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ABSTRACT -..

Strainsanddisplacementsintheplastically
yieldedregiongeneratedaheadofamachinednotchand
acrackwere’detectedwithaninteFferom6trictechnique.
Themeasurements-wereperformedonFe-3Sisteelsheets
afterunloadingandreflectlocalyieldingunderplane
stressconditions.Theresultsshowthatnotchacuity
withinthelimitsexaminedhaslittleeffectonthe
strain:distribution.Measureddisplacementsarequal-
itativelyinaccordwiththetheoreticalexpectations
oftheDM(Dugdale+lus.kheli,shvili).~del~Quantitative
agreementisnoto.btain.edafid.thisis”attributedtOWOrk
hardeningandtheBauschinger”efftict,complications
thatareneglectedinthecalculation.Theworkalso
drawsattentiontoaparameter--thewidthOfthe
plasticzoneathalfmaximum
connectingdisplacementwith

...
..,.!

strain--usefulfor
maximumstrain.
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INTRODUCTION

Crackextensioninmetalsheetsandplatesisusuallyprecededbylocal-

izedyieldingandplasticflow.Thecharacteroftheflowwithintheplasticzone

isimportantbecauseitinfluencesthestressesandstrainsgeneratednearthe

cracktipand,inthisway,modifiestheconditionsforcrackextension.Recent

(1,2)studiesofanFe-3Sisteelbytheauthors ,exploitinganetchingtechnique,

haverevealedthethree-dimensionalshapeofplasticzones.AsshowninFigure1,

theplasticzonesconsistoftwointersectingregionsofshearthatare

wedge-shapedandinclinedat45°tothe

observedwhenthelen@hoftheplastic

tensionaxis.Thistypeofrelaxationis

zoneissubstantiallygreaterthanthe

L3.5x b.SheetSurface

a. Schematic

Fig.i’.ViewsofthePZ.asticZone

13.5x
c.SheetMidsection

GeneratedundaPlaneStressConditions
(Fe-3Si-Steez,t=O.128in.,T/Y=O.90):Pla6tieZonesRevealedby
EtchingSheetSurface(b)andthaSheetMdseek-ion(e).
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platethickness.t Sincetheregionsofshearcompletelypenetratetheplate,

relaxationthroughthethicknessdirectionisnotconstrained,u - 0,andaz
stateapproachingplanestressprevails.

Undertheseconditions, (l-3)theDM(Dugdale-Muskhelishvili)model --a

crackwitha singlenon-inclinedwedge-shapedplasticzone--simulatesthelocal

stress-strainenvironment.Themodeloffersmathematicalexpressionsofthe

plastic-zonelength,thecrack-tipdisplacement,andthe(ductile)crack-extension

stress.Thesehavebeentestedinsomeinstances,andareinreasonableaccord

withexperiment.However,moredataareneededtoestablishthegeneralityofthe

modelanddefineitslimitations.Thispaperpresentsmore-completedisplacement

measurementsthanhavebeenreportedpreviously.(1)Themeasurementsaresimilar
(4)tothoseof13ateman,etal ,onaluminumalloys.However,boththeirresults

andthoseofDixonandStrannigan(5)reflectlocalyieldingwitha strongplane

straincomponentandarenotcomparablewiththeDM”model.Thepresentresults

agreequalitativelywiththeDMpredictions,andareroughlywithina factorof2

ofcalculatedvalues.Inpart,thedeviationsstemfromworkhardeningandthe

Bauschingereffect--complicationswhicharenottakenIntoaccountinthepresent

calculations.

EXPERIMENTSANDCALCULATIONS.

Theexperimentswereperformedonannealed

stress62,400psi)intheformofrectangularcoupons

wide)in3 thicknesses:0.200,0.058,and0.017inch.

paredwithtwocentrallylocatededgenotches,either

widemachinedslotora l/4-inch-longfatiquecrack.

