthomaréki interferénée—dontrast-aﬁd réflected_light'polarizer
equipment for bright field illumihatioq. Micrographs were‘ﬁade of the
"~ welded speéimens‘at'positidﬁsv3mm, 2mm aﬁd lm@ info thé heat affected
zoﬁé and.at theISQrface of the fuéion;zonéﬁ These positions will be
refefred,to as mictostrucfurél regioﬁs A; B, C and'ﬁ és sho&n in Figs. 9 and
10 for A—36.steel and Figs. 11 and 12 for A-537 steei. Micrographé weré
élso ﬁade_bf the normalized micfostructurés of bofh materials, shown

" in Fig. 1.

2.-VSQanniﬁg_E1ecfrbn Microséopy

The Joelco model JSM—U3 scanning electron»midfoscopé was uséd to Study
.fhe,Charpy VQnotch:and WOL toughness speéimen ffacture‘surfaces. ~The
a.c':celerat‘ing” pote_nt'ial>was .se_t at 2-5. kV--f.o_r. the ‘secéndary ele,ctronv emission
modé'of bpératidn. The éxﬁmiﬂed sufféceé wefe:protetted_wi;h acetate .
- téﬁé qufiﬁg specimen sectiéning, Prior_ﬁo obéervation the' acetate fa§

‘was removed and the specimen was ultrasonically cleaned in acetone.
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,‘ObsgrQafions Qere made of the cénttal regioﬁ of thé-Charpy fracture
'surfaces at 100X and lOOOXZﬁégﬁifiéainn to detérmine fracture modes,
aq@,at thé'centef'bf’the faﬁigue crackvédge.regiéﬁ of_;he WOL specimens
éf;lOOOX to'detefmine any crack tip:plasticiti before cétastrophic

crack propagation.



I1T. . EXPERIMENTAL RESULTS AND DISCUSSION
. A, General_

" A complete sclution of the three'dimensional stress distribution

for triaxial stresses at a crack tip does not exist at present.
: Analytical and empirical attempts to characterize the triaxial state

" of stress existing at a crack,tip in relatively small fracture toughness

specimens by the modification of analytical biaxial stress fracture

criteria ‘have resulted in limited success.19 zlv’An experimental approach
is therefore adopted

The approach of this investigation is based on the Griffith theory

» for critical strain—energy release rate, Gc’ determined by experimental

_ fracture_mechanics analysis.-4 When’external loading causes the stress

field at an existing crack tip. to become large enough for the crack

to propagate catastrophically, then an energy balance,exists between

reductions in the strain energy of the cracked body plus the potential

energy of the external forces and 1ncreases in the surface energy,A
plastic deformation energy, or kinetic energy of the body. The rate at
which.the‘strain and'potential energies are reduced depends on the
applied load‘and the change‘of’compliance_with crack length. Compliance
is given by C = X/P where X is the displacement betweenvthe’points

of application of load P, The incremental_change of‘compliance with'
incremental:crack,eXtension, dc/da, isvobtained experimentally by
measurement of~the-compliance corresponding to successiyely longer
simulated cracks.- The rate of energy‘reduction per unit of crack

w1dth B is given by4
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o LB de
¢ 2B da

When the external_ldads'are éﬁch that é‘grack of a giveﬂ:length ﬁi%l not
pfppégate éatastrophiéally,'then‘the:stréin%energy reléésé rate‘G is
iess thén the critical value"Gé.-

.A plastic stress zone always exis£5‘ét thé tip of évsﬁafp créck
iﬁ_éngineering materiais under elastic stress. Under flane stréin

conditions,‘the radius of this zone ry~is given by22

- GE
y 6ns§(1 - v

wheré Sy is the matérial yield strength'in>uniaxial'tension, ﬁ.is'
‘Yoﬁng's modulus and V'is_Poisson's rat;fio.~ The value of r_ is genefally
added to the actual craék length'as an adjustmentvfor plasticity. . As
plane strain'cqnditioné'are appfoached,'ry'bécomes én ihc;easingly
sﬁaller fradtibn 6f‘3 untii at "valid"'élane st;ainl

' 2.5r
B>_—_X-'.
om

Liﬁear elastié'béhaviof betﬁeeh load‘P and diéplacement X occurs under
plane straiﬁ when ﬁhé'cfack léngth and piastic:zone Sizg éré both small -
relative‘to.spécimén‘thickneés and width. Under these>é6nditions the net
secfion étresé.iéviess.thah;sy. peviétions from linearity betweeﬁ P
and X represen£ slow crack groﬁth andta small amount of crack tip
blunting, aﬁd'invalidaté.fhgjdse of LEFM;'v

