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ABSTRACT

Thedevelopmentoftheplasticzonesgeneratedby sharpthrough-cracks
andblunternotcheswasstudiedsystematicallyinplatesofFe-3Sisteel.A sensi-
tiveetchingtechniquerevealedtheplasticzonebothontheplatesurfaceandon
parallelandnormalinteriorsections.Inaddition,theprogressofthrough-the-
thicknessdeformationwasfollowedbymonitoringnormaldisplacementsattheplate
surface.Theworkencompassesappliedstress-cracklength-thicknesscombinations
intherange0.2< ;~$< 2 (Kisthestressintensityparameter,Y istheYield

),–

stress,andt istheplatethickness),withspecialemphasisonsituationswhere
theplasticzoneissmallrelativetotheplatethicknessanda planestrainstate
isapproached.Threekindsofrelaxationsarerevealed:oneintheplaneof the
plateand two accommodatingthrough-the-thicknessdeformation.The latterbe-
comethedominantmodewhenK 2 1 > 1.7orp > t (pisthezonelength).Compari-

TT -7
sonswithavailabletheoreti;aitreatmentsshowthatthecalculationsofBilbyand
Swinden,Tuba,andRiceandRosengrenareinaccordwithmeasuredzonelengths,
butnoneofthetreatmentsexaminedprovidesa satisfactorydescriptionof the
zoneshape.Theexperimentsalsoprovideinsightstothelevelof strainwithin
thezone,andsuggestthat1{~ 1 = 1 orp = tmaybea usefulupperboundforthe

TT Tplanestrainregime.
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1. 1NTRODUCTION

plastic f~ow inthelocaleofno~chesandcrackshasanimportantbearing
onthefracturetoughnessofalloys(1,2,3). Yettheplas’ciczonesattendingnotches
andcracksinheavysectionsundertensionarenotwellunderstood.Thisisnotfor
lackofinterestorattention.Theproblemhasattracteda largenumberoftheore-
ticians;forexample,AllenandSouthwell(4~,Jacobs(5),McClintockandco-
workers(6,7),pra

?$j
(8),Hill(g),Green(lO),lr~in(ll),Li~(12),andmorerecently

BilbyandSwinden ,Tuba(14),andRiceandRosengren(15)havemadeimportan~
contributions. AIEhoughsubstantialprogresshasbeenmade--acompilationofslip-
IinefieldsandcalculatedzonesisgiveninFigurel--theextentofthezone,its
shape,andespecially,theplasticstrainfieldclosetoa crack-tiparenot
established. OnereasonisthaEmeasurementscapableoftestingthecalculations
aredifficulCtomake.Forexample,measurementswithstraingages,photoelastic,coatings,theinterferencemicroscopeandmoiregrillsare: (1)restrictedtothe
specimensurface,(2)donotdistinguishbetweenelasticandplasticstrain,and
(3)donotresolvethesteepgradientsthatcharacterizetheplasticzoneinheavy
sections.

TocircumventsomeoftheseproblemstheauthorsadoptedGreenand
Hundy’s(17)approach;anetchantwasusedtorevealtheplasriczone,butitwas
appliedtoFe-3Siwhichrespondsmoresensitivelythancarbons~eel.Inthecaseof
Fe-3Si,individualdislocationsandslipbandsareetchedinallgrains(18).Thus,
eventraceamountsofplasticrelaxationinregionssmallerthantheindividual
grainscanbedetectedathighmagnificakton.Infact,theetchingtechnique
appearstobetheonlymethodthatcansensitivelydistinguishbetweenelasticand
plasticregions.Furthermore,theetchingresponseisgradedandcanprovideinfor-
mationofa quantitativenatureforplasticstrainsuptoabout5-1077.Another
importantadvantageisthattheetchingtechniqueisnotrestrictedtotheplate
surfacebutcanrevealtheplasticzoneoninteriorsectionsofa plate.TheFe-3Si
steeldisplaysstress-straincharacteristicssimilartothoseotmediumstrength
shipplate,pressurevesselandconstructionalsteels,andshouldbea closeanalogue
forthesematerials.Finally,theresultsmzybeapplicabletoothersystemsas
wellsinceboththeTuba~14)andtheRiceandRosengren(15)theoreticalcalculations
indicatethatthesizeandshapeoftheplasriczonearerelativelyinsensitiveto
therateofstrainhardening.

Earlierworkonthiscontractwhichexploitedtheetchingtechniquewas
carriedoutonrelativelythinplateswithmachinedslits(ratherthansharppre-
cracks).(19-21)Thetransitionfrompredominantlyin-plane(planestrain)to
through-the-thickness(planestress)relaxationwasexamined.Preliminarystudies
ofsharpprecracksandtheeffectontheplasticzoneofcrackgrowthunderload
havebeenreported(3,22123),Clark(24)hasalsoobtainedresultsonsharpcracksin
cantileverbeamsamplesusingFe-3SisteelpreparedatBatEelle.Thisrepor~

~~ See References
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Fig. 1. CompilationOf Theoretiea~ TreatmentsReLatedTo The Plane-Stirain,
Elastic-Plastic Crackproblem 8 16
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summarfzesresultsfor

rangecharacterizedby
zoneissmallrelative

appliedstress-crack-lengththicknesscombinationsinthe

[12 +:
0.2<+ +<2. AC thelowerendofthisrangetheplasEic
totheplatethicknessandin-planerelaxationpredominates.

Plasticzonesgeneratedbyedgeandcenternotches,machinedslitsandsharppre-
crackswererevealedbyetchingnoronlytheplatesurface,butparallelandnormal
interiorsectionsaswell.Theetch-tiguresareaugmented“bysensitivemeasurements
ofthedisplacementsnormaltotheplatesurfaceexistingunderloadandafterthe
loadisremoved.Takentogether,theworkprovidesa reasonablyclearpictureof
the3-dimensionalcharacterofthestrainfieldintheneighborhoodofa crackand
allowscomparisonwiththeoreticalpredictionsofthesizeandshapeoftheplastic
zone,andthemagnitudeofthepeakstrain.

11. EXPERIMENTALPROCEDURE

TheFe-3Sisteelplatesusedinthisstudy
lb.,inductionmeltedheats>’r~:,cast,andthenupset
1150c. Thefinalconversionstepwasa 50percent
360C (toavoidcracking)whichleavesthematerial

wereobtainedfromseveral100
forgedandhotrolledatabout
reductionby“warm”rollingat
ina heavilyworkedcondition

thatrecrystallizesonannealing.Priortomachiningthetestcoupons,therough
blankswerestress-relievedforonehourat475C tominimizewarping.Twotypes
ofnotcheswereused:(1)0.006in.-wideslits(rootradius-O.003in.)introduced
witha jeweler’ssaworabrasivedisk,and(2)fatigue
longslitsbycyclingintensionbetween4,000psiand

Aftermachining,notching,andfatiguing,the
lizedforonehourat800C andforced-sir-cooled.*’:*
lizesthematerial,eliminatesdislocationsintroduced

cracksgrownfrom1/8 in,-
38,000psi.

testcouponswererecrystal-
Thistreatmentrecrystal-
inthewarmworkingoperation,

bythemachiningandprecracking,andretainsinsolutioncarbonandnitrogenneeded
fordecoratingthedislocations.Thecompositionandmechanicalpropertiesofthe
differentheatsin theannealedconditionaredescribedinTable1 andFigure2(a).

