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Abstract: Homagenizatiorbasedestimateof the effective behaiour of elastwiscoplasticpolycrystalsusually resortto
appoximatiors like that of aninclusionembededin the homayeneos equialert mediumin the caseof the self-consistent
scheme. We propose here to replacethis idealizedintermediateprodem by the actual computation of a polyciystalline
representatie volume element. Compuationsof a cubemadeof 200 zinc grairs are presetted andusedto calibratethe scale
transitionrule of asimplifiedhonogenize polycrystalmocel. A cowpledidentification procedireis presentedo deternine both
intraganularmaterialparametes andscaletransitionparanetersfrom expeimentaltension creepandrelaxationtests.

1. INTRODUCTION TO COMPUTATIONAL HOMOGENIZATION METHODS

Homogenizatioomethodsarenow a well-establishedool of the mechanicof heterogeneousaterials
to predictthe effective propertiesfrom the knowledgeof the constituerd, at leastin the linearregime. In
elastoplast andpurely viscoplasticcasesboundsandestimatesare available, at leastfor simgde loading
paths[1]. Estimateslike the well-known self-consistnt schemeprovide the valuesof the meanstress
andstrainin eachindividual phase.In a metalpolycrystl, a phaseis an ensembleof grainshaving the
samecrystallographimrientationup to a given solid angle. Accordingto the self—consistenschemethe
stateof eachphases evaluatedusingthe solutionof the problemof aninclusian of this phaseembedded
in the wantedhomogeneougquialentmedium(HEM). This latter problemadmitsno exact analytical
solution in the non—linearcaseand one usually takes a homayeneoudangentor secantoperatorfor the
matrix asan approximatbn [2]. In [3], the authorsresortto finite element(FE) computatbnsto solve the
inclusion problemandtune someparameter®f the homogenizednodel. The problemof the inclusion
embeddedn the unknavn HEM canalsobe seenasanimplicit problemfor the effective propertiesand
an inverseapproachcan be usedto determinethe propertiesof the HEM. In [4] a simde Jo-plasicity
constituive framework is adoptedor theHEM andthefinite elemenimethodis usediteratively to calibrate
the parameterandfulfill the self-consisteng condition. A similar inverseproblemis solvedin [5] and
[6] but amorecomplex form of the constitutve equationss retainedfor the HEM including explicit scale
transition rules[7]. Again, inclusion problemsare solved usingthe FE methodto calibratethe parameters
involvedin the scaletransiton rule. A scaletransitionrule is a relationgiving the meanstresgor strain)
in a phaseasa functionof the meanmacroscopistresgor strain)andotherinternalvariables.The useof
simpified explicit transiton rulesis illustratedin section4.

Currently available computingcapabilitiesmake it now possilte to abandorthe approximatio of the
grainasaninclusia in aninfinite matrixandto computansteacdavolumeelemenbf polycrystalcontaining
enoughgrainsto regard it as representatie of the polycrystal. Such computatbns of polycrysalline
representatie volume elementscan be performedin the three-dimensioal caserelying on parallel
computng [8,9]. This approachprovidesthe full heterogeneoustressand strainfields insidethe grains
including thegrainboundaryeffects. Themeanstressandstraincanbe computecdverthewholevolume or
over eachphaseandcanbe comparedo the predictionof simdified homogenizatin models.In particular
suchcomputatios can be regardedas referencecalculationsto assesshe quality of new estimatias of
boundsfrom homogenizatin theory



In the presentwork we proposeto calibrate simpified homogenizatin modelsdirectly from the
prediction of computatios of polycrystlline aggregates. Simplified modelsare still necessarysince
the computatios of polycrystaline aggreatesare lengthy and requireparallelcomputing. They should
however includeno explicit yield surfaceat the macroscopidevel andinsteadncorporatesimplified scale
transitian rulesin orderto beableto beableto accounfor largedistorson of theeffective yield surface.We
apply this methodobgy to the caseof an elastwiscoplasticmaterialfor which accurateestimategemain
seldom.

