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Abstract

In classicakrystalplasticity, thelatticeorientationis unchangedrom thereferenceonfigurdion to thelocalintermediate
plasticallydeformedconfiguration.Material crystalplasticity correspodsto a differentirreversibleprocessy which lattice
rotatestogethemwith materiallines betweerreferenceandintermediateconfiguratiors. Deformationtwinning is anexample
of materialplasticity. A continuum modelfor mechaical twinning of singlecrystalsis presentedh thiswork. Twin formation
is regardedas an unstablelocalizationphenomeon, followed by twin front propagtion. Finite elementsimulationsare
provided shawving the twinning anduntwinningof a singlecrystalundercyclic loading,the developmentof twins at a crack
tip, andlastly theformationof twin networksin a coatingon anelasticsubstrate.
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1 Material vs. dislocation - based crystal plasticity

The constitutive framewvork of anisotropicelastoplasticityhasbeensettledby Mandd in (Mandel,1973) : it requiresthe
definition of a tryad of directorsattachedo eachmaterialpoints. In the caseof singlecrystalplasticity, the relative rotation
rateof latticedirectorswith respecto materiallinesis derivedin auniqueway from thekinematicsof plasticglide according
to N slip systems.A uniqueintermediateconfiguration can be definedfor which the lattice orientationis the sameasthe
initial one. This resultsin a multiplicative decomsition of the deformationgradientF into elasticand plastic parts,as
shavn onfigurela:

N
F =EP, PPt =Y ymPen® (1)
s=1

whereslip systems is describedby the slip direction n® and the normalto the slip planen®, and y* denotesthe amount
of associatedslip. It follows that from the referenceconfigurationto the intermediateone, the lattice directionsare left
unchangedwhereaghe materiallinesrotateaccordingto therotationpartin the polardecompmsitionof P

One can alsoimaginean irreversibledeformationprocessby which the lattice directionsof the crystalwould simply
follow the materiallines. This is what we call material crystal plasticity. It leadsto the picture of figure 1b wherethe
individua atomsundeago a uniform simpleglide in a cooperatre way. However this processs not sosimpleasit maylook
sinceduringtheshearinghelatticestructureis changedusuallygoing from ahighly symmetricclassto alesssymmetricone.
Somecritical sheammourt yg mayexist for which the crystalstructures retrievedwith possiblyanorientationdifferentfrom
theinitial one (Pitteri, 1985. Sucha deformationprocessexistsin somecrystals. It is referredto asdeformationtwinning
(Christian,1965)(ReedHill etal., 1964). The sequelof the paperis devotedto the continuummodéling of this particular
modematerialcrystalplasticity.
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Figure 1: Kinematicsof crystalplasticitybasedon dislocationglide (a); homogeneas shearingof alattice asanexanple of
materialcrystalplasticity (b).

Figure2: Twin network andfour cleavagecracks in alargeflat zinc graincoatedon a steelsheef(grainsize: 50Qum).

2 Continuum modelling of deformation twinning

2.1 Elements of deformation twinning

Deformationtwinning now is awell-knavn deformationmechanisnin cubicandhexagoral crystals.A modernandexhaus-
tive accoun of the currentknowledge from the crystallograpic, metallugical andmechaical point of view canbefoundin
(ChristianandMahajan 1996). We will simply retainthefollowing features

o the deformationof the twinnedpartof the crystalcanbe describedby a homayeneoushearingy in directionn; and
in theplaneS;



o the crystalstructureof the twin usuallyis the mirror imageof the parentcrystalin the crystallographidwin planeKy;
K1 very oftencoincideswith the planeof contactbetweernthetwo crystalscalledcompositionplanewhich is neitherrotated
nor distortedthedirectionin Sundegoingonly arotationis calledn, andK, dendesthe planecontainingn, andnormalto
S

e in fact, a simpleshearappliedto atompositions,asdistinctfrom lattice points,is not always capableof produdng all
the atommovemens which are neededo form a twin : additiond reshufle of someatomsof the unit cell is necessaryin
particularin multiple lattices.