Thetestcoupons,whosedimensionsaregiveninFigure2,wereloadedin
anordinarytestingmachineviaa rod-yokearrangementthatincorporatedlarge
sphericalbearingstopromotealignment.Theloadwasappliedattherateof4,000
Ibs.perminute,heldatthepredeterminedstresslevelfor4 minutesinthecase

H21
~’<Forcomparison,

(25)
theASTME-24criterionforplanestrainis + ; <0.4,

whereK = Tfi isthelinearelasticfracturemechanicsstr;s;intensitypara-
meter,T istheappliedstress,Y istheyieldstress,andE istheplatethickness.

Yr>k Meltedfroma chargeofArmcoironandFe-Siwithabout0.03percentnickeladded
asa deoxidizer.

,VCY’=’<Heatinginairwiththecouponswrappedinsteelfoilproduceda tarnishedsurface
butdetractedlessfromLheetchingresponseofmaterialclosetothesurfacethan
treatmentsincommercialvacuumfurnaces.Samplesgivena prolongedfurnacecool
didnotetch.
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(a)
TABLE1. COMPOS1TIONW PROPERTIESOFFE-3SiSTEEL

composition(Wt%) LowerYieldStress(b) OtherMechanical
Heat Si c N (psi) Properties(RoomTemp)

s 3.26 0.015 0.001 62,000/64,000

x 3.45 0.009<0.001 62,000

w 3.39 0.012 0.001 59,000

GG 3.40 0.013 0.001 64,000 Upperyield:66,000psi,L~ders
strain0.5-1.5%,ultimate:83,000
?s1,truefracturestress:140,000
psi,rruefracturestrain:0.9-1.2
(fibrousmode),strainhardening
exponentinstrainhardeningregion:
N=O.16

(a) Annealedcondition

(b) Measuredata strainrateof3.10-4to3.10-5 -1sec .

oftheslitsand4 secondsforthesharpprecracks,andthenunloadedatthesame
rate.TheloadsarealternativelyexpressedintermsoftheTnominal(grosssection)
stressT,thenominalstressto(lower)yieldstressratio~ ,andasthestress
irskensityparameterK = T@fla . Here,a isthelengthofanedgecrackorthehalf-
lengthofa centercrack,and~ isa correctionforthewidthofthesample:’(P= 1.12
foran0.25in.-longedgecrackina 2.5in.-widesample). Changesinthethick-
nessofthecouponsintheregionclosetothecracktipweremeasuredinLwoways.
Inonecasea seriesofplasticreplicasoftheplatesurfacewasmadeat different
loadlevels;thecontoursofthereplicaswerethenchartedwitha surfaceprofile
device.Thistechntque,whichhasa sensitivityofabout10-5in.,isdescribed
morefullyinReference21. Inthesecondcasetheresidualdisplacementsnormalto
theplatesurfaceweremeasuredafterunloadingwithaninterferencemicroscope(19,27),

Afterthecouponswereloaded,theywereagedat150C fortwentyminutes
todecoratethedislocationsgeneratedbyplasticflowtherebysensitizingthemto
theet-chant.Anycoldworkintroducedafteraginginthecourseofsectioningand
handpolishingisnot‘decorated’andnotattackedbytheetchant.’t~<Onecompl-
icationisthatmachinegrindingandabrasivecut-offwheelstendtoproducea
heavilydisturbedsurfacelayer0.005to0.010in.-thickwhichdoesnotrespondto
etchingunderanyconditions;thislayermustberemovedbygentlehandgrinding
withmetallurgicalpapertoobtainsatisfactoryetchingresponses.

$<TheelasticcorrectionofIsida,reportedinReference(26),wasused.An
elastic-plasticcorrectionthattakesintoaccounttheboundaryconditionson
theloadededgesofthespecimenisnowbeingworkedoutatBattelleandwill
appearintheforthcomingAnnualReportonAirForceContractNo.AF33(615)-3565.

~+~Notethatdecorationwilloccurafterprolongedperiodsatroomtemperatureor
ifthesamplebecomeshotduringmachiningandgrinding.

.—
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Fig. Z(a).

Fig. 2(ZI)Tm&Plastic Strain.

Fig. 2 TESTCOUPONSANDMECHANICALPROPERTIES:(a) configuration of test coupms
and (b) exampleof the true stres.+twe strain prope~ties of heat GG.

TheFe-3Si sampleswereelectropolishedandetchedintheMorrisSOIUF~ion(29)W<Y,. Theetching.characteristicsoftheFe-3Sisteelisillustratedin
Fignres3 and4. Whentheannealedmaterialisstrainedplasticallysmallamounts,
i.e.,0-0.5%,etchingrevealsindividualdislocationsandslipbands.Strafnsin
therange0.5to5%producesomanydislocationsthattheindividualpitscanno
longerberesolvedinthelightmicroscope;etchingmerelydarkensthesurfacein
thisrange.Beyond5 to7%,theair-cooledmaterialstopsetchingpresumably
becausethereisinsufficientcarbonandnitrogeninsolutionfordecoration,
Inthfswaytheetchingresponsecanprovideanapproximatequantitativeindication
ofthelocalstrainintensity.Forexample,theexistenceofanunetchedregion
surroundedbya darketchingmaterialarounda strainconcentrationisindicativeof
a peakstraininexcessOfabout5-7%.Figure5 showsthatthestraincorresponding

$~~’f~’fCompositionoftheelectrolyte:7 cc’20’25gmchromiumtrioxide,133ccglacialaceticacid.Polishingoccursintherange22-40voltswitha stainlesssteel
cathodeandspecimen-cathodeseparationofl/4-3/4in.,in5-20minuteswiththe
solutionagitatedandmaintainedat20C. Etchingoccursatabout5 voltsin
3-15minuteswithoutagitakion.

— —



Fig. 3(a) c = o.P
Fig. 3(b) Siress~d 0,09Y.

Fig. 3(f) E = 0,05.
P

ig. 3(9) E = 0.07.P

Fig. 3(d) Cp= 0.015.

Fig.

Fig. 3 ETCHINGRESPONSEOFUNNOTCHEDFe-3Si (HEATS) TENSILEBARSSTRAIA?EDDIFFERENTAMOUNTS.
arwzea2edat 800C arzdair-cooled except -theone shounin Figure (c) tihieh uas cmwaled
eliminate discontinuousyie2ding so as to obtain a uniformstrain of 0.01%. is kh
541

‘P

3(W &p=0.10.

