DISCRETE DISLOCATION CALCULATIONSOF THE STORED ENERGY OF COLD WORK
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Summary The storedenepy of cold work is calculatedfor single crystalsdeformedin planestraintensionand bending. Plastic
deformationoccursthroughdislocationglide. Superpositions usedto representhe solutionof boundaryalue problemsin termsof

theinfinite fieldsfor discretedislocationsandimagefieldsthatenforceboundaryconditions.Constitutive rulesareusedwhich account
for the effectsof 3D dislocationdynamicssuchasdynamicjunctionformation. Thechangen free enegy with achangen dislocation
positionsat constanstresscanbe explicitly calculatedwith theline enegy contritution accountedor. Theextentto whichtheenegy

storedin the sampledepend®n thedeformationstateis analyzed.

INTRODUCTION

Whenamaterialsamplds cold-worked,mostof themechanicaénegy expendeds corvertedinto heatandtheremainder
is storedin thesampletherebyalteringits free enegy. In singlecrystals.enepgy storagds essentiallydueto dislocations.
Herethe storedenegy dueto plasticdeformationis calculatedasthe changen free enegy with a changen dislocation
positionsat constantstress. Such calculationsare madefeasibleby solving boundaryvalue problemswhere plastic
behaior resultsfrom the motion andinteractionof large numbersof dislocations. Theseare modeledaslinear defects
in anisotropicelasticsolid andsuperpositions usedto accuratelyaccountfor the imagefields which correctfor actual
boundaryconditions[1]. Dislocationinteractionsat shortrangeare treatedasin [2]. 2D planestrain problemsare
formulatedfor the sale of computationakefficiency asin [1], but accountis taken of 3D dynamicprocessesuchas
junction formationanddestructioranddynamicsourceoperation.The storedenepy calculationsareillustratedfor two

deformationstatestensionandbending.

FORMULATION

Calculationsare carriedout for a planarfcc 6pmx2um crystal. In tensionthe calculationsof [2] are supplementedy
unloadingsequenceatstrainintervalsof 0.01.In bendingaspecialnumericalprocedurés usedto assurevanishingof the
axial force andunloadingsequencearecarriedat rotationintervals of 0.015. The storedenepy rateis equalto thefree
enegy rate,which canbereadily calculatedusingthe elasticsolutionof the boundaryalueproblem. Part of that stored
enegy is recoverableuponunloadingandrepresentshe elasticportion of it. The otherportionrepresentshe portion of
theplasticwork thatis not corvertedinto heatbut storedin thedislocationstructure . The storedenepy is calculatedboth
in theunloadedstate asin experimentsandin the loadedstate.Initial conditionsandmaterialparametersorrespondo
thecrystallabeledB in [2].

RESULTS
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Figure 1. Responsén (a) tensionand(b) bending(Myer = 33.3uNm/m).

Theresponsen tensionshavn in Fig. 1(a) exhibits a two-stagehardeningasis usuallythe casefor crystalsorientedso



that only oneslip systemis initially activated. The figure alsoillustratestwo unloadingsequencefrom a total strain
of 0.01and0.04. During the linear stagell hardeninga roughcell structuredevelopsso that, uponunloading,reverse
yielding occurswhile the sampleis still in tension. This indicatesa strongBauschingegeffect, which almostdisappears
in theabsencef adislocationstructureasdetailedelsevhere.

Figurel(b)shovsthemomentversugotationresponsén bendingof thesamesamplancludingunloadingafterd = 0.015
andf = 0.045. Herehardenings linearthroughoutand,after a sufficientamountof bendingprior to unloading reverse
yieldingis clearlyseenwhile theglobalmoments still positive. A dislocationstructuredevelopsregardles®f thedensity
of dynamigjunctions.Longarraysof lik e-signedlislocationsareformedon eachslip systento accommodattheimposed
straingradient. Thosearraysdefinea densityof geometricallynecessardislocationsin [3] it wasshavn thatabout80%
of the dislocationsare GNDs up to a bendingangled = 0.06. More recentcalculationspursuedupto § = 0.12 clearly
demonstrat¢hatthe GNDs dominatethe globalmoment-rotatiorresponsevenat higherangleswherethe GND density
becomesslow as20% of thetotal density

Stored energy

In orderto comparethe behaior underthe two deformationstateg(tensionandbending)the storedenegy underload,
E3, is plottedin Figure2(a) againstthe total work, E¥, expendedn deformingthe crystal. For a givensuppliedEY it
appearghatthe rate of enegy storageunder load is independenbf the stateof deformation. This is remarkablegiven
thattheloadingresponsé€Fig. 1 above) andthe dislocationstructurearevery differentin tensionandbending.
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Figure 2. Enegy storageundertwo deformationstatesfensionandbending.(a) Storedeneny, E*, versusexpendedenegy, E¥. (b)
Ratioof storedenegy in theunloadedstate,E, to E° versusk™.

Uponunloading,however, the rate of enegy storageis found to be dependentiponthe deformationstate. This is best
illustratedby consideringhestoredenegy afterloadremoval, EZ , relative to thestoredenegy underioad, E#, for agiven
suppliedmechanicaknegy EV. As shavn in Fig. 2(b), a significantfraction of the storedeneny is releasedn tension
uponunloading.By way of contrastenepy releaseafterunloadingin bendingonly occursat low valuesof the bending
angle. Dependingon the amountof suppliedexternalenegy, the enegy storedin the unloadedstatecanbe smalleror
higherthanthatof theloadedstate.

CONCLUSIONS

The loading responsdflow stress,hardeningand unloading)is controlled by the density of statisticaldislocationsin
tensionand by the densityof GNDs in bending. In bending,however, the build-up of a statisticaldensity strongly
affectsthe magnitudeof enepgy storedin the bentsampleafterload removal. This suggestsmportantconsequence®r
recrystallizatiorin bendingin comparisorwith tensileloading.
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