For simplicity, the presentwork is actuallyrestrictedto compaindtwins for which all elements;, n; arerational(Kelly
andGroves,1970. More specifically theprovided examplesdealwith purezinc having hexagonal closed—acked symmetry
Usingclassicaindex notationsfor this type of symmetry(Christian,1963),the twinning systemof purezincis givenby :

N1 =<1011>, K;={1012}, n,=<1011>, K;={1012, yp=0.139

Thelattice orientationrelationshipbetweerthe parentcrystalandthetwin in zinc are: amirror symmetryin Ky, or equiva-
lently arotationof anglertaroundny, a mirror symmetryin the planenormalto n; or arotationif anglertaroundthenormal
to Kj.

2.2 Elastoplastic model of twinning

Mecharical modelsfor twinning are available from both microscopicand macroscof pointsof view. At the level of the
coopeative behaviour of atoms,non-linea elasticitywith a non—cawex potentialhasproved to be an efficient methodto
describesucha phasetransition—lile procesqEricksen,1980)(Truskinovsky and Zanzotto,1998. Indeedelastictwinning
existsif thereareno latticefriction forcesoppasing the motion of the dislocationsat irregularinterfaces.In this case twins
will run backwhenthe appliedstresss removed. In calcitefor instance smalltwins nucleateby indentationanddisappear
whentheloadis removed (Kelly andGroves,1970). However, moregeneally twinningis notreversible andtwins remainin
acrystalafterit hasbeenunloaded Thereasoroftenis thataccommodtion hasoccurredby slip, relieving the stressesitthe
edgeof thetwin. Undertheseconditions blunttwin plateswith quiteirregularinterfacesarepossible(figure 2). Thatis why
deformationtwinning is modelledhereasanelastoplastiprocessassociateavith dissipation.Suchanapprachhasalready
beenproposedo modelatthe macroscopidevel thevolumefraction of twins appearingn a polycrystallinevolumeelement
of metaldeformingby both slip andtwinning (Kalidindi, 1998) (Staroselsk and Anand 1998. We tackle herea different
problemsincetheaim is to simulatethe nucleationandpropagatiorof twins at the grainlevel.

Theclassicaframevork of crystalplasticityis now extendedto incorporatethefollowing featuresof twinning (figure3) :

o twin formationis modelledasanunstableplasticslip processaccordiry to classicadislocation—baedcrystalplasticity;

e assoonasacritical amountof shealy = yg hasbeenreachedor theactivatedtwin systemtheorientationof theisoclinic
intermediateconfigurdion is changel switchingfrom theinitial parentoneto thatof the associatedwin.

Thedriving forcefor twinning is theresohedshearstresst on thetwin planein thetwinning directionandtheslip rateis

computedusing:
T—Tc

V=< >N TC:To-l—Q(l—e_b(y_E(V/yO))) )

wherethe viscosity parameters andn arechosenso thatthe resultingbehaiour is asrate—indepedentasnecessarytp
denotegheinitial thresholdfor twinning andthe hardeningparameteq is takennegative. Sucha softeningbehaiour makes
twin nucleationan unstabledeformationmodeassociatedavith strainlocalization. The functionfloor E(.) takingtheinteger
partof . is introducel so thatthe initial thresholdis recoreredoncethe local twinning processs finished. Contraryto the
classicalSchmidlaw in deislocation basedlasticity thesignof T playsarole sincetwinningis possibleonly in onespecific
direction: compressiorin directionc in zinc triggersdeformationtwinning, but nottension. The choiceof mandn is such
thatt,y andy arepositive whentwinning occurs.