The bars tie%e
at 2200C to
plastic strain.
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Figa 5(cl)E = ~.
P

Fig. s(h)E ==0.10.P

$ .!,-”’

*
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. 4’ ‘
Fig. 5(c)E = 0.15.

P

Fig. 5 ETCHIYGRESpOYSEo~uflflOTCREDFe-3si (HEATs) TENSILEBARSSTRAINEDDIFFEREflT
AMOUNTS.These bars warewate~-quenekdfrom the 800 Cannealing tempe~atuw.

is _tlzeplas?ie stirazk. 135X
‘P

to the loss of etchingresponsecanbeincreasedfrom5-7%to10-15%bywater
quenching,butthishasthedisadvantageofintroducingquenchfngstrainswhichare
alsorevealedbytheetchant.Figure4 illustrates‘thatplasticdeformationpro-
ducedbytensionandbycompressionetchinthesameway.

111.EXPERIMENTALRESULTS

TheexperimentalresultsaresummarizedinTables2 and3,andareset
forthinmoredetailinFigures6-23.several complicationsthataffecttheirin-
terpretationshouldbenotedattheoutset:

1. Notallgrainsarerecrystallized;isolatedgrainsundergoa recovery
processandthesearefilledwitha densesubstructurethatetchesdarklyinthe
absenceofplasticdeformation+:(examplescanbeseeninFigures18,21,and23).

2. Plaskicdeformationduringloadingisfollowedbyreversedeformation
duringunloading,atleastclosetothecracktip(6>31~.Thepresentetchingpro-
ceduredoesnotseparatethesetwocomponents~<$<.

(Manuscriptcontinuedonpage40)

$’Suchgrainsareundesirablebecausetheycanobscuretheplasticzone.However,
theirpresencedoesnotperturbtheplasticzone,andthisindicatesthatthe
recoveredgrainsarenotsignificantlystrongerthanrecrystallizedgrains.

~+ Anattemptwasmadetoseparatethetwodeformationsbyagingthesampleunder
load(8077offullload)andcoolingthembeforeunloading,thusrenderingthe
reversedeformationtransparenttotheetchant,However,thisprocedureproduced
fuzzy,ill-deformedzones--eviden~lythesamplescreepattheagingtemperature--
andwasabandoned.



TABLE2, SDIDIARYOFTESTDATA

(a) (b) (d) (f) (a) (h)
SampleThickness Notch (c) ~ (e) &

()

2ZoneExtent,p ZoneWidth,A Q & ~
No. (in) Geometry T (ksi) Y K (ksifi) Y (#Tii) (in) (in) t Yt

s-52
s-118
S-57
x-2
S-117
S-60

S-lol
S-107
GG-6
x-47
m?-3
X-49
FF’-8
GG-5
x-46
X-50

0.195
0.199
0.196
0,428
0.198
0.195

0.019
0.058
0,220
0.420
0.212
0.420
0.212
0.220
0.420
0.420

0.25(M]EN 12.8
0.25(11)EN 19,8
0.25(M)EN 26.3
0.25(M}EN 27.3
0,25(H)EN 29.8
0.25(IvI)EN 40.0

0.38(F)EN 9,4
0.25(F)EN 13.4
0,22(F)EN 22.6
0.22(F)CN 25.2
0.25(F)EN 22.2
0.22(F)EN 27.2
0.25(F)CN 30.7
0.22(F)EN 33.0
0.30(F)CN 25.3
0.22(F)EN 48.0

0.21
0.31
0.42
0.42
0.46
0,64

0.15
0.21
0.35
0.41
0,38
0.43
0,52
0.51
0.57
0.77

12.8
19.8
26.3
27,5
29,8
40.0

11.4
13.4
21.0
23.4
22.2
25.2
27,2
30,7
35.8
45.2

0,21
0.31
0.42
0.42
0,46
0.64

0.18
0.21
0.33
0.38
0.38
0.41
0.46
0.48
0,58
0.73

0.010
0.025
0.055
0.060
0.075

> om5(i)

0,010
0.010
0.O1O
().Oqo
0.040
0,030
0.070
0.050
0.230

0.010
0.010
0.015
0.015
0.020

0.003
0.003
0.003
0,004
0.008
0,003
0.010
0,006
0.010

0.1
0.4
0.55
0.21
0.06
>5

1
.35

0.09
0,2
0.4
0.15
0.65
0.45
1,1
>2

0.23
0.48
0,90
0.41
1.07
2.10

1,70
0,76
0.50
0,34 I

o
0.68 1

0,40
1,00
1.05
0.80
1.27

(a)
(b)

(c)
(e)

(f)
k)
(h)
(i)

Letterprecedingnumberdesignatesheatnumber,
Numbergivesslitorcracklength(halflengthforcentercrack);(F)designatesfatiguecrack,(M)machinedslit,0.006
in.wide;EN-edgenotch,CN- centernotch
T isthegrosssectionstress,(d]Ratioofgrosssectionstresstoloweryieldstress.
Kz T~fi,~,jhereT isgross~ec~i.onstress,a i.sedgecracklength(centerhalf-length)andq isthecorrectionforfree
surface.(26)
Ratioofstressintensitytoloweryieldstress.
Distancebetweencrac!ctip(orslit free surface)andfurthestextentofplasticdeformationmeasuredradiallyfromcrack
tip(orfromapointonthecenterlineoftheslitand0.003in.fromthecenterofcurvatureoftheslittip).
Widthofthezoneofin-planeshearatthecracktip.
PlasEiczonesfromoppositeedgenotchesmerge.



TABLE3. STRAINSANDDISPLACEMENTSATTHECRACKTIPARISING
PROMTHROUGH-THE-THICKNESSPLASTICDEFORMATION

(a) (b) (d) (e) v’
-5in.) -5. —v:w(10-5in.) Fz V;(IO V:(1Om.)

~\2~

[1

c
: (\ili) ~ ~ Under After Under After Under After Under Under

Samplet(in) Load UnloadingLoad UnloadingLoad Unloading Load Load

X-3 O,420 0.48 0,55 -30 0,0014 2.6 13.8 0,19
0.56 0.75 -40 - 0.0019 3.8 19.4 0.20
0,64 1.04 -51 0,0027 801 27.1 0.30
0.72 1.24 -95 - 0.0045 18.7 37,0

-(O.OO,O](C)-0.0;05
0.50

x-2 O.428 0.42 0.41 - -10 ‘(2.6)(C) 113 10.1 0.26
s-118 0.199 0.31 0.48 - -5 -(O.0010)(C) -0.0005 -(1.6~c) 0.8 5.3 0.30
S-107 O.058 0.21 0.76 - .5 -(O.OOW)(CJ -0.0017 -@.4)(’) 0.2 2.4 0.20
s-57 0,196 0.42 0,90 - -10 -(0.0020)(C)-0.0010 ‘(3,80)(C) 1,9 10,1 0.38
S-117 0.198 0.46 -(0.0028)(C)-0,0014 -(7.00)~c)3451,07 - -14 12.4 0.57
S-lol 0.019 0.18 1.70 - -(0.0084)(C)-0.0042-(15.6)(C)4 1.7

-(0.0074)(C)-0.0037*(30,0)(c~1:::
9.10

s-60 0.195 0.64 2.10 - -36 27,1 1,10
S-58 0.232 0.72 2.25 - -60 -[0,0104)(C)-0,0052-(53.4)(C)26.7 37.0 1,45

(a)w isthemaximumz-directiondisplacementoftheplatesurfaceproducedbyplas~icthrough-the-thickness
deformation.Valuesquotedarethedisplacementofapointl-millfromthecrackbiprelativetoapoint
justoutsidetheplaaticzone,e.g.,points(1)and(2)inFigure12(b).ThesedisplacementunderIoad
werederivedfromplasticreplicasofthesurfacetakenunderload,Residualdisplacementswereobtained
frominterferometricpatternsofthesurfaceaashowninFigure12.