The use Of side grboVes_in relatively'thin:spécimens to simulate
fhe triaxia1'stress at é créck.tip in thi¢k sﬁécimens (Qhére r is a

small fraction of B) makes the'resultiﬁg measﬁred‘valuerf_chan average
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A°f G alpng¢the éra?k.f;ont.: Ihé valperf G dec?égses.fq'Glc ffdm,the

specimen surface to ﬁidéection for both side grdoVéd'énd ungrooved

' spéciﬁens;_ﬂowevér,'tﬁis_réﬁe of.decreasé cbrﬁesponding to the rafe_of

ﬁtriaxial stress‘increasevis,much.ﬁigher ne#r the robt of side gfoovés

'than‘néar_the'face:of ungrodvéd specimens; The fesg1t is a much more

' uhifgfm value of.Gviﬁ ihe:midsection of side grooved épécimens.‘
Nﬁmer&ﬁsléombiﬁatiOné'of side g:bove geometyiés were_tested, and.

the slit groove was'ch§5en for'ptoviding'fhe most plastié éonstréint.

Maiiﬁum piastic constfaint is obfainedjfof a rigid—plaétiq material in -

~ plane strain Whenfui;
w4+ 1 L.
w5 - -

where W is the ratio of.specimen-width to root width. and Zd is the groove
23,24 )

angle. For 0 = 0°, W =:8.62, which is impréctical for small specimens.
For the strain-hardening materials tested the values of W chosen were

1.33 and 1.50. for 0. = 0°,

B; ‘Mechanical Testing

1. Hardnesé, Tensile and Charpy V-Notch Behavior

o The variation of 'average Vickers ﬁicrohardneéé With-distance from
. thg,fused régionlsuffaée, in thé plané_of‘the,fatigue prgcréck, is
shown in Fig. 13. Hardness values are listed in Table III. The A~537
steel e#hibits ajhigﬁer hardneSs at.alllpoéitions than the“A;36 steel.
This differénée in hardheés.décreaseéiwith distaﬁce from the fused regidn
suffage; : | |

The uﬁiéXial tenSile ﬁroﬁertiesiat323°c; O5C, f40°C'éﬁd ~75°C are

given in Table IV.. The engineering stre$s4strainrcurves for the A-36
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and,A—537wsteels at thevfour test tehperatures are.shown.ih Figs. 14
‘and 15. The variation of yieidland ultimate strength and of reduction
ia;area isvpresented in.Figs. 16 and l] for both‘steeis;h All ofhthe
tenSile daaneretakeﬁ for the normalized blate miérostruétures with the
Aloading(direction parallel to the platevrolliné direction.

Charpy V-notch iﬁpact energy for the normalized plate’microstructures
s plottedtfor_both_steeis_tested as a fﬁnction_of temperature in Fig. 18.
The plane‘of.fractﬁre in all of the Charhy tests was oriented perpendieular
to the rolling direetion, The values of energy absorbed-are presented
in Table V, ahd the fnacture‘surfaces are shown in Fig. 19. The higher
Charpy fracture teughness of the A-537 steel relative,to the A-36 steel
is primarily due'to its finer grain size and higher alloy.content; The;
ASTM grain sizes of the A-36 and A-537 steels are No. 6 and No. 8,
respectlvely, as shown in Flg. 1 at 100X magnlfication. The greatér
increase in- toughness w1th 1ncrea31ng temperature makes the A—537 steel
have a larger plastic zone size than the A—36 steel, since the yield
strengths‘of-each:materialidecrease &ith‘increasihéttemperature; ’The‘
change in fracthre"ﬁode:fromvpredOminately dimpled ruptﬁre to mixed
fraCture.td'predominately Quasi—cleavage with reduction in test
temperatare ‘occurs. for both the A—36 steel, shown in Flgs. 20 and 21, and
the A—537 steel, shown in Figs. 22 and 23, The flat facets,characterrstrc
of qua51—cleavage appear at higher temperatures fbr the A-36 steel than-
for the A~537 steel whlch correlates with the hlgher ‘temperature