2.3 Thermodynamic setting

The statevariablesof the systemcanbe taken asthe Green—Lagangestraintensorwith respecto the intermediateconfigu-
rationf :

= (ETE-1) €
andtemperatureThefree enegy lp(ﬁg, o) may alsobe a function of aninternalvariablea to be specified.In the sequelt

is referredto the pureisothermalcase.Only onetwinning systemis consideredor simplicity. Thelocal form of the enegy
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Figure3: Kinematicsof twinning plasticity

balancesquationghenreads: .
pE=T:FE

whereT is the Cauchystresgensorande theinternalenegy. Thefreeenegy takestheform:

W(8,a) = S'A:C: '+ g(a)

The Clausius—Duhe inequdity reads:
Noting that

it follows that

Thethermodyrmamicforceassociateavith theinternalvariableis :

d
A= —pu% =-g

Theintrinsic dissipationratethenbecomes

D=is:Ppliaq, with ‘5= ETTET —ETENT

The positivenesf theintrinsic dissipationis thenensuredy the choiceof a corvex dissipationpotentialQ#S A) :
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Only calorimetricmeasurerantscanleadto an estimationof the dissipationassociateavith twinning in a singlecrystal. It
appeardrom (15) thatthe amountof dissipatecpower is determinecby the properchoiceof theinternalvariablea andthis
will bedictatedby the experimentalmeasurementd.et usdistinguishthreecases

e if nointernalvariableis introduced,D = 1y so thatthe entire plastic power is dissipatednto heat;it is positive for a
properchoiceof mandn (suchthatt > 0 wheny > 0), evenif a softeningbehaiour is introduced;

o if wetake ¢ =1c = —A, thena = y andD = (1 — 1¢)y which vanishesn therate-indepedentcase;accordingdy, the
entireplasticpower is consideredasirreversibly stored ik e dislocationforesthardeningn dislocation—gjde plasticity;

eif wetake o =Tp—A, i.e. ¢ = —A=Q(1—e ), thena =yandD = (1 — (Tc — Tp))y ~ Toy in the quasi—rée—
indepemlentcase;it is againpositive sincethe twinning systemorientationconventionis suchthaty > 0. This choiceis
classicaln corventioral elastoiscofasticity (Chaboche1997).

A muchmorefine tuning of the internalvariablewill be necessaryn the caseof twinning (Srinivasetal., 1999 andis
notundetakenhere.

3 Finite element simulations of twinning in single crystals

The ability of the modelto reproduceseveral experimentalfeaturesof deformationtwinning in singlecrystalsis illustrated
for threedifferentsituations For thatpurposefinite elemensimulationsareprovidedbasedn classicahonlinearalgorithms
for theresolutionof global equilibriumandthelocal integrationof the evolution equations.

3.1 Twinning and untwinning under cyclic loading

The mainjustificationfor choosinga softeningstress-strairconstitutze equationin the modelstemsfrom the experimental
resultsobtainedby Price (Price,1961) on zinc whiskersdeformedin tensionunder a transmissiorelectronmicroscope.He
wasableto obsene andcontrolthenucleationof a singletwin andits propagatiorin the samplecross—sectionThetwin then
thickensandinvadesthe entirespecimenTheload—dsplacementurve displaysa sharpsofteningstageassociateavith twin

nucleation.The parametersf the modelhave beenadjustedaccordingto this cune.

Thesimulationof asinglecrystalzinc plateorientedfor planesingletwinningin tensionis now consideredA geometrical
defectis introducedo triggerstrainlocalizationthatis interpretechereastwin nucleation.Indeedadeformatiorbandappears
andits orientationcorrespondto thatof atwin. Oncethe critical amountof sheary, is reachedthetwin startsgrowing. Twin
growthsis the resultof the motion of the localizationfront on one or both sidesof thetwin in the spirit of (Maugin, 1998).
Thetwin thickens andspread®ver the entirespecimer(figure 5a). Whenthe whole samplehastwinned,thecrystalbehaes
elasticallyin tension.Thecrystalcanthenbeentirely untwinnedif it is subsegently subjectedo compressiorffigure 5b). It
mustbe notedthatat the lastdeformationstage a virgin crystalis obtainedthatcanagaintwin in tension.Thisresultsin the
hysteresidoop shavn in figure 4.

