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SIZE-EFFECTSIN VOID GROWTH
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Summary A recentfinite straingeneralizatiorof a higherorderstraingradientplasticity theoryis usedto studyhow void growth is
influencedby themateriallengthparametersnthemicronscale.Theanalyzesarebaseddn aunit cell modelconsideringeitheraplane
strainmodelwith cylindrical voids or an axisymmetricmodelwith morerealisticarraysof sphericalvoids. It is shavn thatgradient
contributionsto the materialhardeningsuppressoid growth significantlywhenvoidsaresmall.

INTRODUCTION

Recentexperimentalandnumericalwork (e.g. [1]) have shovn thatvoid growth on the micron scaleexhibit significant
size-efects. Thesefindings are supportedby theoreticalalgumentsbasedon the conceptof geometricallynecessary
dislocationdrom dislocationmechanicsSuchsizeeffectscannotbe modeledby corventionalcontinuumtheories since
they useno materiallengthparametersin recentyearsseveral gradienttheorieshave beenproposedwhich canmodel
size effects by using materiallength parameters Someof thesetheoriesare of higherordernature,using higherorder
stressesiswork conjugatesto higherorderstrainsandhigherorderboundaryconditions while othersareof lower order
nature,in thatthey retainthe structureof corventionalboundarywalueproblemsn solid mechanics.

While somestudiesof void gronth arebasedn growth of asinglevoid in aninfinite medium[2], the presentvork studies
sizeeffectsfor void growth in elastic-plastianaterialswith periodicdistributionsof cylindrical or sphericaloids. Since
the focusis on size-efects, a recenthigher order strain gradientplasticity theory proposedn [3] is usedto modelthe
matrix material. The problemof void grownth inherentlyinvolveslarge plastic deformationswhich meansthat a finite
strainmodelis needed.Hence,a recentfinite straingeneralizatiorproposedn [4] is implementednto a finite element
programandusedto studythe problemnumerically

Theresultspresentedn the presenwork focuson the effect of materiallengthparameter®n the overall propertiesof
metalscontainingvoids. Resultsare presentedvhich highlight the strengthof the materialscontainingdifferentsize
voids,andwhich illustratethe growth in void volumevs. overall deformationat differentratiosof the void radiusto the
materiallengthscales.

FINITE STRAIN GRADIENT PLASTICITY MODEL

Thefinite straingeneralizatiorj4] of the straingradientplasticity theoryproposedn [3] is basedon the following form
of the principle of virtual work in the currentconfiguration
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Here, 0;; is the corventional Caucly stresstensor ¢;; is the strainrate, (. is von Misess effective stress,( is a

generalizeeffective stressandé” = / %éfj’. éf} is the effective plasticstrainrate,with éf; denotingtheplasticstrainrate.

The higherorderstresswhich is work conjugateto the gradientof the effective plasticstrain,is denotedr;. With N;
denotingthe unit surfacenormal, the right handside of the principle of virtual work consistsof contributionsfrom the
tractionT; = o,; N; whichworksagainstthe displacements;, aswell asfrom the higherordertractiont = ; V;, which
work againstthe effective plasticstrain.

Letting J denotethe materialdilatation,Kirchhoff stresameasurearedefinedas

Sj=Joij 0y =Jo@,  pi=Jn ¢=JQ @)

With anupdated_agrangiarformulationin mind, theseKirchhoff stressesanbeusedto rewrite theincrementaprinciple
of virtual work asfollows
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Here,derivativesareevaluatedin the referenceconfigurationandtheright handsideis basedon nominaltractions.The
constitutive relationfor the Jaumanmateof the Kirchhoff stresss takento be

\V4 . .
Sij= Rijri(éxt — €k1) (4)

whereR,; ;1 is theisotropicelasticstiffnesstensor Denotingthe hardeningnodulusby 4, anddefininggradienttensors
A;j, B;, andC, asin [3], theconstitutive relationfor the generalizeaffective stresscanbe expressedis

1
G=h <éP + EBiéf + CéP> (5)



andthe constitutve equationfor the corvectedderivative of the higherorderKirchhoff stressas
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NUMERICAL RESULTS AND DISCUSSION

Thefinite straingradientplasticity modelhasbeenincorporatedn anupdated_agrangiarfinite elementprogram,using
8-nodedisoparametriclements. Due to the higherorder natureof the theory the discretizedequationsare basedon
plasticstraindegreesof freedomon equalfooting with displacementiegreesof freedom.

Figurel shavs overallresultsfor asimplecubicdistribution of cylindrical voidsunderplanestraindeformation Figurela
shavsthenominalstressg,,, asafunctionof thelinearstrain,¢;, while Figurelb showvs theratio of currentvoid volume
to initial void volume,V/V;,. Eachfamily of curvescorrespondso a certainratio of void radiusto half thevoid distance,
f—g, with varyingvaluesof theinternalmateriallengthparameter.. Thesolid curve shavs resultsfor a materialwithout
voids,thedashedurvesshaw resultsfor amaterialwith f—g = 0.25, andthedottedcurvesshaw resultsfor amaterialwith
f—g = 0.5. Themarkingsonthecurwesin Figurelashav themaximumloadpoint. Thefigureillustrateshow the strength
decreasewith increasingsoid volumefraction,but moreinterestinglyit shavs how the strengthincreasesvith increasing

materiallength parameter From Figure 1b it is seenhow theincreasen strengthwith the materiallength parameteis
linkedto the suppressioof void growth, which is dueto the gradienthardening.
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Figure 1. The figuresshav overall resultsfor materialswith differentsize voids and differentinternal materiallength parameters.
Figure(a) shavs thenominalstressasa functionof the overall linear strain,andfigure (b) shavs thevoid volumenormalizedwith the
initial void volumeasa functionof the overall linearstrain.

Thusthe work shavs how a strain gradientplasticity theory can be usedto modelthe fact that small voids grow less
thanlarger voids. Dueto the lack of length parametersn corventionaltheoriesthey cannotcapturesuchsize-efects.
It is illustratedhow gradienthardeningincreaseghe strengthof an elastic-plastiomaterialwith voids and suppresses
void growth whencomparedo corventionalpredictions. The resultsin Figure 1 are basedon planestrainanalyzesof
cylindrical voids, but the work alsoincludesaxisymmetricanalyzedor the growth of initially sphericalvoidsin elastic-
plasticsolids. Theresultsalsohighlight the effect of triaxial loadingwhich hasa significanteffect on void growth.
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