trans1t10n of Charpy energy of the A—537 steel



2. Fracture Toughness Behavior

" a. Normalized plate microstructures——no side grooves. The

autographic record. of load and double cantilever beam strain gage
displacement for the WOL fracture toughness specimens.without side
grooves are shown in Figs. 24 and 25 for the A—36.steel normalized
plate microstructure, Extensiveﬁslow crack growth Occurred before
fast crack propagation:for both the 0.750 in. and 1.000 in. thick:
specimens at"23°C andh0°C. ‘A small amount of slow crack growth occurred
for both thicknesses at -40°C, and only crack tip blunting occurred |
before fast crack propagation for both thlcknesses at -75°C, _which -
Ifailed in plane'strain conditions.16' The critical strain.energy release
rate variation with temperature is plotted in Fig;'26 for these specimens.
The very low value of G for the 0.750 in. thick spec1mens tested at
23 C. is due to the extens1ve slow crack growth and correspondingvlow
- load at catastrophic failure. 10ptical macrophotographs of the fracture
surfaces for the .0. 750‘int and 1.000 in. thick specimens are shown in
Figs. 27 and 28, respectlvely Shear_llp formation is apparent and
indicates the decrease in plastic“zone'size.with decreasing temperature.
The‘Ar537'steel,normalized‘plate microstructure load-gage dis-
placement plots for the l.OOObin. and 1.500 in. thick'WOvaracture
.toughness specimens without side.grooves are shown in Figs. 29 and 30,
respectively. Slow crack growth across the full width of the specimen
.‘occurred for:bothlspecimen thicknesses—at test.temperatureshof 23°C
and_0°C. The'Cé values obtained‘for theselspecimens are given in
Fig. 31; andjthe fracture:surfaces‘are shown in Figs. 32 and‘33.‘ A~537

steel exhibits a higher fracture toughness than the A-36 steel, which
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is eQidént from a cOmpéfiSOn of Gc'vaiues_from the 1,000'ih. thick
WOL specimens of thgéé‘ﬁatefials (Figé; 26 aﬁd 31), Figufe 32(A) and
. (B)QandvFig. 33(A) and (B) show.delamiﬁétidn»perpendiculaf to the
\ffacturé surface in the direction of‘platé.rélling. The dglaminafion ;
occurredsoniy during slow craék growth and is due to the.banded'micro—
.structufe (Fig.'l).

A summary of the fracture toughness propértiesris éiven_in Table VI
for A-36 s'tee.lnar.ld"'l‘able VII .fo‘r' A-537 steel. |

b. Normalized plate microstructures~-with side grooves, ‘The amount

of“sioqurack growth before cétéstropﬁic fractufé was not-sdbstaﬁtially
reduced with the_addition of side grobye$<for’A—36 steel, which-ié.evident
Iffom a compa;ison of load-gage displécemenf reéords of ﬁOL sbecimgns
'-.without and with side grooves héving.thé:samebliéament thickness (Figs. 24
and_34).i:Poisson éontraétion'is substantialiy feduced with side grooves
'for A—36 étéel normalized,plaﬁé;micrdstructure (Figs. 27 and 33).
A—537_steé1 lpad—gagé displacémenﬁ records (Fig. 36).showédfthe;;

'same.frendsvﬁifﬁ sidg‘gfooves‘in the7ﬁqrma1ized‘piate microstructure as
: thevA—36vstee1. Thé use of side grod§es did,_£owe§er; f;iSe the values
of Gc'at‘éll temperétufes‘tested (Figs.'3l>;nd'37).  The fracture surfaces
of thé A—537'§teel sidé grdoVed specimens afeféhdwn in Fig. 38 for the
fouf”tést témpé?atureé;- |

IYSCanning electrdn fraétogfaphs.of A;3é steel in tﬁe‘fatigue crack
tié area (Fié. 39).show:fhe redpctioh?witH tembefatufe in the amount of
étretcﬁing'at'thé;éréck fip”before cfack growth;.'Essentially, ﬁd'
strétching occﬁrred.aﬁ_;75;C,bas evidénded by the abruptvffactufé mode
.change.-_These fractoéréphs are typicai of the.foﬁr test'temperétures for

both steels.



' ba1n1te 1n the A—36 steel and 1arge grained feathery bainite in the
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- €. Heat‘atfected:zohe microstructuree;aﬁith.eide.grOQVes. Micro—_
.structural region B'is shown id]Fig} 9(B) at IOQX'and,in Fig. 10(B) at
iOOOXimagnification tor A—36ﬁsteei, and in Fig. 11(B) at 100X and in
Fig..lZ(B) at.iOOOX;magnification for A-537 eteei. This region consists
primarily of fine grain sizevferrite and pearlite in the A-36 steel and
Afine grain size ferrite and.acicular_bainite in the:A—537-steel.

‘The.load;gage diéplacement records (Fig.‘40).for‘the.side grdoved

A-36 steel'WOL.specimens tested'in region B show a substantial decrease
- in slow crack3graﬁth exiéted compared-tc.micrcetructural region A.
This behavior also existed for;A—537 steel'except at 23°C, where:slcw
,vcrack growthvoccurred acroéS'the full width'Of‘the specimenvin'region