3.2 Twinning modesat a crack tip

Let us now consicer a single crystallineCompactTensionspecimerclassicallyusedin fracturemechanics.The c—axis of

the zinc crystalis normalto the crackplaneandthe initial crackgrowth directioncoincideswith [0110]. It is recalledthat
twinning occursin aspecificdirectionn andnotin theoppasitedirection. A positive resohedshearstresdn this directionis

necessaryor twinning to becomepossible. Thedistribution of resohed shearstresse$or the singleconsideedtwin system
is showvn on figure 6a. It appearghatfor the chosenorientationthe resohed shearstresss negative aheadof the cracktip.

Accordingly, atwin canform only behindthe cracktip wherethe stressesrecompressie. This is indeedpossibleasshavn

onfigure 6b. This situationhasbeenobsened very oftenin the deformationof zinc coatingsandis thereforgustified by the
presentomputation(Parisotetal., 2000).

3.3 Multipletwinning in a zinc coating

Thelastexampledealswith the simulationof theformationof twin networksin a singlecrystalcoatingon anisotropichyper
elasticsubstratesubjectedo tension. Two twinning systemsaretakeninto accoun here: [0111],(0112) and[0111],(0112).
The c-axis of the crystalis normalto the coatingandthe tensilevertical directionis [0110], parallelto the interface. The
twinning directionsof the consideed systemsarecontainel in the planeof the two—dimersionalsimulation.A displacement



1000 T T T T T

800 -
600 =
400 |~ -
200 -

Force (N)
o
|
]

-200 =
-400 -
-600 =
-800 =

~1000 | | | | |
-0.5 0 0.5 1 1.5 2 2.5

Displacement (mm)

Figure 4: Load-dsplacementurwe of thetwinning anduntwinring of a singlecrystalin tension-canpression

is prescribedat the top of the sampleandthe specimeris fixed at the bottom. Figure 7 shavs that a first twin forms and
is repelledat the interface,which correspadsto the formationof a secondwin. A secondpair of twins formstheninde-
pendatly at the lower part of the sample. Two of the twins intersect. The growth of the twins is limited by the fact that
theinterfacecannotaccommodtethe deformationsincethe substrataemainselastic. Insteadmary twins form to build an
actualnetwork. This type of network is similar to thatof figure 2. Sectionsof the coatingarepresentedn figure 8 shaving

thetwin developmant in the thicknessof the coating.No directevidence of twin reflexion attheinterfacehasbeendetected
but this may be dueto the specificcrystalorientations.

Thetwin systemsactivatedin eachstrainlocalizationbandaregivenonfigure9. In thecomputationthe orientationof the
sampleis sligthly tilted with respecto the previously given orientationsothattwin systeml is significantlymoreactvated
thantwin system2. It is however quite surprisingto seethatthe pair of almostperpemlicularbands at the top of the sample
belongsto the sametwin system.This shouldin principle beimpossiblesincetwo twins having the sametwin planeshould
be parallel. Thesebandsmustbe interpretedin factasshearbandsin a single crystalundegoing singleslip. Simpleglide
in the twinning directionhasbeenartificially introducedin the modellingto simulatetwin formation. Twin formationhas
beeninterpretedasa strainlocalizationphenanenon. In singleslip, it is known thattwo localizationplanesare possible:
slip bandslying in theslip planebut alsokink bandsthatarenormalto the slip direction(Forestand Cailletaud,1995. The
lastpicture givesthe distribution of lattice rotationwith respecto theinitial orientationbeforethe twinnedlattice hasbeen
reindexed. This informationenableausin factto distinguishthe differenttypesof bands: slip bandsare usuallyassociated
with no latticerotationwhereaskink bandinginduceslattice curvature. It appearshatthefirst twin atthetop is a kink twin
andthesecondonea“slip twin”. A “kink twin” canbe seemasa stackingof mary paralleltwin lamellae.A severelimitation
of themodelis thatsuchkink twins areusuallynot obsened experimenally.