2. MECHANICAL PROPERTIES OF BULK ZINC

Theelastwiscoplastidoehaiour of a zinc alloy usedasa coatingmaterialin galvanizedsteelsheetdas
beeninvedigatedatroomtemperaturg¢l0]. It hasbeenpossibleto producebulk zinc ingotsthathave been
rolled andfrom which platesampleshave beenmachined.A heattreatmenthasbeenchoseno producea
grainsizeof about40um. The materialis anisotropt dueto the typical zinc rolling texture andonly tests
in therolling directionareconsideredere. Tensiletestsat differentstrainrates,creepandrelaxationtests
have beenperformed;someresultsaregiven in Fig. 1 togethemwith simulaticsthatwill be explainedin
section5. Becauseof its low melting temperaturezinc displaysa stronglyviscoplasic behaiour atroom
temperatureBecauseof thealloying elementsthe materialis foundto be muchharderthanpurezinc.

Zinc hasa closed-packdhexagonalcrystallographicstructure. Two mainslip systemsave beenfound
to beactivatedduringthedeformatiorof bulk zinc, namelybasalslip on the basalplane(0001) in direction
a < 1120 > (3 slip systens) andpyramidal; slip on plane {1122} in directionc+a < 1123> (6 slip
systemi Thesesystemsareincludedin the constituive modeling. The constitutve equationgdescribing
theintragranulatbehaiour of zinc arethefollowing [8] :

N
e=g°+eP, g=C:i¢e £P=>SV(men’+n*+nr)/2 @)
~ s=1
5 s - W WP RO
{*=Max | 0, = signT—x%), °=g:(r*end), 2)

Theanalysigs restrictedto smallstrains.Thetotal strainis split into elasticandplasticpartsandthe stress
is computedfrom Hooke’s law (1). A Schmidlaw is adopted.The slip rate y® is given by a Norton type
equationwith a thresholdt?. t° denoteshe resohed shearstresson slip systems. The N slip systems
include both basaland pyramidal ones. Two hardeningvariablesare introduced: non linear isotropic
hardeningt andkinematichardeninge accordingto :
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The internal variable x® is necessaryo betteraccountfor the relaxationtestsandits evolution law (4)
containsdynamicand staticrecovery terms. The isotropichardeningevolution law (3) describeghe non
linear evolution of the critical resoled shearstressasa function of cumulatedslip ycum andinvolvesan
interactionmatrix :
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Eachslip systemfamilly hasits own setof materialparameter&, n,Q, b,c,d,M, m, but in orderto reduce
thenumberof unknovns,a constrainton theratio of therespectre parameterss imposedn thefollowing
identificationprocedure

QbaS/Qn2 — .[825/.[6[(2: — KbaS/Kr[2 — .[8?5/.[6[(2: — CbaS/CT[Z — 1/5 (6)

n,b,d,M, marethe samefor all slip systemsFurthermoreye take [10] :

hf = h3/2=h =h2/2.2=h}/2.6.
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Figure 1. Viscoplastichehaiour of bulk zinc : tensiletestsat two strainrates(a); creeptestat 80 MPa followed by a jump to
100MPa (b); relaxationtestsat threedifferentstrainlevels(c).

3. COMPUTATION OF POLYCRYSTALLINE AGGREGATES

Thethree-dimensioal distribution of thegrainsin asamplecanbeobseredexperimentaly for instance
in the caseof multicrystalline specimengontaininga small numberof large grains[11]. In the general
caseit still remainsalmostout of experimentalreach. This is why the polycrystallire volume element
is generatechumericallyas a distribution of Voronoi polyhedra[9]. A multiphaseelementtechniqueis
usedto superposa finite elementmeshon the imageof the microstructue : the samecrystallographic
orientationis attributed to all integration point inside a given grain. In the presentwork, an isotropic
randomset of orientationshasbeenrandomlydistributed among200 grains. Sucha grain distribution
andthe correspondingneshare given in Fig. 2a. In the presentwork, we do not try to representhe
anisotropt overall behaiour of the considerednaterial. Furthermorehomogeneousotropk elasticityis
consideredwhich is of courseactually not the casefor zinc grains. The obsered macroscopio/alue of
Young’s modulws in the rolling direction (130000MR) is retained. The constitutve equationg1) to (5)



isrequiresatleast1000integration points pergrain.