Fe-3Sisteel~(loweryield

(8incheslongby2.5inches

Thetestcouponswerepre-

a l/4-inch-longx 0.006-inch-

Thenotchedcouponswerethen

( I-1When$>4 nTsecZ - 1 where2Cisthecracklength,t istheplatethick-
.L \ L1 I ness,T isthenetsectionstress,andY isthe

yieldstressofthematerial.
Thismateria”l,whichwasselectedbecauseofitsuniqueetchingcharacteristics,
displas a stress-strain,curvewhoseshapeisverysimilartoplaincarbon
steel.~1*2)
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Fig.2. Inte~fe~omektieFringePatternofaPlastiie
ZoneinMachine-Notiehedl?e-3SiS’wnple(t=O.058in.,
T/Y=O.78).

10x a.MachineSlotted

10x
c. FatigueCracked

10x b.h4achineSlotted

10

~

x d,FatigueCracked

Fig.3. InfluenceofNotchAcuityontheStraintist~ibutiioninthe
PlasticZone(Fe-3SiSteel,t=O.050{n.,T/Y=O.78):PLastic
Zone(aandc)RevealedbyEtching,andTmneverseSt~ahField
(E;) (~ andd)Derivedf?omInta~feromet&eFmkgePa_Ltiex?I.
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slowlyloadedtovariouspeakloadsina tensile-testingmachine.Thisloadwas

maintainedfor4 minutesandthengraduallyreleased.Stresslevelsarereported

eitherasT,thenetsectionstress,orasT)Y,theratioofnetsectionstressto

yieldstress.

After

Figurela)were

unloading,residualstrainstnormaltothesheetsurface(e;,see

detectedandrecordedwiththeaidofaninterferencemicro-

scope.(1)Anexampleofaninterferometricfringepatternisreproducedin

Figure2. Theiso-straincontoursderivedfromtypicalfringepatternsareshown

inFigure3. Thesecontoursreflecttheresidualtransverse-strainfield

e:(z=o). A seriesofverticalsectionsthroughthestrainfield(seeFigure

3a)arepresentedinFigure4. Totheextentthattheplasticdeformationiscon-

finedtoshearwithinthe450-inclinedwedgeandislargecomparedwiththe

elasticstrains,theapproximationse’m e’ande;= O arevalid.z Inthatcase,
Y

v;,theresidualdisplacementin

deformationwithinthezone)can

ofthetransversestrain:

thelongitudinaldirection(arisingfromplastic

beobtainedfromtheinterferometricmeasurements

(1)● c-~/2 Jc:dy .
‘Y

Thequantityv;isimportantbecauseitisdefinedbytheDMmodel,andthus

servesasa linkbetweentheoryandexperiment.Thevalueofv;atanydistance

(x-c)fromthecracktipissimply1/2theareaundertheappropriatee:-

ofthetypeshowninFigure4. Thevalueofv’ S.V
y(x= c) ~ isreferredto

y curve

asthe

residualcrack-tipdisplacement.

ThesimpleDMformulations

andVcaregivenintheAppendix.
‘Y

describea crackunderload;expressionsfor

However,thetheorycanbeextendedtotake

intoaccounttherelaxationsaccompanyingunloading.Ifthisisaccomplishedby

.
+ Todifferentiatebetweenllon-loadllvaluesof strainanddisplacement,andthe
residualvalu&exis~ingaftertheloadisreleased,thelatteraredesignatedby
primemarks,i.e.,ez,v~,v:. Thecha~geindisplacementduringunloadingis
denotedbya doubleprimemark,i.e.,v = v-v*’.
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t
-J.

A’,= Fatiguecrack
II

[
0.1%

I
A

Fig.4. .Long-itudinal
Sec&ionsA,A’,
B,C,D,andE
[SeaFiguzw3(b)
and3(d)lThough
theTnrnE@QPse
strainMeld.
Note:Diffepent
O~iginsusedin
OrdertoE@arate
Cuxwas.