- B (Fig. 41). Plane strain codditioas existed for. the sidedgroored

' geOmetries of both steels in region B at -75°C and -40°C. The fracture -

‘ serfaces ot the A-36 and A-537 steels are'shown’for.regioc'B in Figsa 42
and 43, respectively, for each temperature tested. Crack~arrest’occurred,

in A-36 steel at 23°C and 0 C -and in A—537 steel at 0 c, and is indicated : |
by the darker grey fracture surface typical of ductlle tearlng. Micro-
'struCtﬁral~region~Gfie shoWn,in’Fig.'Q(C) at lOO)(and in Frg. 10(C) at
1000}(magni£ication fdr A—36'steel, and‘in Fig.,ll(C) at 100X and in -
Fig.'iZCC) athOanmghification'for A—537-steel. 'Tﬁe ﬁicrostructure

in this region is 1arge grained proeutect01d ferrlte and ac1cular

: A—537 steel.
Ihe criticalﬁstrain energyvreleaee rate for region C is plotted in

Fig. 44 for A-36 steel and in Fig. 37 for A-5337 steel. G for A-36




TR
‘steel shows a slight decrease.with‘decréésing:témﬁeratgre, whereaé-GcA
for‘A-537-steellshOWS é.much'lérger decrease with,&ecreasing temperature
for both ﬁicrostructural regi§ns B and C. The'fractﬁre sﬁ;faces of
ﬂfegion C fbr»bbth Steels-a;e éhbwn in-Figs. 45 and 46. At 23°C’thé
plastic zone size is.lafge.énough rélative Eo_the Heaﬁléffected éone size
tbﬁprevent,fast‘grack_propagation in A—537 steel, but hotiinvA—36 steel,
This efféét can Be seen by comparing'the 1oad—gége disPlaéement cufves for

the two materials (Figs. 47 and 48)._ o o A
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IV. SUMMARY AND VCOI\.ICLUSIONS‘

The fesﬁlts éf tﬁis investigétiQh’show.tﬁat‘;he testing of relatively
sﬁéil specimens in which briftle fraéturé has Beeﬁ;indﬁced‘can be a
valuable aid for the prevéntion_qf sucﬁ fféctﬁrévin engineering structures.
Due ‘to the iéck éf aﬁ adequatg stréss-aﬁalysis:for elastic-plastic and
' fﬁliy>piastié behavior, and due to the lack of an empirical criterion
forAfractﬁrg’prediCtiQﬁ.in these regimes which has geﬁeral validity, it
is nécessary fo:rély.bn extensive tesﬁing under simulated service -
conditions:fér‘engineering design data. The lackiof quanfitative'
.rélétionshipsﬂbetween the fadfors controlling brittle crack initiation
also.necessitateé extensive £esting.for rationéi_engineering design,

.To make fuil.use of the aQailablé‘data,-testé must be carried out
at fﬁll plate thickneSs on ghevembritpled micréstructures of any s;ructuré.
Cénclusions reéarding the‘méthod pf ;eSting for the assessment of the
ZQuantitatiVe relétionships and the resuits of‘thé-test method are
lisfed below. | |

- _l; -Slow érack growth is nét necessarily'reduged’in WOL specimens

of A—537”stee1_and A-36 steei by the addition of déep:side grooves,
'.despiée the_éorreéponding élimiﬁation'of ;érge shear‘lips.
' S2, :A-537 steel shows a'higher'fracture téughness théﬁ A-36 stee1 ‘
.aé'mgasuréd by'Cﬁafpy:v—notcﬁ-énd WOL SPéciméns for thé temperatﬁré |
‘range 23°C fo-—75°¢-in the norﬁalized‘platé microétructurai cdndition;

‘ 3. - Microstructures eXisfing in thé-HAZ proﬁbte Britflé crack
ihifiatidn coﬁééred“to normélizéd plate microétructures, if the HAZ

- size is large relative to the plastic zone size at a crack tip.
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. 4. The use of.deep grooves impro&és‘the resﬁlting value of Gc
fdr>specimens-of the samg_ligament thiékness by increasing crack tip
','tﬁiaxialify of‘stresé.and tﬁe cofresponding'nominal étress réquiréd'for
'f;st’crack:initiation.- |

Sf,_Brittle microstructﬁfés at a‘érack tip.ére more effective in
prambting brittle crack initiation tﬁanrtriaxial stresses proddéed
by deep sidé gfooves in small spécimens, especially at low temperétures
' where the biastic zone.éiZé is small.

'6. For the rangeé of theivariables tested, température has
the stroﬁgest'éffect on briftle_crack»initiation. At 23°C and 0°C
sibw crack growth occurred across the.fuli Qidth df‘sevefal A-537 steel
sbeéimens;'Qhereas at.~75fc ﬁo slow crack'growth occurred, At 23°C'
e#tensive slow cfack growth'qccurred'iﬁ Af36 steel spéciméns, but at
~75°C only limited crack tip blunting occurred.

7. 'Increééing thé_thicknééé 6fIWOL épecimens'without side gfooves,
in ghe'thickness'fange“invgétigated inﬁfoVeQIthe:resultingvvaluevof_Gc;
This effect is attribﬁted toAthe_incréase in tfiaxiélity df'streés at the
craék tip.and the cofrequnding §verage gtress.af'fést.crack initiétion.