This is why we resortto parallelcomputingfor the computatio of polycrysalline aggreates[11]. The
RVE computedn this work is a 18x18x18quadraticbrick cubecontaining200 grainsanddivided into 6

subdonains,eachsubdomairbeingcompuéedon a singleprocessar
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Figure 2. Distribution of 200grains(a); equivalert basalslip distribution for a meanaxial deformationof 0.004 (b, theredcolor

It is clear that the numberof grainsremainstoo small for this volume to be really representate.
However, in thecaseof f.c.c. elastoplast crystalsjt hasbeenfoundsufiicientto reachastabilizedresponse

correspondgo anamount of slip greaterthan0.01); equivalent pyramidalll ; slip (c, thered color correspndsto anamount of

slip grederthan0.003)



in tensionwhenincreasinghenumberof grains[8]. This hasnotbeenchecledin the caseof h.c.p.crystal
yet. Moreover someeffectsdueto theapplicationof boundaryconditiors canbeexpected Againin thecase
of f.c.c. crystals,it hasbeenshowvn thatthe boundarylayer effect extendsover aboutonegrain, provided
afine enoughmeshis used,andevenlessin the caseof free surfaces.In the caseof 200grains,boundary
layereffectsonthe overall curvescanthereforenotbe excluded.

Two tensiletestsand a sheartest have beencomputedon this aggreate,for a given set of material
parameters.For tension the vertical displacements prescribedon two opposie facesof the cube,the
remainingfacesbeing free of forces. This correspondt¢o a meanprescribedaxial deformationfrom 0
to 1%. The distribution of basalslip and pyramidal slip actwity is givenin Fig. 2b and 2c for mean
strainE = 0.5%. A very strongheterogeneitys obtainedwith pyramidalslip occuringmainly atthe grain
boundariesvhereplasticincompatibiities develop. Thisis corroboratedy themetallogaphicobsenations
of Fig. 3whichshawsslip linesnearsomegrainboundarieshathave beenidentifiedastracesof pyramidal
slip planes[10]. Thisis dueto the factthatthe initial critical resoled shearstressfor pyramidalslip is
muchlargerthanfor basalslip. Note thatthe obsenratiors have beenmadeat a free surfaceof a specimen
andthattheview of Fig. 2 alsocorrespondso free lateralsurfaces.The computatiorgivesa similar effect
in the coreof theaggregate. The meanaxial stress. vs. meanaxial strainE curvesaregivenin Fig. 5, for
two differenttensik strainrates togethemwith othersimulationresultsto be explainedin section5.

Figure 3. Experimentalevidene of basalandpyranidal N 5 slip in zinc grains(gran sizeabou 40um).

4. EFFECTIVE POLYCRYSTAL MODEL

Homogenizedolycrystalmodelsare available to estimatethe meanstress-strainn the phaseof the
polycrystalin the caseof elastoplast, purelyviscoplastt andevenelastwiscoplasticgrainbehaiour, for
instanceaccordingo theself-consistenschemdl,2]. In thepolycrystalmodelproposedn [6,7] anexplicit
scaletransitbnruleis introducedinking themeanlocal stressg9 in graing to themacroscopistressz, the
meanviscophsticdeformationE P andthe meanlocal viscophsticdeformatiore P9 accordingo :
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where homogneouselasticity is assumed.The volume fraction of phaseg is denotedby fg, Ny is the
numberof discretizedorientations (phases).Non linear accommodatiowariablesp® areintroduced that



graduallydepartfrom P9 accordingo thenonlinearevolutionrulein (8). For specificvaluesof parameters
C andD, classicaformulationlike SachsLin or Kronerpolycrysal modelsareretrieved. In [5,7], thescale
transition parameter€ and D have beentunedto mimic the responseof the self-consistenscheme.C
variesthenfrom O to the orderof magnitude of the sheamodults. Oncethestressg9 is compuedin each
grain, the single crystal constittive equationg1) to (5) are usedto computethe viscoplasticstrainrate
€P9. In the next section,we will calibratethemto accountfor the actualresponsef the aggreyate. The
questionis whetherthe form of the equationg7) and(8), which is not far from standarcthomogerzation
modelsfor elastoplast polycrystas, will still be suitedto describethe elastwiscogastic behaiour of a
zincaggreyate.
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Figure4. Optimizationschemesor theidentificationof materialandscaletransitionparametes.