-0.06 -0.04 -0.02 0
Y,Inches

0,02 0,04 0.06

removingthestresssingularityat

atlowvaluesoftheappliedstress.(1)AnalternatederivationbyHultand

theplastic-zonetip,then:

v’= 1/4vc c

McClintock(’)--moreconsistentwiththesuperpositionprinciple--removesthe

singularityatthecracktip. (5)Thecalculation,recentlydiscussedby-Rice and

outlinedinthe

largerresidual

Appendix,describestheentiredisplacementgradient.Ityields

values;atlowstresses,

v’= 1/2Vc ●c (3)



ExperimentalsupportforEquation
(5)copperbyDixonandStrannigan
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(3) has been reportedinausteniticsteeland

underconditionsofplanestrainandbyBateman,

etal(4),inaluminumunderconditionsofmixedplanestrainandplanestress. ..

DixonandStrannigan’25)resultsonbrass(v:m 1/6Vc)areclosertothepre-

dictionofEquation(2).

Inadditiontodisplacement,itisimportanttoknowthestrainswithin

theplasticzoneandparticularlyatthecracktip,sinceanycriterionforductile

fractureislikelytobephrasedintermsofthelocalstrain.Strainvaluescan

becalculatedfromthewidthandcrosssectionoftheplasticzone.A simplemodel

representingthecrosssectionofthezoneasa doubletrapezoidhasbeendescribed
(2)by!losenfield,etal . Theyhaveshownthat

wheree isthemaximumvalueoftruestrainatanydistance(x-c),y > 0 fromthe

cracktip,Vyisthedisplacementatthatpoint,andd isthezonewidth.ASa

practicalmatter,itisofteninconvenienttomeasured,sincethezonebounaa~

isnotsharp.Theproblemisfurthercomplicatedifthesamplebends.Forsym-

metrical

widthof

model,6

zonessuchasobservedinFe-3Si,itismoreconvenienttomeasure6,the

thezoneathalf-maxinmmtransversestrain.Accordingtotheearlier

= $ andEquation(4)becomes
L

;+ . (5)

Obherdescriptionsofthezonecrosssectionleadtoaboutthesamenumericalterm

ofEquation(5).Forexample,useofa Gaussiancurvewillchangethenumerical

factorinEquation(5]from2.Oto1.89.
.

RESULTSANDDISCUSSION

Gsultsobtainedforthefatiguecrackand

.

themorebluntmachinedslot
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aresummarizedinFigures4 to8. Boththeetchpatterns(Figure3)andtheinter-

ferometricmeasurementsshowthatthetwonotchesgenerateplasticzonesnearly
-.

identical,intermsofshape,size,andthestraindistributionwith’i.n.Some

differencesinthestraindistributionpersistatdistancesveryclosetothe

notchroot,e.g.,distancescomparablewiththenotchrootradius.Unlessthe

notchisveryblunt,thisregionwillnotinteractwiththe450-inclinedwedges.

Itseemslikelythattheshearwithinthe45°-inclinedwedgesiscrucialinductile

crack

notch

crack

extension.Consequently,iftheresultsobtainedherearegeneral,then

acuity(withinthelimitationmentioned)mayhaveonlya minoreffecton

extensionunderplanestress.

crack-tip

crack-tip

Figures5 and6 illustratethattheresidualdisplacementgradientsand

valuesarequalitativelyinaccordwiththeDMmodel.Theresidual

values(Figure7)aredescribedverywellbyEquation(2),asfound

previously(l),andwhilethisexpressionisthereforeuseful,theagreementis

probablyfortuitous.A closer~xaminationoftheproblemrevealsfourcomplicat-

ingfeatureswhichleadtoanoverestimationofv’bythecalculationsandan
Y

underestimationbythemeasurements:

1. WorkHardeninK.Thepresentcalculationsdonottakeintoaccountthe

workhardeningaccompanyingplasticdeformation.Workhardeningalone,inthe

absenceofa Bauschingereffect,progressivelyIncreasestheresistancetoflow

withinthezonebothduringtheloadingandtheunloadingcycle.Thishasthe

effectofreducingplastic-zonelengthandthedisplacementvaluesv andv’*.
Y Y

Inthisway,workhardeningcanaccountforlargediscrepanciesnearthe”plastic-

zonetip(seeFigures5 and6). Itseffectnearthecracktiph difficultto

evaluatebecausetheresidualvalueisthedifferenceofthetwodiminisheddis-
*0plac~ments,v’=V-v.

Y Y Y
2* 13auschin~erEffect.Anothercomplicationneglectedinthecalculations

istheBauschtngereffect,wherebytheresistancetoflowisdiminishedaftera

f~ersaloftheloading.Inthefaceofa Bauschingereffect,thecalculations
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p /#i A. \ O– Machinednotch
d

\, b,
.- Crack

d’ ,1 \

/’ \ ‘\
I \ \

\

‘\ \
ColculotedfromOMs(mplemodel

\*
\

\ ‘\
\

\
.: \

\
‘“ \\

k>

k, -
0 0.02 0.04 0.06 O.oe 0.10 a12 0.14 0.16 0,19

DistanceFromCrackTp (X-c),inches

Fig.5. MeasuredandCa2euZatedResiduaLDisplaeementiG~adients
GenaatedAheadofaMachinedNotchanda Crack(t=O.017in.,
T/x=o.60).

6.0

5.0 A

/ O- Machinednotch
.- Crack

m / CalculatedfromDMsimDlemodel

..

0 0.1o 0,20 0,30 0,40 0.50
DistanceFromCrackTip(x-q),inches

Fig.6. MeasuredandCaZeuZatedReeidual-displacementGrad{enkeGenerated
AheadofaMachinedNotchanda Crack(60.058in.,T/x=O.78).
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8.0

7,0

I,0

c

Mqas.rements
MachinedSlot
A 0.017in.thick

— Q 0,058in.thick —
Crack
A 0.017in.thick
■ 0,058 in.thick

Calculations— — Hult- McClintock‘—
–- Hahn-Rosenfield

-1-
1

Fig.7. StressDependenceof
Measu~edandCaleu2ated
Res<dualC~ack-tip
tisp2aeementiValuesv’.c?

o 0.20 0,40 0.60 0.00 I.00

AppliedStress,T/Y

overestimatethevalueofY appropriatefortheunloadingcycle,underestimate

v;’(seeEquationA-5),andthusoverestimatev’.
Y

3. ResidualStresses.

thatthematerialwithinthe
●.V,v

Y
,andv;reflectonly

,Y

OneoftheassumptionsimplicitintheDMmadelis

plasticzoneisrigidplastic.Calculatedvaluesof

thosedisplacementsarisingfromplasticdeformation;

1 thecontributionofelasticstrainwithinthezoneisneglected.Thisisa reason-
{; ableassumptionbecausetheDMzoneisverynarrow;thestressesactingonitare

comparabletotheyi’eldstress,andtheelasttcdisplacementsarethereforesmall.

Realplasticzones.tendtobemuchwider-thantheDMzone,andtheelasticcontri-

butioncanbecomea significantpartofthetotaldisplacementacrosstheplastic

zone.
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Thelongitudinaldisplacementsquotedhere

thetransversestrainsnearthecracktip.The
approximately

wherev isPoissontsr~tioandE isthemodulus

wereobtainedfrom

transverseelastic

measurements

contribution

of

is

(61

Forthel?e-3Sisamples,d- 1.7t,

andtheresultingdisplacementsarev’ -4 -4% -0.2.10z(e) inchandV* % -0.7.10z(e)
inchforthe0.017-inch-andO.Lo-inch-thicksamples,respectively.Together

withFigure7,theseresultsindicatethatthiselasticcontributionisnegligible

atallbutverysmallstresslevels.