4 Discussion : The prosand the cons of the model

The proposel finite strainelastoplastianodel of deformationtwinning is ableto accountfor several experimentalfeatures
twin formationand propagationin a single crystal, hysteresidoop associatedvith a twinning—untwinning processarrov
shapeof twins at a cleavagecracktip andbuild—up of twin networksin a coatingon a substrate.
Severalimportantlimitationsremainhowever. Onemay for instancediscusghe factthata twinning criterionbasedon a
critical resohedsheaistreshasbeenchose. It is oftenrecalledthattwin initiation is anucleation(in contrasto propayation)
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Figure5: Twin formationandprgpagatio in a singlecrystalin tension(a) followed by compession(b).

controlledprocess.It canthereforebe affectedfor instanceby prior dislocationglide sothatit may be difficult to assigna
critical valuetg to the twinning mechanismLet usthenadmitthattg is the critical resolhed shearstressfor twinning in a
dislocation—freeerystallik e Price’s zinc whiskers. The effective twin nucleationstresscanthendecreaséf dislocationglide

hasalreadytakenplace,accordingto a softeninglaw like :
T="To+ Qp(1—e %) (16)

whereQ; is negative andysji, dendesthe cumulatize amountof prior dislocationglide.
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Figure 6: Twin formationat a cleavagecracktip : resolhed shearstressdistribution ((a), in MPa) and equiaent plastic
defamationfield (b).

Furthermoredeformationtwinning is systematicallyassociatedvith dislocationglide becaus of the high local stresses
arisingfor instanceat the twin tip. This interactionhasnot beentakeninto accoun yet, which leadsto unrealisticlocal high
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Figure 7: Multiple twinning in a zinc coatirg : thefirst twin is repelledat the interface coatirg/substrateleft), multiple
reflexion andformationleadto a network of twins in the coating(right, only the coatingis represeted).

Figure 8: Sectionof the coatingin the thicknessshaving the shapeandorientationof thetwins; the thicknessof the coating

is 10um.

stresses Plasticslip cantake placebeforetwinning andthe questionto be solved is then: what happensto the obtained
dislocationstructurewhenit twins?How canprior slip activity affectfurtherdislocationglide within the nevly formedtwin?
Mecharical metallugy hasalreadyprovided someanswerghatmustbeincorporaedinto continuum modelling.
Specialattentionshouldalsobe paidto theintersectiorof twins thathasoccuredin somesimulations.
A stronglimitation hasalreadybeenpointedout, namelythe predictionof kink twins thatarenot obseredin practise.
The eliminationof suchdeformationmodesis however possibleusingfor instanceCosseratrystalplasticity (Forest,1998)
(Forestetal., 2000.
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Figure 9: Structureof thetwinsin thecoating: (a) equivalentplasticdefomation,(b) twinningsystem, (c) twinning system
2, (d) latticerotationbefae reindexing.

An alternatve appro@h to deformationtwinning is proposedn (Idesmaretal., 2000) basedon minimizationprinciples.
Thisglobalapproactenable®neto predictself-equilibratingstructureghatarefrequentlyobsened. Thedifficulty thenis the
numericalexplorationof all possibleregionsandshapesvheretwinning canoccurin orderto fingerout the mostfavourable
configuration Theauthorghemselespleadfor aLandau-Ginzhurg or Cahn—Hilliard—typeof modellingof displacvesphase
transitionsanddeformationtwinning. Thatis why animprovemern of the presentmodelcouldbetheintroductionof anorder
parameteraimingatforbiding “interruptedtwins”, i.e. regionswherecrystalglide hasbegun but wherethe valuey hasnot
beenreachedyet.
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