5. OPTIMIZATION PROCEDURE

Two groupof parameterarosan thecourseof theprevious sections materialparametergescribinghe
intragranulabehaiour andscaletransition parameterappearingn thescaletransitonrule (8). Thesecond
group canbe identified usingthe responsef a polycrystallne aggrejatewith given materialparameters.
The homogenizednodel must then be able to reproducethe macroscopicbehaiour given in section
2. Theidentificationprocedurehererequiressimulation with both models(aggrgyateand homogenized
polycrystal)andthecomputatiorof two costfunctions: thefirstone; measureghedifferencebetweerthe
meamnresponsef theaggregateandthecorrespondingimulatonwith thehomogenizednodel,whereashe
secondne(; penalizeshedifferencebetweerthissimulatonandtheexperimentakturve. An optimization
procedureenablesonethento find the bestsetof materialand scaletransiton parametersulfilling both
requirementsln the proces®f comparinghe RVE computatio andthehomogenize@stimatepneshould
notonly checkthatthe macroscopicesponsés correctedout alsothatthe meanstress/gainin eachphase
arecorrectlyreproducedy thehomognizedmodel.

A compuationwith 6 processorsf the consideregggregatelastss dayswhereasa simuation with the
homogerzed polycrystalmodelneedsa few minutes. This is why a slightly differentstratey is adopted
representedh Fig. 4. In factwe decouplethe two identificationproceduresaA first trial for C,D is used
to optimize the materialparameterdo minimize (»>. Oncean acceptabldit is obtained,one checksthe
validity of C,D by computinga polycrystaline aggr@atewith the nev materialparameterswhich gives
C1. A new estimaton of C,D is thenproposedand one goesbackto the first iterative procedure.In the
presentvork, we have carriedout thesethreestageonly once.A tensiletestat 0.001s~! hasbeenusedto
identify C, D, anacceptabldit hasbeenobtained(Fig. 5). As a validation, a tensiletestat 0.0001s™* has
beensimulatedwith the aggre@ateandthe meanstress-straiturve hasbheencomparedo the simulaton
of the homogenizednodel. Figure5 shows thatthe viscouseffect is significantly underestimatetly the
homogerzationmodel.

The bunchof curvesof Fig. 6aand6b gives the meanvalue of axial stressvs. axial strainfor all 200
grainsfor bothmodels.It appearghatstressheterogenitys muchmorepronouncedn the aggreatethan



predictedby the homogenizationmodel. In fact, the numberof grainsin the aggrejateshouldbe large
enoughto have severalrepresentaiesof the samegiven orientationsto be ableto computea meanvalue
over severalgrains,whichis the actualmeaningof the phasan the homogenizatiomodel. This hasbeen
donefor f.c.c. crystalsandtheresultis closerto the homaenizedsolution[9]. In the presentcaseof
h.c.p. crystals,four specificgrainsare comparedor both simulatonsin Fig. 7a. Finally a sheartesthas
beenperformedntheaggregyateusinghomogeneoudeformatiorconditimsattheboundaryat0.0001s~ 1.
The meanshearstress-straicgurve is given in Fig. 7b andcomparedo the predictionof the homogenized
polycrystalmodel,which underestiratesthe attainedshearstresdevels.

6. CONCLUSIONS AND PROSPECTS

At the end of this first attemptof a coupledidentification the descriptionof the macroscopidests
remaingratherpoor: creepdeformationis overestmatedandtherelaxationis too rapidandtoo small (Fig.
1). Thedifficulty of thehomogenizednodelto reproducehe differentreponse®f the aggregatemayhave
two origins:

e thechosemaggreateis too smallandalargernumberof grainsshouldbe considered;

e the scaletransitionrule (8) is not sufficient to describeelastwiscodastic materials: improvements
involving 1 to 3 morescaletransition parameterareproposedn [7,8] thatshouldbetested.

Finally, a betterdescriptionof the experimenal resultscould be achieved by relieving the constraint
on materialparameterg6). Note thatthe real situation of the zinc alloy requiresto take anisotrojc local
elasticityandthe crystallogaphictextureinto account.This will probablyrequirebiggeraggrgyatesanda
moresophisicatedscaletransition rule. The methodolog will remainthe sameandthe presenwork is a
first attemptin thisdirectionwhichremaingo besignificantlyimproved. Absolutegrainsizeeffectsarenot
accountedor in this work, sothatthe foundvaluesof materialsandscaletransitionparametersirebound
to onespecificgrainsize. However the methodcouldbe extendedo size-sensitie crystalplasticitymodels
like[12].
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