8. Every combinafion of ‘the variébles teSted‘reéultéd in a mixed
sfate of st;ess éxcept’thosé cdmbinatiéns‘includihg the lowést
températures'inveétiéafed. 'Most of‘fhé teéts at -40°C and éll 6f the -
tests at -75°C were under pléne strain cohditibng. |

9. TheAamduht of slow qraék propagation béfore Catastrophig'fracturé
wgs_the»moét importantfresﬁif associated with.aifering'the variableéviﬁ

the”fénges investigated in this §tudy,.
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2 in. A-537

. 93995

0.20 1.29 " 0.0i1 -0.025° 0.38 0.07 0.16 0.18

-Table I. .Material composition wtZ. -
Plate "Alloy - Heat L o . C - _ . . _ R
Thickness* = Grade - Numbert o " Mn P o8 Si . Cu Ni  Cr.- Mo
1in.- A-36 93985  0.20 1.01 0.013 0.025 0.04
0.05

*_ S .
Normalized at 1700°F for one hour per in. of thickness.

.-{-_:. ) o . .
- Manufactured by Kaiser Steel Mill.

—€T—
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L

s

Fr



1';_TableIII‘ Fracture toughness specimen compliance, in./le1o'6;»'

Crack Length |-~ | S ' Specimen Thickness Ratio
im0 -~ in./in.

0.750/0.750 | 1.000/0.750 | 1.000/1.000 | 1.500/1.000 | 1.500/1.500

.58
.70

88 | 3690 2.60
06 | 3.86 |  2.75
220 | 406 | 0 2,90 .81
b ©o428 | 3.08 .95

0.900 - - |  &.72° 2
2
2
2
67 | 43 | 321 | 310
3
3
3
3

0.925 | - 4.94
0.950 - | 5.22
0.975  5.56
© 1000 | 5.92
10025 | 6.30
1.050° | 6.56
1.075  6.94.
1.100 . ©7.26

.00 - 4.81 | 3.45 .32
33 | . s.00 | - 3.5 .55 .
56 | 5.33 . 3.89 70
94 | 5.59 423 3.95

_17 7~
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' Table III. Average Vickers
- microhardness 2000 gram

- load.

- -Distance From

A-36  A-537

Weld Edge (in.) = Steel Steel.
0.025 371 4ke
0.050 360 430
0.075 315 402
0.100 245 7372
0.125 203 335
0.150 181 275
0.175 - 154 214

0.200 148 179
0.225 140 170

0.250 136 159
0.275 135 152
0,300 135 150

'Table Iv. Tensile»data;

. Material _Témperature R;A' Oy; % f
‘ (°c) B (kei) ks (2
A-36 23 C 41.6 33.6 67.3  25.5
A-537 123 47.6 48.9 78.9 25.0°
A-36 0 42.0 35.6  69.7  25.9
A=537 0 46.0 -50.1 82.6 25.7
A-36 -40  40.8  40.4 - 75.2  25.2
. A-537 -40 45.6 55.0 88.1 26.2
" A-36 -75 39.2 47.1 79.5 - 26.1
-75 42.0 63.1 100.3 3

A-537

24,
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Table V. Charpij-ﬁotch-enefgj.'

Material Testing CU.CUN- . Average CVN

Temp. (°C) (ft—lbs)._ (ft-1bs)

A-36 23 ©39.3 N
A3 23 37.7 " 38.5

A-537 23 81.5 -

A-537 23 79.6 80.6
A3 0 lah

A=36 - . 0 121 13.3

A-537 0 49.2
 A=537 L0 36.3 428

A-36 =20 7.4 1

A-36 =20 . 7.4 7.4

A-537 =20 24.5

A-537 =20 3.6 28.1

A-36 -S40 3.4

A-36 40 3.9 3.7

A-537 . =40 .. 16.6 _ ‘

A-537 =40 18.6 - 17.6 .

A-36 - =60 2.6

A-36 60 3.4 3,0
CA-537 . -60 6.0 .
A-537 - <60 6.5 6.3
a3 =75 2.9
A3 =75 2.9 2.9
A-537 =75 S |
A-537 =75 9.6 6.9




Table VI.  Fracture toughness data.