4. Plane-StrainRelaxation.Theanalysisof

assumptionthatnoneoftheplasticdeformationis

butthisisonlyan

where,someflowin

theinterferometric

approximation.Nearthecrack

themeasurementsdependsonthe

intheplaneofthesheet--

tipandtoa lesserextentelse-

theplaneofthesheetislikely,andthisisnotdetectedby
.

technique.Forthisreason,themeasurementstendtounder-

estimatetheresidualdisplacementvalues.

It is difficulttogagethecumulativeeffectoftheseerrorsatthis

time;however,a roughestimatesuggeststhatworkhardeningalonecanprobably

accountfora largepartofthediscrepancybetweenthemeasuredvaluesandtheDM
(6)calculationemployingtheHult-McClintockanalysis. TheHult-McClintocktreat-

ment,therefore,appearstobesound.Itcanbeimprovedbycorrectingforwork

(2)hardeningan”dtheBauschingereffectalongthelinesalreadyproposed.Inthis

formtheanalysismayoffera usefuldescriptionoftheresidualdisplacementgra-

dientunderplane-stressconditions,notonlyafteronecycle,butafterrepeated

cyclesofloadingandunloading.Thesepossibilitiesarenowbeingstudied.

ThecorrectionforworkhardeningandBauschingereffectwouldbe

facilitatedbya simplerelationbetweenstrainanddisplacement.Equation(5)~

couldsatisfythisneed,butonlyifthequantity6 --relatedtothe.workharden-

ingrate--%samaterialsconstant,orprovided6 isnota sensitivefunctionof
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0,10

0.08

0.06

0.04

0.02

0

— Specimenthickness

0“

f

.6’
.0 ● r-)a

)

O –Machinedslot
.- Crack

.%ecimenthickness

I
r)

0 0.02 0.04 0.06 0,08 0“10 012 0.14
DistanceFramCrackTip(x-c), inches

0,200

0

4r
/
/

0- Machinednotch /
.- Crack /

/
/,

/
/

S=t ,’
/

/
/

/ “
/

/

/
/

/
/

F;g.8. Pla9tic-
Zone-Width
Parmetier
(6)Ve?sus
Distance
fromCrack
Tip.

9. Influenceof
SheetThickness
atDiffezwntStFess
Levelsonthe
WaskieZoneWidth
Pa?metier(6)
Measuredata
FixedDistance,
x -e=t/2,f~om
theC~ackTip.

o 0,1oo 0.200
SpecimenThickness( t), inches



-12-
stresslevelandgeometry.

TheresultsofFigures8 and9 showthat

tiallyindependentofdistancefromthecracktip,

thickness,andthat”itisnota

wheret isthesheetthickness,

Thisgiveshopethatthe

establishedwitha small

strongfunctionof

asshowninFigure

atleastforl?e-3Si6 isessen-

thatitcanbecorrelatedwith
,-

stress.Since6= 0.85 t,

9,Equation(5)becomes:

appropriate6valuefordifferentmaterialscanbe

numberofmeasurements.

CONCLUSIONS

(7)

1. Residualdisplacementvaluesinadvanceofnotchesandcracksarising

fromlocalizedplasticdeformationunderplanestressconditionsaredescribed

qualitativelybytheDMmodel,togetherwiththeHult-McClintockmethodoftreat-

ingunloading.Quantitativeagreementisnotobtainedandthisisattributed

mainlytoworkhardeningandtheBauschingereffect,complicationsthatare

neglectedinthecalculations.

2. Notchacuity,withinthenarrowlimitsexaminedhere,

littleeffectonthestrainsanddisplacementsgeneratedunder

ditions.Theexpectationisthatnotchacuity,underthesame

hasrelatively

planestresscon-

conditions,exerts

a minorinfluenceoncrackextension.