(b) :Z=: ,wheretistheplatethickness.ZZistheaveragestrainatthecracktip.

(c)Estimatedaafollows:?Z(underload)=Z?z(afterunloading),orv;(underload)=2v~(after~nloadin~)
(d)v;isthecomponentofthecrackopening(y-direction)displacementatthecrack(or,slig~tipproducedbyEhrorigh-

the-thickness(yyz,yz-andy~y,yz)relaxations:valuesquotedwerecalculated:v:=-~ ‘~ wdy
y+

(e)v;isthecomponentofcrackopening(y-direction)displacementatthecrack(orslit)tipproducedbyin-plane
(Yw,Xy)relaxations.ValuesquotedareestimatesbasedontheBilby-Swinden(13)model:v~=$$hsec!j$,



Fig, 6{a) Plate Surface. ‘1.

Fig. 6(d) pz~te Su@uce. Fig, 6(e) IntemnediateSection. Fig. 6{f) Plate Midsection,

Fig. 6 PLASTICZOflESDISPLAYEDBYSAWPLES-52 (t = 0.195, ;= 0.21 #%J ONTHEPLATESURFACEANDONINTERIOR
SECTIONSPARALLELTOTHESURFACE:(a), (b) and (c) wpresenti an edge slit; (d)= (e), and (f)the
othe~slit, 54X
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Fig, 7(a) P2ata SuPface.

F{g. 7(b) Plate SWfaCe. Fig. 7(d) Plate M;ds~ction.

F<g. 7 PLASTICZONESDISPLAyEDBxs,4MPLEs-118 (t = 0.199, $ = 0.31 6): (a)
and (b) shoIJ)sections of-theho edge sli$s close to oneof the pla-k
surfaces, (b) is the swrmnotch as (a) on the opposite face, (d) is the
plate midsection intermediat~between (a) and (b), and (Q)~~th~ sww
zone as (d). (a)-(d) ape 60X,(Q)is 180X
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Ftg.?(e) plateMidseet{on,

F<g. 7 PLASTICZONESDISPLAYEDBYSAMPLES-12’8. (Con-tinued)



Fig. 8

Fig. 8(a) Plate Suiifaee. Fig. 8(3)Plate Sur~aee.

K
PLASTICZONESDISPLAYEDBYSAMPLES-57 (t = 0.196 in, ~ = 0.42 in): (a) and {b) shov the zones
producedby -thettio edge-slits nea~ the surface ofoneside of $ke plate, (e) show the sameslit
as (a) m the o~~osiie side of the ~2ate close to the plake surface, (d) and (~) are parallel tio
(e); (d) half-uay betieen the surface cmdthe midsection, w.d (k) is the plate midseetiwa+36X
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Fig, 9(e) Section 22.

Fig, $(e) Sect-ion44. Fig. 9(f) Seetion 55,

Fig. 9(d) Section 33

Fig. 9(a) Plate Sv@ace.

Fig. K9 PLASTICZONEDISPLAYEDBYSAMPLES-117 (t = 0.198 ix, ~ = 0.46 ~ ): [a) section close to and
para22e2to the plate surface, and (b)-(f) sec+ionsno$ma”ltokb plate surfaceandtheslit plane,
(g} someas (a) at kighe? magnification. (a)-(f): oblique ill~ination, 13.5X; (e) 54X
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,Fig. 9(g) Plata Su2+faee.

Fig. 9 PLASTICzollEDISPLAYEDBYSAMPLES-117 (continued)
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Fig. lo(a) Plake Surfae~.

Fig. 10.PLASTICZONEDISPLAYEDBYSAMPLEX-2 (t = 0.406,
K= 0.42 ~): (a)SectionClosetoandParallel to
Y
the Plate Surface, 64X,and (b)-(e) Sections Nomnal
To The Plate Su~faeeand the Slit Fronk, 12x

-.
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E’ig.10(b)LkctionI’1.

Fig. IO(C)SgL?-Lion22.

Fig. 10(d) See$ion 33.

Fig. 1O(Q)Section 44,

Fig. 10 PLASTICZONEDISPLAYEDBYSAMPLEX-2. (continued)

— —
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Fig. n(a) SuYfaee.

Fig. 11 PLASTICZONESDTSPLAYEDBYSAMPLES-60 (t =
ONSECTIOISPARALLELTOTHEPLATESURFACE:
su~faee, (b) kalf-uay b~tweenplate surface
p2ate midsection. 22x

0.195inJ+ = 0.64 G)
(a) close to p2ate
and midsection, and (e)
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Fig. n(b) Intermediate Section.

Fig. 11 PLASTICZONESDISPLAYEDBYSAMPLES-60 (Cont{nued)

.—
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.t%g. II(c) Midsection.

Fig. 11 PLASTICZONESDISPLAYEDBYSAMPLES-60. (Continued)



(a)

Fig. 22(e)

(b)
Fig, 12(b)

60 20m

k
.P

.Fig, 12 S{JRFACEDISPLACEMENTCONTOURS’DERIVEDFROMINTEREEROMETRICFRINGEPATTERNS:(a) sampleS-57
(~=0.42 %,), and (b) sampleS-60 (K= 0.64 ~). Thenumbersassigned to the eontows
Y 1?

are &he(negative) displaeementisin mieroinches. The contours coizcide with the plastically
defomed i-wgions{shadedareas) reuealed on the surface by etching. 221
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Fig. 13 PLASTICZONESDISPLAYEDBYSAMPLES-101
(t = 0.019 in, += 0.18 ~) NEARTHE
PLATESURFACE.
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, .,
Fig. ~l(d) pzata swfm~.

Fig . j4 (c) Plate surface.

Fig . 14 PLASTIC ZONES DISPLAYED BY SA’iPLE S-107 (continued)
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Fig. 15(c?JMateMidsection.

Fig. ~5(b) plate Suxfaee.