A-36 Steel
_ : . Specimén - R : .
Microstructural Test Thickness - T Cri;ical Maximum = Strain Energy Release
Region =~ "Temp.,°C Ratio, in./in. Load, lbs Load, lbs Rate, 1b/in. =~
e 23 ©1.000/0.750 6000 7150 - 330
A 0 ©1.000/0.750 7430 7430 515 -
A -40 1.000/0.750- 6080 6080 345
A ~75 - 1.000/0.750 5860 5860 320
B 23 1.000/0.750 8040 8040 603
B 0 1.000/0.750 7870 7870 578
B . ~40 1.000/0.750 6660 6660 406"
B -75 1.000/0.750 6410 6410 383.
c 23’ 1.000/0.750 7650 17650 546
C: 0 1.000/0.750 7570 7570 525
C =40 1.000/0.750 7350 7350 - 504
e -75 1.000/0.750 16370 6370 378
A 23 0.750/0.750 1650 1650 - 25,
A 0 0.750/0.750 6600 6600 406
A ~40 0.750/0.750 6300 6300 370
A -75 0.750/0.750 6150 6150 353

-Le-



Table VI. Cbﬁtinued.-

: , : Specimen - , S B . : L
Microstructural  Test Thickness Critical Maximum Strain Energy Relgase
Region Temp.,°C - Ratio, in./in. = Load, lbs . Load, lbs - Rate, 1b/in.
I 23 1.00071.000. 10,650 -10,650 794
© A 0 1.000/1.000 10,130 10,130 - 718
A =40 1.000/1.000 9,220 9,220 595
A '1.000/1.000 8,400 494

8,400

—82.—



Table VII. 'Fracture_ toughness data. °
- ‘A-537-Steel . .
g
S 4 o :  Specimen - - _ R . ol
... Microstructural Test °~~ Thickness . Critical = Maximum - Strain Energy Release . "
Region ~ Temp.,°C - Ratio, in./in. Load, lbs Load, lbs Rate, 1b/in. R
| - _ . . . & Y
A 23 1.500/1.000 . 17,930
A o 1.500/1.000 . f 17,480 - \'_ | . | .
A -40 1.500/1.000 16,575 = 16,580 - 960 -
A =75 1.500/1.0000 16,350 = 16,350 935 -
B 23 1.500/1.000 18,600 . N
B 0o 1.500/1.000 - 18,000 . 18,000 . 1140 o
B ~40 . 1.500/1.000 - : 17,250 17,250 1040 N
B -75 ° ' 1.500/1.000 12,000 9,080 - S04 . - e
c 23 1.500/1.000- | 18,960 . B
c . 0 1.500/1.000 - = 18,150 18,300 . = 1160 .
c -40 " 1.500/1.000 16,500 16,500 955
c - =75 . 1.500/1.000 10,800 10,800 . - . 408
A 23  1.000/1.000 .. . . 13,130
A 0 1.000/1.000 14,930
A -40 11.000/1.000 14,550 14,550 . 740
A -75  1.000/1.000 12,600 12,600 555



Table VII. Continued.

o . Specimen - S , . o o _
Microstructural = Test . Thickness - Critical  Maximum - Strain Energy Release’
Region -+ Temp.,°C ' ‘Ratio, in./in. Load, lbs Load, lbs Rate, 1lb/in.

A S 23 1.500/1.500 - 14,100
A 0 1.500/1.500 17,850 _ |
A -40 1.500/1.500 - = 21,000 21,000 1030
A - =75 21,750 1110

~1.500/1.500

21,750

-0€-.



Fig. 1.

Fig. 2.

Fig. 3.

‘Fig. b,

Fig. 5.
Fig. 6.

Fig. 7.

Fig. 8.

"Fig. 9.
 Fig. 10.

Fig. 11.

Variation of fracture toughness specimen compliance with crack
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VA-FiGURE‘CAPIIONé
Norﬁalizéd plate micfostruéturgs, 100%, (A) A;36 steel,
(B).A-537 steel;_ |
Geometry'éf Cﬁérpy.V*notch and tensilé speciﬁens.v
,Geometry of WOL specimens witﬁout éide grooves.
(A)iFabricétéd gas shroud for fr;étﬁfejtoughness épecimen

welding, (B) WOL épecimen sho&ing_heat affected "zone.

- Equipment for welding fracture toughness specimens.

Eqﬂipmenf;for WOL fracture toughness specimen testing.

~ Strain gage mounting on double cantilever beams and strain

.gage bridge circuit.

1ength,_ekpérimentally'determined for five specimen geometries.

Microstructures produced along crack plane in A-36 steel.

'(A)u3 mm from'fused_sufface, (B) 2 mm from fused surface,’

(C) 1 mm from fusédisurface; (D) at fﬁséd:zone surface.’

4Miéroétructures prdduced aloﬁg‘crack piane in A-36 steél.
(A) 3 mm from fused surface, (B) 2 mm from fused surface,

:(c)»l mm from fused éurface; (D) at fused zone surface.

Microstructures produéed along crack plane in A-537 steel.

(A) 3 mm from fused Surface; (B) 2 mm from fused surface,

©) 1 mmvffom-fused éurface, (D) at fused zone surface.
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'Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

12.

13.

14.

* ]23bC,‘O°C, -40°C and -75°C for A¥36'st¢e1 in the normalized

15.

