3D MICR OSTRUCTURAL EFFECTS ON PLANE STRAIN DUCTILE CRACK GROWTH
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Summary Ductile crackgrowth undermodel, planestrain,small scaleyielding conditionsis analyzel. Overall planestrainloading
is prescribedbput a full 3D analysisis carriedout to resohe microstructurakffects. An elastic-viscoplasticonstitutie relationfor a
porousplasticsolidis usedto modelthe material. Two populationf secondohaseparticlesarerepresentedarge inclusionswith low
strengthwhich resultin large voids nearthe cracktip at anearly stage andsmall secondphaseparticles,which requirelarge strains
beforecavities nucleate Thelargerinclusionsarerepresentediscretelyandthe effect of their 3D distribution onthe crackpathandon
theoverall crackgrowth rateis analyzel.

INTRODUCTION

In awide variety of circumstanesof practicalinterest,the stressand deformation elds nea a cracktip in a structural
metal, but outsidethe fracture processzore, are appropiately idedized as plare strain elds. However, the material
microstructuran the processzone, which setsthe planestraincrackgrowth resisane is inhererly threedimensioml.
Themainmechanismof dudile fracturein the processzoneis void nucledion, growth andcoalescenceandthe spacing
anddistribution of void nucleating inclusionsis the key microstructuraffeaturefor settingthe crack growth resistance.
Typically, for structuralmetals,the size of the void nucleating particlesrangesfrom 0.1t m to 100* m, with volume
fractionsof a few percent. Quite commanly, the distribution of void nucleding particlescanbe idedized asinvolving
two sizescalesjarger particles(e.g. MnSinclusiors in steels)thatnudeatevoids at relatively small strainsandsmaller
particles(e.g. carbidesn steels)that nucleatevoids at muchlarger strains. It is well apgreciatedthatthe distribution of
inclusionsplaysa major role in settingthe crackgrowth resistanceén suchmaterials,andwhile therehave beena few
3D analyss of porosityinducedductile crackgrowth, e.g. Ruggeri etal. [1] andHaoandBrocks [2], full 3D andyses
guantifying therole of inclusiondistribution on crackgrowth behavior have not been carriedout.
Theandysesarecarriedout usinga constitutive frameawork for progressiely cavitating dudile solidsstemmingfrom the
work of Gurson[3]. In this constitutve relation,the porosityis representgin termsof a singlescalarmparaméer, the void
volumefraction. The matrix materialis modela@ asanisotropichardeling viscoplasticsolid. Thelargeinclusionswhich
nudeatevoidsatanearlystagearemodded asadistribution of “islands”of theamplitude of thevoid nudeationfunction
Thus, theirsizeandspacingaredirectly speci edin theandysesandintroduce a chaacteristidengthinto theformulation.
Thesmallersecondphaseparticles whichrequirelarge strainsfor nudeation,areuniformly distributed. Thisformulation
hasbeen usedto carry out analysesf crackgrowth for 2D model microstructurese.g. Tvergaardand Needlenan[4],
wherethelargerinclusionscouldonly berepresentedslong cylinders,whichis notgeonetrically realistic. It wasshovn
in NeedlenanandTvergaard[5] thatin case where the voids nucleded from thelargerinclusionsdominae the fracture
process,the crackgrowth predictiors exhibited practicdly no meshsensitvity.

The samematerialmocel is usedasin previous 2D studies,e.g. [4], but here3D microstructuresareanalyed. A slice
of materialwith aninitial crackis andyzed Overall planestrain conditiors areimposedand various distributions of
larger sphericalinclusionsare speci ed. The calaulationsare for small scaleyielding condtions with remotemodel
loading, with a monotanically increasingstressntensityfactorprescribed The andysesacmuntfor nite deformdions.
For numeical ef cie ngy, transientanalyses arecarriedout, but theinitial conditiors andloadingrateare chosersothat
inertial effectsarenegligible. Although overall planestrainconditions are prescribedthe stressand deformationstates
thatdevelopin thefractureprocesszonearefully threedimensiona

FORMUL ATION

A corvectedcoordinae Lagrargianformulationis usedwith the dynamicprinciple of virtual work written as
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whereE;; arethe covaraiar Lagrangianstraincompaents, ¢! arethe contravariant componerts of Kirchhoff stress
on the deformedcorvectedcoadinatenet, T' arethe contravariant compaentsof nominaltraction,®; andu; arethe
covariantcomponerts of the referene surfacenormalanddisplacenentvectors,respectiely, ¥zis the massdensity and
V andS arethevolumeandsurfaceof thebody in thereferene con guration.

