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3D MICR OSTRUCTURAL EFFECTS ON PLANE STRAIN DUCTILE CRACK GROWTH
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Summary Ductile crackgrowth undermodeI, planestrain,smallscaleyielding conditionsis analyzed. Overall planestrainloading
is prescribed,but a full 3D analysisis carriedout to resolve microstructuraleffects. An elastic-viscoplasticconstitutive relationfor a
porousplasticsolid is usedto modelthematerial.Two populationsof secondphaseparticlesarerepresented,largeinclusionswith low
strength,which resultin largevoidsnearthecracktip at anearlystage,andsmall secondphaseparticles,which requirelargestrains
beforecavitiesnucleate. Thelargerinclusionsarerepresenteddiscretelyandtheeffectof their3D distributiononthecrackpathandon
theoverall crackgrowth rateis analyzed.

INTRODUCTION

In a wide varietyof circumstancesof practicalinterest,thestressanddeformation�elds near a cracktip in a structural
metal, but outsidethe fractureprocesszone, are appropriately idealized as plane strain �elds. However, the material
microstructurein the processzone, which setsthe planestraincrackgrowth resistance is inherently threedimensional.
Themainmechanismof ductile fracturein theprocesszoneis void nucleation, growth andcoalescence, andthespacing
anddistribution of void nucleating inclusionsis the key microstructuralfeaturefor settingthe crackgrowth resistance.
Typically, for structuralmetals,the sizeof the void nucleating particlesranges from 0.1 ¹ m to 100 ¹ m, with volume
fractionsof a few percent. Quite commonly, the distribution of void nucleating particlescanbe idealized asinvolving
two sizescales;largerparticles(e.g. MnS inclusions in steels)thatnucleatevoidsat relatively smallstrainsandsmaller
particles(e.g. carbidesin steels)thatnucleatevoidsat muchlargerstrains.It is well appreciatedthat thedistribution of
inclusionsplaysa major role in settingthe crackgrowth resistancein suchmaterials,andwhile therehave beena few
3D analyses of porosityinducedductilecrackgrowth, e.g. Ruggieri et al. [1] andHaoandBrocks [2], full 3D analyses
quantifying theroleof inclusiondistributionon crackgrowth behavior have notbeen carriedout.
Theanalysesarecarriedoutusingaconstitutive framework for progressively cavitatingductile solidsstemmingfrom the
work of Gurson[3]. In thisconstitutive relation,theporosityis represented in termsof asinglescalarparameter, thevoid
volumefraction.Thematrix materialis modeled asanisotropichardening viscoplasticsolid. Thelargeinclusionswhich
nucleatevoidsatanearlystagearemodeledasadistributionof `islands”of theamplitudeof thevoid nucleationfunction.
Thus,theirsizeandspacingaredirectlyspeci�edin theanalysesandintroduceacharacteristiclengthinto theformulation.
Thesmallersecond-phaseparticles,whichrequirelargestrainsfor nucleation,areuniformly distributed.This formulation
hasbeen usedto carry out analysesof crackgrowth for 2D model microstructures,e.g. TvergaardandNeedleman[4],
wherethelargerinclusionscouldonly berepresentedaslongcylinders,which is notgeometrically realistic.It wasshown
in NeedlemanandTvergaard[5] that in cases where thevoidsnucleatedfrom thelargerinclusionsdominate thefracture
process,thecrackgrowth predictionsexhibitedpractically nomeshsensitivity.
Thesamematerialmodel is usedasin previous2D studies,e.g. [4], but here3D microstructuresareanalyzed. A slice
of materialwith an initial crack is analyzed. Overall planestrainconditions are imposedandvarious distributionsof
larger sphericalinclusionsarespeci�ed. The calculationsare for small scaleyielding conditions with remotemodeI
loading, with a monotonically increasingstressintensityfactorprescribed. Theanalysesaccountfor �nite deformations.
For numerical ef�cie ncy, transientanalyses arecarriedout, but the initial conditions andloadingratearechosenso that
inertial effectsarenegligible. Althoughoverall planestrainconditionsareprescribed, thestressanddeformationstates
thatdevelopin thefractureprocesszonearefully threedimensional.