P%. K15 PLASTICZONESDISPLAYEDBYSAMPLEGG-6(t = 0,220 in, ~= 0.33 ~):
(a) and (b) are sections e20se to andpaxa2Ze2to the pZatiesu~face,
(e) is the samecrack as (a) obsemed on the midsection, (d) and (e)
axe interio~ see-tions of (b) close to the midsection and s~paxaked
by about 0.020in. 180x
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Fig. 16(a) P2ate Szmfaee.

,!’ ~,,,
,. 3“ ‘.!” : ,,,,!, f

~!’, ,’ “ ; !“ “’”
,!, !!., k,’,!,

Fig. 16(e) Plate Midsection.

Fig. 16(b) Plate Surface.

,’, ,,8,
!!’ ,’

‘! ‘,! ,,”
!’

,!,

!’,*”ff x’!’
!’

“o
,’, ‘.

!,

+’”m,, ‘ “., *,
6,‘!’ ,,,

* “?

Fig. 16(d) P2ate Mids@ekion.

Fig. 16 PLASTICZONESDISPLAYEDBYSAMPLEX-47 (t = 0.429 <n, += 0.38 ~):

— —
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Fig. 18(a) W-3.

Fig. 18(b).FF-8.

Fig. 18 PLASTICZONESDISPLAYEDBYTHEMIDSECTIOflSOFSAMPLES:(a) FF-3

(t= 0,212in,~=
K

0.38~) and0) FF-8(t= 0.212‘n>y= 0.46‘)’
45x
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19 PLASTICZONEDISPLAYEDBYSAMPLEGG-5(t = 0.220 in,
K = 0.48 ~.) ONTEEPLATEMIDSECTIONPARALLELTOTHE
T
SURFACE.90X
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Fig. 20(b)Plate Swfaee. Fig. 20(e) Plate Surface,Fig, 20(u)Plate Surface.

20 PLASTICZONESOBSERVEDONTHEPLATESURFACESOFSAMPLEX-46 (t = 0.420 iz, ~= 0.58 =):
K

Fig. (a) and (h)
shou the somecrack tip vieued on opposite sides of the plate, and (e) is the other crack tip vie~ed
on the someside as (b). 11X
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Fig. 22[a) Plate Sul*faee, Fig, 2z(b) plate iMdseetion.
Fig. 22 PLASTICZONESDISPLAYEDBYONEOFTHEEDGECRACKSIN SAMPLES-50 {t = 0.420 in, ~= 0,73 %):K

(a) plate surface, and (b) p2ate midsection. 11X

I
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3. Thefatigueprecracksalsopresenteda numberofproblems,especiallyin
heatsGGandl?l?.Thesecrackswerenotplanarandtheirfrontstendedtobeoblique
tothesurface:somecracklengthsvariedbyabout2077fromonesideoftheplate
totheother+’ A fewcrackswerefoundtobesegmentedandnotfullyconnected.
Forthesereasons,theplasticzonesgeneratedbythefatiguecrackswerenotre-
producibleat~tre=levelsbelowK/Y= 0.2~., andweremorevariableatthe
higherstresslevelsthanthezonesattendingmachinedslits.

4. Inoneinstance,reproducedinFigure23,and0.05in.-incrementofstable
crackgrowthoccurredinthecourseoftheloading,andwhiletheappearanceofthe
addedportionisindistinguishablefromthatoftheoriginalfatigueprecrack,itis
revealedbytheetching,e.g.,compareFigure23withFigure22. Inallocher
instances,theetchedzonesshowednoevidenceofstablegrowth.

5. Severalotherfactorscontributedtovariabilityinthesizeandappearance
ofthezonesincludingslighteccentricitiesinloading,localvariationsingrain
size,grainorientationandetchingresponse.

Thelargenumberofzonesreproducedinthisreportareintendedtoes-
tablishfeaturesthataresignificantandreproducible.ItisconvenienttoSeparate
theplasticdeformationintothreecomponentsandtheseareshownschematicallyin
Figure24 (coordinatesareidentifiedinFigure24(a)).

Yxy ~y-Relaxation,Figures24(a)and(b).In-planedeformationispro-

ducedbya systemofshears,hereidentifiedbythesymbolyxy,xy:,~,
whichissimilartothelogarithmicspiralslip-linefield(FigureI/b])
combinedwiththeelementsofthepunchslip-linefield(Figurel(a)).
Thespiralsarenotobservedcloseto the platesurface:~$~>~,butareseen
oninteriorsectionsofthebluntermachinedslits;forexample,
Figures6(b)-6(f)and7(e)whichdisplayetchedslipbandsarrangedin
a patternsimilartoChe‘spiral’field.Thespiral-likeplasticzone
thatemergesfromtheslitfirstextendsmainlyinthex-directionto
distancesoftheorderofthe-root radius.Thenthedeformationreaches
outindirectionsmorenearlynormaltotheplaneofthecrackforming
twowing-like,plasticzoneseachinclinedatanangle6 -65°? 897’’’’’*:’

~~TheaveragelengthisquotedinTable2.

;?:ThenotationY-.I_~,k~isintendedtosignifya strainfieldproducedbyshearson
planeswhosenormalslieintheijplanewiththedirectionsofshearalsocon-
finedtotheklplane.

?:$<+cPresumablybecausethez-directionstressiszeroatthefreesurface.
f<fi~<~,zonesarecurvedandfan-shapedanddonotpresent~ well-definedinclination.e

shouldberegardedastheaverageinclinationofthezone.
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Fig. 24(c) yyz, yz.

r“+_—— —

“=l____

Fig. 24(d) yW, ~Z.

Fig. 24 SCHEMATICPICTUREOFTHETHREEPLASTICRELAXATIONOBSERWDWTHINTHEPLASTIC
ZONE:(a) and (b) shm the in-plane shea~s zabez~dyzy,q~ (c) and ‘d) ‘how
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(seeFigure24(b)). Thecharac~erofslipwithinthesezonesissimilar
tothefanofthepunchslip-linefield(see,forexample,Figures7(e),
8(a),9(e),17,18,ZOj and21). InFigure7(e)sliplineshavingthe
“spiral”characterextendinthex-directiontoa distanceofw2.5r
(ristherootradius)fromthenotchroot.Accordingtoslip-line
fieldtheory,Oy,thenormalstressactingatthisdistance,is2.6Y(9)~y:Y’*
Incontrast,thespiralfieldofa sharpprecrackisexpectedtobevanish-
inglysmall,givingrisetoa slip-linefieldsimilartotheoneforthe
V-notchcharpybar(seeFigurel(c)andFigure24(b)).However,the
highlystrainedportionsofthezonesofsharpcracks,whicharerevealed
bytheoutlineofthenonetchingregioninFigures14(d),17(a),17(b),
and21(c),alsoshowevidenceofa spiral-likefieldcloseCOthecrack
tip.Thismaybea consequenceofthebluntingofthecracktipor
strainhardening.