With the origin of the coardinatesystemat the cracktip, theregion andyzedisde nedbyj W - y* - W,0- y? - L

and0 - y® - H andthe bowndarycondtions imposedarethatus = 0 ony® = 0andy® = H (giving overall plane
strain);u, = 0ony? = 0,y! > 0. Theloadingis prescribedhrough u; andu, ony! = § W andy? = L which are
given by the planestrainmodel cracktip displacemat elds. Themodel stresdntensityfactor which is theamplitude
of thesedisplacerents,is the prescribedquantity The partsof the boundarywheredisplacenentsare not prescribed
including of coursethe cracksurface,aretractionfree. Also, theinitial cracktip is takento be awedge-shapeaotc.



The conrstitutive framework is themod ed Gurson[3] o w potentialgiven by
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Here, % is the effective stress ¥ is the hydrostaticstress¥ais the matrix o w strengthandthe functionf * accaintsfor
the effectsof rapidvoid coalesenceatfailure
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wheref is thevoid volumefraction. This constitutize relationandbackgoundon the basisfor the choice of paraméer
valuesin it is discussedn Tvergaad [6].

The constitutive relationfor the matrix materialincludesstrainandstrainratehardening andthermalsoftening with adi-
abaic corditionsassumedThe crackgronth mectanismanalyedinvolves two populationsof void nudeatingparticles;
large particlesthatnudeatevoidsatrelatively smallstrainsandsmallerparticlesthatnuclede voidsatmuah largerstrains.
Thesmallscaleparticlesaretakento be uniformly distributedandnudeateby a plasticstraincortrolled mechaism. The
large inclusionsare modded asconstantamplituce spherica “islands” of stresseortrolled void nudeation. The corsti-
tutive relationis suchthatthe stresscarryingcapaity vanisheswhen f ® reaches a critical value. Theinitiation of crack
growth aswell asthe subseqgantrateanddirectionof crackgrowth aredirectly determired by the evolution of material
failure.

Twenty noce brick elemerts are usedwith eight point integration The equationsresultingfrom substitutingthe nite
element discretizatiorof the principle of virtual work (1) areintegrated numeically by anexplicit integrationprocedure.
Themeshusedhas71; 424 elemetts, 314, 279nodal pointsand942, 837 degreesof freedom
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Figure 1. Contoursof theamplitudeof stresscontrolledvoid nucledion in thenearcracktip region shaving theinclusiondistribution
for two slicesof y® = constant.

RESULTS

Figure 2. Contoursof void volumefractionin the nearcracktip region for thetwo slicesof y® = constanin Fig. 1.

Calcuationsarecarriedout for various distributionsof largerinclusions with materialparameer valuesrepresentatie of
astructuralsteel.Figurel shavsthedistribution of theamplitudeof stresscontrolledvoid nucleationfor onedistribution.
In oneslice,correspodingto y® = H=2 noinclusiors arepresenwhereasa distribution of inclusionsis seenin theslice
aty® = 0, thusillustratingthethreedimersionalnatureof thedistribution. As aconsegenceof thisinclusiondistribution,
crackgrowth doesnotocaur in auniform plarar manrer asseerfrom the cortoursof void volumefractionin Fig. 2 which
shavs a stagenearthe initiation of crackgrowth. The implicationsof the 3D inclusion distribution for the initiation
of crack growth, for the evolution of the cradk path andfor the materials crack growth resistancere illustratedand
discussed.
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