3* Theplasticzonewidthathalfmaximumstrain,appearstobea useful

parameterforrelatingthemaxi~mstrainwiththedisplacementunderplanestress

conditions.ThepresentmeasurementsshowthatforFe-3Si,thisquantityvaries

ltnearlywithplatethicknessindependentofstresslevel,andisfairlyconstant

alongthelengthoftheplasticzone.
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APPENDIX

CALCULATIONOFRESIDUALDISPLACEMENT

Accordingtoa procedure
g5,7)andemployedbyotherauthor ,

a compressivestresstoamaterial

yieldstress.AccordingtotheDM

t’ip,Vc,isgivenby

v =
c

whereY istheyieldstress,2Cis

p=~, withTtheappliedstress.

originallydiscussedbY (6)HultandMcClintock,

unloadingcanberepresentedbyapplicationof

witha yieldstressequaltotwicetheinitial

model,theon-loaddisplacementatthecrack

(A-1)

thecracklength,E isYoungvsmodulus,and

UsingtheHult-McClintockprocedure,the

changeincrack-tipdisplacementonunloading,v:“ isfoundbyreplacingY in

Equation(A-1)by2Y, -

(A-2)

Theresidualcrack-tipdisplacement,v;,isthenequaltoVc-v;’ ,

0 =~h. 1+ secBvc 2

Similarly,&he’displacementatanypoint

givenby
r

. (A-3)

intheplasticzone,v(x),is

2(c+D)Y~~cOsB Jn ‘in(~-9) B 1
v(x)= sin +sine~

nE sin(~+ 6) + Cosp ‘n sin~ -sine’.

wherep istheplastic-zonelength,cos9= —(C:p)’ andCosp ‘-

,(A-4)

TrT=—
2Y“

Thechangeindisplacementonunloading,v(x)’*,isfoundbyreplacingY in .=

Equation(A-4)with2Y. LThisgivesrisetonewvalues:~“’= ~ ,
..0

P = c (see ~“ - l),. andcos6“ = ~ :C+p
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Fig.A-1.ShessDistribution{nFront
ofa CrackforT/Y=O.8
Acco~ding*OtheDMModeZ.

[
v(x)-= ‘ic;E~‘x Cose Jh w%-%+co’‘-‘“55+s]-“-’)
Equation(A-5)isvalidintherange(c+ p“)~x~c. Thus,reverseplasticflow

ISconffnedtothesmallfractionoftheplastlczonegivenby

P*/Q = :: (0/ ) - 1
132- ~ .,The’ratioP*IP~ 1/4atlowstressesanddecreasestoward

zeroat highstresses.

Asbefore,theresidualdisplacementv(x)’is equaltoV(X)-V(X)-.
,

SinceV(x)xisa largefractionofv(x)closetothecrackbutfallsoffvery

rapidly,a maximumwillbeobservedinthecurveofv(x)*versusx.

Theresidualstressdistributionafterunloadingcanbecalculatedina

similarmanner.Thestressatanypointinfrontofa crack,Uy,isgiven’by
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5 = 1+ ~ arct.ansin20T ~2d ;x>~
-Cos2B Cosp

$ (A-6) ‘>

= Y
‘Y

c; —>X>CCosp

wherecoshu = ~ . Thestressesonunloading,o;,canbefoundbysubstitut-

ing2YforY andE=~ for~ inEquation(A-6),aswasdoneabove.Theresidualstress,

a’,isthenthedifferencebetweenD
Y

ando;asisillustratedinFigureA-1for
Y

T/Y= 0.8. Thegeneralfeaturesofthestress

closeto thecracktipwhichyieldsintension

duringunloading,a regionwhichyieldsduring

distributionare:a regionvery

duringloadingandcompression

loadingbutstrainselastically

duringunloading(theresidualstressvaryingfrom-Yto+ ~),a regionofresidual

tensilestresswhichstrainselasticallybothduringloadingandunloading.

Dixon’s(3)calculationsshowsimilarresults.
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