Yyz ~-Relaxation,F’i~re24(c).Figures9,10(b)-(e),and14(e)-(i)are
etchedsectionstakennormaltotheplatesurfaceandtheseshowdeformation
bandsinclinedat-45° tothey-direction.Sincethesebandsaremostpromi-
nentattheplatesurfacewhereG~>ux<Oandoz= O,theymustrepresent
Y thecomponentofplasticdeformationinthethicknessdirection,rather

‘:;y:ie’‘n-p:ane“rain“?Z’XY’‘he‘Yz’yz
-relaxationproducesextensionsin

thetensiledlrectxonattleexpenseofmeasurablereductionsinplatethick-
ness. LiketheplanestresssolutiondescribedinFigurel(e),whichisre-
latedtoit,theregionof Yyz,yz-relaxationextendsinthex-andy-directions
distancescomparabletotheextentoftheYxy,xYfield.Theetchedsectionsin
Figures9and10showthatthisdeformationismoreintensenearthesurface
oftheplate,butitextendsroughlyasfar.on.interiorsect,ionsasonthe
surface-–aresultthatisa departurefromthewidelyusedpictureofthe
“spool-shaped”zoneproposedbyLiu(12),

PerhapsthemostunexpectedresultisshowninFigures10(b)-
(e),sectionsreflectinga stresslevel-thicknesscombinationofoJfz.l= 0.41, whichiswidelyregardedasa closeapproachtoplaneIY t
.At;ain. Inthiscasetracesofplasticthrough-Ehe-thicknessrelax-
ationstillpenetratetheentireplate.Athigherappliedstress
levels,theYyz,yz-deformationintheFe-3Sialloytendstoconcen.
trateontwo45° inclinedbandsthatintersectatthecenterofthe
plateandpenetra~etheentiresection.Theintersectionsofthese
bandswiththeplatesurfacearerevealedbytwohorizontalwedge-
shapedetchingregionsaboveandbelowthecrackandonewedgein
linewiththecrackontheplatemidsection.Embryonicwedgesofthis
typecanbeseeninFiguresn(a)and(c);andaredescribedinmore
detailinReferences(19)and(20).

—-—

>’:;’;;’;;’C Oy =~[1+ Jn (1+ x/fl,wherex isthedistancefromthenotchroot,r isthe
rootradius,andY istheuniaxialyieldstress,
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ltshouldbenotedthattheYyz,yz-relaxationsarenotalways
stronglyetchedonsectionsparalleltotheplatesurface (compare
Figure9(d)with9(g).Thismayarisebecausethedislocationsinvolved
arelargelyintheplaneoftheplateandintersectparallelsectionsin-
frequently.Itseemslikely‘charetchedsectionsparalleltotheplate
surface,sachasFigures16and20whichonlycontainevidenceofin-plane
deformation,aredeceptive,especiallysincethesurfacedisplacement
measurementsinTable3 showthatthrough-the-thicknessrelaxationin-

()K2JcreasescontinuouslywithTc”

Yx ~-Relaxation,Figure24(d].TheYYz,Yz-fielddoesnotextendbe->Y
hindthecrackfront,butisaccommodatednearthefrontbyshears
similartotheonesidentifiedhereasYxy,yz-relaxation.Thiscomponent
doesnotstandbyitselfonanyoftheetchedsectionsandismorediffi-
culttoidentify.However,itspresence”isclearlyrevealedbythedis-
placementcontoursderivedfromtheinterferometricpatternsinFigure12, ‘
whichillustratethattheYxy3yz-zoneislocatedjustbehindthecrack
front. TheYxy,yz-deformationbecomesapparentonetchedsectionswhen,
surfaceandinteriorsectionsarecompared.Thisisbecausethe?xy,yz-
deformationissymmetricaboutthecenteroftheplate:vanishinglysmall
onthemidsectionandmostintenseattheplatesurface.Forexample,the
darketchingregioninFiguren(a) thatcorrespondswithdisplacements
producedbyYxy,yz-shearsisabsentinFigure11(c).

Thezonesizecanalsobededucedfromtheetchedsections,butcomparisons
withtheoryareno~entirelystraightforward.Thisisbecause“planestrain”cal-
culationsonlyconsiderYXy,x

?’
-shearswhiletheetchedsectionscontaincontributions

fromthfsandtheYYz,yzand components. Twodimensions,p and~, thatcome
closetodelineatingtheyxv.x~~~~e,areidentifiedinFigure1,andmeasuredvalues
arequotedin

P-

Table2 andl?~gu;es25and26:

Thezonelengthisdefinedasthedisfancebetween~hecrack
(orslit)rootandthefurthestextentofplasticitymeasured
radiallyfromthecracktiporthecenterofcurvatureofthe
slit

ThewidthoftheYxv.xY-zoneattheslitorcracktip
measuredalongthe;ra~kline.

ThedefinitionforP hastheadvantagethatitisrelativelyunambiguous~romanex-
perimentalstandpoint.Whileitisnotcertaintha~thefurthestextentofthezone
correspondstoplanestraindeformation,itseemslikelythatthisisa reasonably
goodapproximationaslongasYl<y,xy-deformationisthedominantcomponent.For
example,theresultsforsamplesS-57andX-2showthatp-values areessentiallyin-
dependentofplatethicknessinthisrange.Ontheotherhand,thetwop-valuesin
Figure25forwhichthrough-the-thicknessrelaxationpredominates,dofallon the
highside.Zonelengthsfortheblunterslitsappeartobesystematicallylarger
thanforthesharpcracks,possiblybecausetheslitswereheldunderloadfora
longerperiodoftime.

Themeasurementof4 isbestaccomplishedonetchedmidsectionssincethe
Y -relaxationisabsenthere.Ther~mainingYxy,xy-deformationcanthenbe
d?$~%entiatedFromYYz,YZonthebasisoftheslipmarkings:theformerproduces
etchedslipmarkingswiththespiralandfancharacter;thelattermarkingstendto
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Fig. 25 COMPARISONOFMEASUREDZONELENGTHSWIXHVALUESDERIVEDFROMVARIOUS
THEORETICALTREATMENTS11-16. The~SCaz@(z@f*) eormsponds ?Jith the

~ seaZe (bottom); P (right) with ga(top). The ~ scflZeis has~don .
Y Y Y
0.25 in. -Zongedge c~aeks and the appropr{a$e near-edge correction.
All the theoretical curves we~epositioned with rwspect to the ~ scale.

Y

beparalleltothex-axis(seeFigure24).~Theresultsofsuchmeasurementsare
plottedinFigure26intermsoftheratio~. -Thisratiodoesnotappeartobla
constan~sothatthezonewidthisnotproport~onaltozone-length;theratio— de-

Pcreasesfromabout0.35to 0.05as thestresslevelincreasesovertherangeexamined.
Thewidthofthezonesattendingtheslitsappearedtobesomewhatlargerthanfor
thecracks,a differencethatismostprobablyrelatedtothelargerrootradiusof
theslits.
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Thethrough-the-thicknesscomponentsare alsoimportantbecauseoftheir
influenceonthetriaxialstressstate.Effortswerethereforemadetocharac-
terizethecontributionsthesemakewiththehelpofthefollowingquantitieswhich
aredescribedinTable3 andFigure27.

w- ‘llemaximumz-directiondisplacementoftheplatesurfaceproduced
byplasticdeformation.Valueswereobtainedbymeasuringthedis-
placementofa point0,001in.andimmediatelyaheadofthecrack
(orslit)tiprelativetoa pointjustoutsidetheplasticzone,
e.g.,points(1)and(2)inFigure12(b).Thesedisplacementswere
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obtainedunderfullloadfromtheplasticreplicasofthesurface,
andafCerunloadingfromtheinterferometricfringepatterns.Iso-
displacementcontoursobtainedfromsuchpatternsarereproducedin
Figure12.