16.
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Microgtrﬁctuies"produced along érackvplane in A-537 steel.

(A). 3 mm>from fused surface, (B) 2 mm from fuéed.surface, -
(C)‘l mm from fused surface, (D) at fused zone surface.
Variations'of average Vickers microhardness'with'distanée from

the fused region surface for_A536 and A-537 steels.
Variation of engiheering stress with engineéring strain at

microstructural condition.

N

Variation of engineering stress with-engineeringvstrain_at 23°c,

0°C, =40°C and -75°C for”A;537_steel in the normalized

. microstructural condition.

Variation of yield‘strength and_ultimate strength with tempera—

" ture for A-36 and'Af537 steel;'

17.

18.

Variation of reduction in area with temperature for A-36 and

A-537 steel.

Variation bf‘Charpy V-notch energy absorbed with test temperature

- for A-36 and A-537 steels in the normalized microstructural

o condition.b

19.

Fracture surfaces of Charpy V-notch specimens at 23°C, 0°C,

-40°C and -759C_test.temperatures (left‘to right). (A) A-36

steel, (B) A-537 éfeel.

‘ Scénning élecfron fractographs of fhe_central_region of.Charpy

'V—ﬁotch_specimens of A-36 steel. (A) 23°C test temperature, .

(B) 0°C test temperature; (C) —40fC”teSt temperature;

'(D)4—75°C~test‘témperature,
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Fig. 21, Scanning electron fractographs of the”central region of Charpy
V4n0tch specimens oth-36'steel. RN _tA) 236C test
i-temperature, (B) 0°C test’temperature,'(c) -40°C test

Ttemperature, (D) -75 C test temperature |

Fig. 22.‘ Scanning electron fractographs of the central region of Charpy. -
| V~notch specimens of A-537 steel. "._ ﬁl (A) 23° C test -

temperature, (B) 0°C test temperature, {c) -40 C test
__temperature, (D) —75 c test temperature.

Fig. 23, fScanning electron fractographs of the central region of Charpy
IZV—notch specimens of.Aﬁ537 steel. R (A) 23°C test
"temperature, (B). 0 C test temperature, (C) —40 C test
.temperature, D). —75 C test. temperature.

Fig) 24.'.Variation of load with gage displacement at 23 C, 0°C, -40°C

and -75° C for A—36'Steel microstructural region.A.‘ WCL
h specimen thickness is 0. 750 in :

Fig..25. Variation of load with gage displacement at 23° c, 0°c, -40°C
hand ~75°C for A-36 steel, microstructural region A. WCL ‘

speCimen thickness;is 1.000 in. | | |

Fig. 26. Variation'of‘criticai strain energy‘release rate with test

| iitemperature for‘0.750 in.land l.OOOIin.'thick WOL fracture‘ﬂ
, toughness specimens‘of A—36‘stee1 in the normaiized micro-
- Structuralicon&ition.' |
Fig. 27.. WOL fracture toughness spec1men, 0. 750.1n th1ck A-36 steel,
m1Crostructural region A._ (A) 23 o test temperature,._
(B) 0° C test temperature, (C) -40 C test temperauure,_

(D) -75 C test temperature.
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Fig. 28. WOL fracture toughﬁess’speeimen, 1.000 in; thick, A-36 steel;
_.mieroetruetural_region A. (A)'23°Cftest‘temperature,
'(B) 0°C test temperature,:(C)‘-40°C test'temperature,.
(D)v—75°C test.temperature.} | |
Fig; 29. Variation of load with gage.diapiaCement at 23°C, 0°c, —éO°€
o and ~75°C for A-537 \steel, microstructural region A. WOL
,specimen~thickness is 1,000 in.
Fig. 30. 'Variation of load with gage_displacement'atv23°C; 0°c, -40°C
"~ and -75°C for A-537.stee1, mierostructural regionVA.t WOL
specimen thickness is 1.500 in.. o
Figg‘31. vVariation_of criticalestrain energy release rate with test
temperature for,lfOOO in and 1.500 in: thick'WOLifraeture
.touéhﬁess_specimeus of A-537‘etee1 intthe normaliaed
_‘microstructural cemdition.
- Fig. 32. WOL fracture toughness specimen 1. 000 in. thick A—537 steel,
5mlcrostructural region A., (A) 23 C. test temperature, (B) 0°c
‘teet temperature, (C) ~-40°C test temperature, (D) -75,C
test‘temperature. | ‘
Fig. 33. aWQL fracture toughﬁess speCimen,>l.500 in. thick, A-537 steel,
.,j micrustructural regibn»A (A) 23° C test temperature |
(B) 0°c test temperature, (C) -40°C test temperature,
(D) —75 C test temperature.
- Fig. 34. 'Variatlon of 1oad with gage displacement at 23 c, 0°c, 446°C
and ~75°C for A—36 steel m1crostructural region A. WOL

.:specimen'thickness ratio is 1;000 in./0;750 in.