FORMUL ATION

A convectedcoordinateLagrangianformulationis usedwith thedynamicprincipleof virtual work writtenas
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whereE ij are the covaraiant Lagrangianstraincomponents,¿ij are the contravariant components of Kirchhoff stress
on the deformedconvectedcoordinatenet, T i arethe contravariant componentsof nominal traction,º j anduj arethe
covariantcomponents of thereference surfacenormalanddisplacementvectors,respectively, ½is themassdensity, and
V andS arethevolumeandsurfaceof thebody in thereferencecon� guration.
With theorigin of thecoordinatesystemat thecracktip, theregion analyzedis de�ned by ¡ W · y1 · W , 0 · y2 · L
and0 · y3 · H andthe boundaryconditions imposedarethat u3 = 0 on y3 = 0 andy3 = H (giving overall plane
strain);u2 = 0 on y2 = 0, y1 > 0. The loadingis prescribedthrough u1 andu2 on y1 = § W andy2 = L which are
given by theplanestrainmodeI cracktip displacement �elds. ThemodeI stressintensityfactor, which is theamplitude
of thesedisplacements,is the prescribedquantity. The partsof the boundarywheredisplacementsarenot prescribed,
including of coursethecracksurface,aretractionfree.Also, theinitial cracktip is takento beawedge-shapednotch.



Theconstitutive framework is themodi�ed Gurson[3] �o w potentialgiven by
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Here,¾e is theeffective stress, ¾h is thehydrostaticstress,¹¾is thematrix �o w strengthandthefunctionf ¤ accountsfor
theeffectsof rapidvoid coalescenceat failure
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wheref is thevoid volumefraction. This constitutive relationandbackgroundon thebasisfor thechoice of parameter
valuesin it is discussedin Tvergaard [6].
Theconstitutive relationfor thematrix materialincludesstrainandstrainratehardening andthermalsoftening,with adi-
abatic conditionsassumed.Thecrackgrowth mechanismanalyzedinvolves two populationsof void nucleatingparticles;
largeparticlesthatnucleatevoidsatrelatively smallstrainsandsmallerparticlesthatnucleatevoidsatmuch largerstrains.
Thesmallscaleparticlesaretakento beuniformly distributedandnucleateby aplasticstraincontrolledmechanism.The
large inclusionsaremodeled asconstantamplitude spherical “islands” of stress-controlled void nucleation. Theconsti-
tutive relationis suchthat thestresscarryingcapacity vanisheswhen f ¤ reaches a critical value. The initiation of crack
growth aswell asthesubsequent rateanddirectionof crackgrowth aredirectly determinedby theevolution of material
failure.
Twenty node brick elements areusedwith eight point integration. The equationsresultingfrom substitutingthe �nite
element discretizationof theprincipleof virtual work (1) areintegrated numerically by anexplicit integrationprocedure.
Themeshusedhas71; 424elements,314; 279nodal pointsand942; 837degreesof freedom.

Figure1. Contoursof theamplitudeof stress-controlledvoid nucleation in thenearcracktip regionshowing theinclusiondistribution
for two slicesof y3 = constant.

RESULTS

Figure2. Contoursof void volumefractionin thenearcracktip region for thetwo slicesof y3 = constantin Fig. 1.

Calculationsarecarriedout for variousdistributionsof largerinclusions,with materialparametervaluesrepresentativeof
astructuralsteel.Figure1 showsthedistributionof theamplitudeof stress-controlledvoid nucleationfor onedistribution.
In oneslice,corresponding to y3 = H=2 no inclusionsarepresentwhereasadistributionof inclusionsis seenin theslice
aty3 = 0, thusillustratingthethreedimensionalnatureof thedistribution. As aconsequenceof thisinclusiondistribution,
crackgrowth doesnotoccur in auniformplanarmannerasseenfrom thecontoursof void volumefractionin Fig. 2 which
shows a stagenearthe initiation of crackgrowth. The implicationsof the 3D inclusiondistribution for the initiation
of crack growth, for the evolution of the crack pathand for the material's crack growth resistanceare illustratedand
discussed.
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