?Z - Theaveragestrainatthecracktipcorrespondingtow: ;Z=p
(wheret istheplatethickness).

v’- Thecrackopeningdisplacementatthecracktipproducedbythrough-C the-thicknessdeformation.An estimateoftheaveragedisplacement
overthePlatecrosssectionisobtainedfromthesurfacedisplace-
mentmeasurements>;:

].Y=-
v:-- t J W dy

~=o
v“- Thecrackopeningdisplacementproducedbyin-planerelaxation.c EstimatesofthisvaluewereobtainedfromBilbyandSwinden’s

theoreticalexpression**:

(1)

(2)

A comparisonofthew-valuesobtainedforsamplesX-2andX-3(thetwosamples
possessthesamethicknessandwereloadedtoaboutthesamestresslevel,see
Table3)indicatesthatvaluesmeasuredunderloadareapproximatelytwicethe
valuemeasuredafterunloading.Thefactor2 isconsistentwiththeoreticalexpecta-
~ions(6~31)andwasusedtoconvertresidualdisplacementmeasurementsintoestimates
ofthefull-loadvalues.Figure27(a)presentsmoreevidencefavoringthisapproxi-
mation.~z-valuesderivedfromfull-loadw-measurementsareingoodaccordwiththe
estimateobtainedbytaking2xthew-valuemeasuredafterunloading..Theresultsin

Figure27(a)alsoillustratethati?z (1K L~ overtheincreasescontinuouslywith~
rangeexaminedandthatsmallbutmeasurablethrough-the-thicknesss~rainsareob-

(1Kzl
servedunderconditionsnormallyregardedasplanestrain,i.e.,~ 7<0.4.

“.1
Theratio$ ismoremeaningfulinthisrespect,becauseitexpressesthe

relativecomtribution~ofthrough-the-thicknessandin-planedeformationtothe
bluntingofthecrack.TheplotinFigure27(b)thusindicatesthatthrough-the-

(1
K21

thicknessrelaxationalreadymakesa significantcontributionat ~ ~ = 0.4and

II
1{21becomesthedominantmode~ ~ 1 when~ ~ = 1.7,orequivalentlywhenpW* .

Thislas~resultisconsis~~ntwithexpectationsforY -deformation::*$C(20)andyz,yz

>~Assumingplasticdeformationproceedswithouta volumechange,andthatstrains
arezero inthex-directfon.

&k SfncetheBilby-Swindenmodelprovidesa relativelygooddescriptionofp (see
Figure25),itwasassumedthatitwouldalsoprovidea reasonableestimateofv“.
InEquation(2),E isYoung’smodulus. c

**’”SinceYyz,yz-slipbandsareinclined~45°tothetensileaxis,theyarenotim-
pededbyelasticregionsandcanfreelypenetratetheentireplatewhenp=$ .(20)
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thisprovides:omesupport
pretationof$ -valuesis

Gationismoreintensenear
approachingplanestrain.

I

forthemethodofformulatingthe~ -ratio.Theinter-
C

complicatedbythefactthatthrough-the-thicknessrelax-
theplatesurfacethaninth?interiorunderconditions
Asa result,valuesofthe~ -ratioappropriateforthe

platemidsectionaresmallerthantheaveragevaluesquotedinFigure27(b)inthe

H
K2~

rangeO< ~ ;<1. Thisalsomeansthatthethane frompredominantlyplanestrain

H
?,

topredominantlyplanestressinthevicinityof $ TX 1 isprobablymarkedby
~ transitionthatismoreabruptthantheonerevealedinFigure27(b).Thevarious
Vc
displacementvaluesquoted,togetherwiththedimensionsoftheplasticzonealsopro-
videa wayofestimatingaveragestrainsandthisisi~~ustra~edinTable4“

Iv. DISCUSSION

Comparisonswiththetheoreticaltreatmentsofplanestraindeformation
identifiedinFigure1 showthatTuba’s(14)enclavesreproducethegeneralshapeof-
theexperimentalYxy~ -fieldtoa goodapproximation.Forexample,the68°
inclinationsuggested~yTuba’szonesagreeswiththe65”k 8“valuederivedfrom
thee$chings.Themeasured,p-valuesarealsoingoodaccordwithfi]~’smeasure-
ments,andtheyarealsocloselyrepresentedbytheBilby-Swindenexpression
(quotedinFigurel(c))andtheRiceandRosengren(15)result(Figurel(b)).However,
theRiceandRosengrenzonesdisplaya backwardtiltnotobservedinpractice.Accord-
ingtoRice(32~,thistiltmaybea consequenceofassigninga Po<sson’sratfoof1/2
totheelasticaswellastheplasticregion,anoverstiplfficationRiceisnowattempt-
ingtocorrect.Calculationsbasedontheelasticstressfieldsuchas~iu’s(~2)
treatment,tendtounderestimate.

Irwin’sgeneralizedzoneparameter,r ,alsogrosslyunclerestimatesp;ry
doesprovidereasonableestimatesofA (theoneyparametefwithwhichitreallyshould
becompared)intheKjYrangeexaminedhere,butitsstressdependenceisthesameas
P, whichisnotconfirmedbytheexperiments.RiceandRosengrengrosslyunder-
estimate4 atlowstresslevels.TheproportionsofLiu’szonearemorerealistic
thanthosederivedfromtheRiceandRosengrentreatment,butneither~predicta vari-
ationinthe~ ratio.

F
Tuba’streatmentdoesreproducethechangein~ bu’cover-

estimatesthevaluesofthisratio.Itappearsthatnoneofthecurrenttheoretical
treatmentsprovidesa satisfyingdescriptionofthezonewidth-k,whichsuggeststhat
thesetreatmentsmayalsoencounterdifficultiesindescribingthestraindistri-
butionwithinthezone,Forexample,theresultsforsamples-107illustratethat
thepeakstrainisalreadyinexcessof0.03”&ata stressintensitylevel+ = 0.21in.

Sofar,onlyTubahascalculatedstrainprofilesandhe showsa peak
‘f= ‘.21).p astlcstrainofabout0.002atthecracktipat a stresslevelof; = 0.67.However,
theI<tworesultsarenotcomparablesincethestraininadvanceofthecrackisgoverned
by~ ratherthan~ (Tuba’scracklengthisnotstatedinabsoluteterms).Furthermore,

TthestrainscalcuatedbyTubanearthecracktipmaystillbeinfluencedbythemesh
size(14~.