" . Fig. 35.

Fig. 36.

Fig. 37.

Fig. 38},

Fig. 39.

Fig. 40.

Fig. 41.

_35.'__ 8

WOL fracture toughness specimen, 1.000 in./0.750 in.
‘thickness:ratio; A-36 steel, microstructural region A.

(A) 239C testktemperature, (B) 0°C test temperature,

. (C) ~40°C test temperature, (D) <75°C test temperature.

Variation of load with gageidisplacement.at'23°C; 0°C,‘F4O°C
.andi—75°C'for A—537 Steei microstructuralvregion'A. WOL
specimen thickness ratio is 1.500 in. ./1.000 in.

Variation of critical strain energyvrelease rate with test
temperature for 1.500 in. thick WOL fracture toughness
specimens with side grooves 0.015 in. wide and 0.250 in.
deep in nicrostrUCtural regions A; B andiCjof A-537 steel.

WOL fracture toughness specimen, '1.500 in./jiOOOiin. thickness

» ratio, A~537 steel, microstructural region A. (A) 23°C

test temperature;f(B) 0°C test temperature; (C) -40°C test
temperature, (D) f75°C test.temperature;

WOL fracture‘toughness specimen scanning electron fractograph.
of fatigue crack edge, indicated by arrow, A—36 steel micro~-
_structuralnregion A, W) 23°C test temperature,‘

(B) 0°cC test‘temperature, (C)‘—40°C test'temperature,

(D) -75° C test temperature. . |

Variation of load with gage displacement at 23 c, 0°C, —40°C '

' and ~75°C for A—36 steel, mlcrostructural region B. WOL

‘specimen thickness ratio is 1.000 in. /0 750 in.

Variation of . 1oad with gage displacement at 23 'C, 0°C, —40°C

. and 75 C for A—537 steel, microstructural region B. WOL

specimen thickness ratio is 1.500 in /0 750 in.
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Fig.

'Fig.

Fig.

.Fig.n

Fig.

Fig.

42.

43.

bh.

45,

=36~

'WOL fracture toughness epecimen,-1.000'in./0;750 in. thickness

ratio, A-36 steel, microstructural region B. (A) 23°C test

temperature, (B) 0°C test temperature, (C) —40 C test temperature,

' (D) ~75°C test temperature.

WOL fracture toughneSs specimen, 1.500 in./1.000 in. thickness

 ratio, A-537 steel,-microstructural region'B, (A) 23°C test

temperature, (B) 0°C‘test-temperature, '(C) -40°C test temperature,

(D) ~75°C test temperature;
'Variationﬁof_critical strain energy release rate with test
temperature for l.QOO'in,,thickaOL fracture toughness specimens

, with side'grooves'0,0IS in. Wide_and 0.125 in. deep in micro-

structural'regions A, B and C of A-36,steel.

WOL fracture toughness specimen, 1.000 in./0.750 in. thickness

) ratio, Ar36 steel mlcrostructural region C (A) 23° C test .

temperature, (B) 0 C test temperature, (C) —40°C test.

' temperature, (D) —75,C test temperature.

48.

WOL fratture_toughneés specimen, 1.500 in./1.000 in. thickness

-ratio, A-537 steel, microstruetural’region C. (A) 23°C test
ttemperature, (B) 0 C test temperature (C) -40°C test
'3temperature,'(D) -75°C test temperature.

Variation of load w1th.gage displacement at 23°C, 0°C, -40°C

and —7S°C for A—36~stee1 -microstructural region C. WOL specimen
thickness. ratio is- 1 000 in./0.750 in.

Variatlon of load w1th gage dlsplacement at 23°C, O C, -40°C

and 75 C for A-537 steel, microstructural region C. WOL

o speC1men thickness ratio is 1 500 in. /l 000 in. L
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Standard Charpy V-Notch Specimen
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FRACTURE TOUGHNESS SPECIMEN COMPLIANCE,

in/lbx10~%

00)

o 0.75 in. THICK, NO SIDE GROOVES
A 1.00 in THICK, SIDE GROOVES 0.125 in. DEEP, 0.0I5 in. WIDE
O 1.00 in. THICK, NO SIDE GROOVES
¥ 1.50 in. THICK, SIDE GROOVES 0.250 in. DEEP, 0.0I5 in. WIDE
& 1.50 in. THICK, NO SIDE GROOVES

. |

q
4

2 | | | I |

0.90 0.95 100 .05

OVERALL CRACK LENGTH, in.
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AVERAGE VICKERS MICROHARDNESS
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- STRAIN ENERGY RELEASE RATE, Ib./in.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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