~~Thevaluequo’cedfor~ = 0.4possiblysuffersinordinantlyfromaninadequa~e
meshsize.

T’;+IThelightetchingregionshowsthatthestrainis inexcessof0.05 afterunload-
ing.Approximately1/3ofthisoccurredwhiletheloadwasremoved;thefull-
Ioadvaluewasthusapproximately2/3of0.005or0.003.



TABLE~. ESTIMATESOFIN-PLANEANDTHROUGH-THE-THICKNESSPLASTICSTRAINS
INTHEVICINITYOFTHECRACKTIP

In-PlaneDeformation Threugh-The.ThicknessDeformation
(b) (g) (h) (i)

~ (a) 2VI, (c) (d) (e) (f) v
Y J c i’ Xy,yz

7XYKY ~xy,xy ~xy,x G ?
SampleNo. <cin.) in. (10-5in. y (max) (in.) (10-5in.) Xy,yz Xy,yz

S-107(crack) 0,21 0.003 4.8 0.016 00008 > 0.03

S-57 (slit] O.42 0.010 20 0.020 0.010 > 0.03 0.006 16 0.027 0,014

s-60 (sli~) 0.64 0.020 54 0.027 0.014 > 0.03 0.024 60 0.0250.013

(a) Zonewidth,aspreviouslydefined.

(b) v;isthecomponentofcrackopeningdisplacementatthecrack(orslit)tipproducedby in-plane
) relaxations.valuesquotedareestimatesbasedontheBilby-Swinden(13) 2Ya

(Yxy,~y model:v;=~ Ansec%

2vT’
(c);Xy,xy‘ & istheaveragein-planeplasticshearstraininzonejustaheadofcrac[c.

is thetensilestraincorrespondingto~ l–(d)~xy,xy :Xy>Xy: Xy,Xy‘?yxy,xyo

(e) Peak tensilestrainatthecracktipdeducedfrometchingresponse,

(f) 41isthewidthofyxy,yz-zonenearcracktipasdenotedbyarrowsin

(g) ‘Xy,yzisthefullload(or2xtheresidual)z-directiondisplacement
inFigure12.

11

Figure12.

overthedistancei’markedbyarrows

(h) ;Xy,Yz = V IS theaverageYxy,yz-shearstrainatthecraclctipand

(i)ZXy,yzistheaveragetensilestraincorrespondingto~Xy,yz:7Xy,yz=

platesurface.

~T.2XY>YZo
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T~e resultsmayalsobecomparedwithplasticzonesproducedbyClark(24)
inl-in,thick,compacttension(doublecantileverbeam)specimensof17e-3Si(heat
GG)andrevealedby theetchingtechniquedescribedhere.Whiletheirappearanceis
quitesimilar,Clark’szonesareonlyabouthalfas largeatcomparablestressin-
tensitylevelsasthezonesdescribedhere.RecentcalculationsbyWilson(33)~~-
dicatethatthisdiffererreisa consequenceofthefj.niCedimensionsofthecompact
‘tensilespecimenandtheirinfluenceonthestressfield.

Values of-theratio~$<1 areevidencethatthein-plane(Yxy,xy)com-
ponentisthedominantrelaxati~n.Whilethisdominanceandtheapproachtoplane
strainaresynonymous,theplanestrainstateisonlyattainedintheI.imitv:—+ O. Conversely,increasingvaluesof~ signifya shiftawayfromplanestrain
v; v:
inthegeneraldirectionofplanestress.Figure27(b)showsthatthe+

1

ratiobegins/K21
toincreasemorerapidlybeyond~~ ~>lor, equivalently,beyondP=~?z Thechange
couldbea signofthebeginningofa rapidlossofcons~raintandtriaxialityand,
thus,couldprovidea basisforfixinga practicalupperboundLOtheplanestrain
region.Forexample,theauthorshaveshownina relatedpaper(3)thatfracture
toughnessvaluesbecomesensitivetQthethicknessata stressintensitylevel-

K21
[1thicknesscombinationcloserto ~ ~ = 1 thanto0.4.Moredisplacementmeasure-

mentsofthistypeonothermaterialswouldbedesirabletoaffirmthisconclusion.
Bythesametoken,thedominanceofthrough-the-thicknessdeformationandthe
appreachtoplanestressaresynonymous.However,thisdoes~ meanthatz-direction
stresseswithinthezonearecompletelyrelaxedwhen~ > 1,1Vc Itseemslikelythatthe

()planestressstateisonlyattainedinthelimit$ + rn. Itispossiblethatdis-
f“placementmeasurementscouldalsobeofvalueinsetmg a practicallowerboundto

theplanestressregion.

v. CONCLUSIONS

1. Threetypesofplasticrelaxationareobservedwithintheplastic
zonesproducedbybothsharpcracksandbybluntnotches;onecomponentisconfined
totheplaneoftheplate(planestrain)andtwoaccommodatethrough-the-thickness
deformation.Underconditionsapproachingplanestrainin-planedeformationisthe
predominantmode,buttracesofplasticthrough-the-thicknessdeformationstill

IIKz~penetratetheentireplateat ~ t = 0.41.

2. TheoreticaltreatmentsoftheplanestrainzonebyEilbyandSwinden,
byTubaandbyRiceandRo.sengrenareingoodaccordwithmeasurementsofthemaxi-
mumextentofthezone.Thezonewidth(measuredatthecracktip)doesnotappear
tobeproportionaltothezonelength;thewidthtolengthratiodecreasesfrom0.35
toO.O5asthestressintensitylevelisincreasedintherangefrom~ = 0.2=.
to0.6@i. Noneoftheexistingtheoreticaltreatmentsoffera reallysatisfactory
descriptionofthisdimension.

3. Theetchingrevealsthatthein-planedeformationwithintheplastic
zoneisproducedbya systemofshearssimilartothelogarithmicspiralslip-line
fieldcombinedwithelanentsofthepunchfield.Thispartofthezoneisbest
revealedontheplatemidsection.Theetchingalsoprovidesinstghtstocharacter
andlocationofshearsresponsibleforthrough-the-thicknessdeformationandthe
magnitudeoftheplasticstrainsgeneratedwithinthezone.Forexample,thepeak,.
strainatthetipofa sharpcrackalreadyexceeds0.03when$ = 0.21~.
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4. Surfacedisplacementmeasurementsindicatethereisanincreasein
therateatwhichthrough-the-thicknessdeformationaccumulatesrelativetoin-plane
deformationwhenII

~{2~
Y ;>1, Thischangemayservetoidentifya practicalupper

boundtotheplanestrainregime.Thedisplacementmeasurementsalsosuggest-that

IIK21
through-the-thicknessdeformationisthedominantmodeofrelaxationwheny ~> 1.7,
butthisisnotnecessarilyequivalenttoa closeapproachtoa stateofplanestress.
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