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DISCRETE DISLOCATION CALCULATIONS OF THE STORED ENERGY OF COLD WORK
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Summary The storedenergy of cold work is calculatedfor single crystalsdeformedin planestrain tensionandbending. Plastic
deformationoccursthroughdislocationglide. Superpositionis usedto representthesolutionof boundaryvalueproblemsin termsof
theinfinite fieldsfor discretedislocationsandimagefieldsthatenforceboundaryconditions.Constitutive rulesareusedwhichaccount
for theeffectsof 3D dislocationdynamicssuchasdynamicjunctionformation.Thechangein freeenergy with achangein dislocation
positionsatconstantstresscanbeexplicitly calculatedwith theline energy contributionaccountedfor. Theextentto which theenergy
storedin thesampledependson thedeformationstateis analyzed.

INTRODUCTION

Whenamaterialsampleis cold-worked,mostof themechanicalenergyexpendedis convertedinto heatandtheremainder
is storedin thesample,therebyalteringits freeenergy. In singlecrystals,energy storageis essentiallydueto dislocations.
Herethestoredenergy dueto plasticdeformationis calculatedasthechangein freeenergy with a changein dislocation
positionsat constantstress. Suchcalculationsare madefeasibleby solving boundaryvalue problemswhereplastic
behavior resultsfrom the motion andinteractionof large numbersof dislocations.Thesearemodeledaslinear defects
in an isotropicelasticsolid andsuperpositionis usedto accuratelyaccountfor the imagefieldswhich correctfor actual
boundaryconditions[1]. Dislocation interactionsat short rangeare treatedas in [2]. 2D planestrain problemsare
formulatedfor the sake of computationalefficiency as in [1], but accountis taken of 3D dynamicprocessessuchas
junction formationanddestructionanddynamicsourceoperation.Thestoredenergy calculationsareillustratedfor two
deformationstates:tensionandbending.

FORMULATION

Calculationsarecarriedout for a planarfcc 6� m � 2� m crystal. In tensionthe calculationsof [2] aresupplementedby
unloadingsequencesatstrainintervalsof 0.01.In bendingaspecialnumericalprocedureis usedto assurevanishingof the
axial forceandunloadingsequencesarecarriedat rotationintervalsof 0.015.Thestoredenergy rateis equalto thefree
energy rate,which canbereadilycalculatedusingtheelasticsolutionof theboundaryvalueproblem.Part of thatstored
energy is recoverableuponunloadingandrepresentstheelasticportionof it. Theotherportionrepresentstheportionof
theplasticwork thatis notconvertedinto heatbut storedin thedislocationstructure.Thestoredenergy is calculatedboth
in theunloadedstate,asin experiments,andin theloadedstate.Initial conditionsandmaterialparameterscorrespondto
thecrystallabeledB in [2].

RESULTS

Loading response
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Figure 1. Responsein (a) tensionand(b) bending( ���	�����! " �#  %$ Nm/m).

Theresponsein tensionshown in Fig. 1(a)exhibits a two-stagehardeningasis usuallythecasefor crystalsorientedso



that only oneslip systemis initially activated. The figure also illustratestwo unloadingsequencesfrom a total strain
of 0.01and0.04. During the linear stageII hardeninga roughcell structuredevelopsso that, uponunloading,reverse
yielding occurswhile thesampleis still in tension.This indicatesa strongBauschingereffect, which almostdisappears
in theabsenceof adislocationstructureasdetailedelsewhere.
Figure1(b)showsthemomentversusrotationresponsein bendingof thesamesampleincludingunloadingafter &('*),+ ),-�.
and &/'0)1+ )324. . Herehardeningis linearthroughoutand,aftera sufficient amountof bendingprior to unloading,reverse
yieldingis clearlyseenwhile theglobalmomentis still positive. A dislocationstructuredevelopsregardlessof thedensity
of dynamicjunctions.Longarraysof like-signeddislocationsareformedoneachslip systemto accommodatetheimposed
straingradient.Thosearraysdefineadensityof geometricallynecessarydislocations.In [3] it wasshown thatabout80%
of thedislocationsareGNDsup to a bendingangle &5'6),+ )37 . More recentcalculationspursuedup to &5'6),+8-"9 clearly
demonstratethattheGNDsdominatetheglobalmoment-rotationresponseevenat higherangleswheretheGND density
becomesaslow as20%of thetotal density.

Stored energy
In orderto comparethe behavior underthe two deformationstates(tensionandbending)the storedenergy underload,:<;

, is plottedin Figure2(a)againstthe total work,
:>=

, expendedin deformingthecrystal. For a givensupplied
:>=

it
appearsthat the rate of energy storageunder load is independentof thestateof deformation.This is remarkablegiven
thattheloadingresponse(Fig. 1 above)andthedislocationstructureareverydifferentin tensionandbending.
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Figure 2. Energy storageundertwo deformationstates,tensionandbending.(a) Storedenergy, WYX , versusexpendedenergy, W[Z . (b)
Ratioof storedenergy in theunloadedstate,WYX\ , to WYX versusW[Z .

Uponunloading,however, the rateof energy storageis found to be dependentuponthe deformationstate.This is best
illustratedby consideringthestoredenergyafterloadremoval, ]_^` , relativeto thestoredenergyunderload, ]<^ , for agiven
suppliedmechanicalenergy ]_a . As shown in Fig. 2(b), a significantfractionof thestoredenergy is releasedin tension
uponunloading.By way of contrast,energy releaseafterunloadingin bendingonly occursat low valuesof thebending
angle. Dependingon the amountof suppliedexternalenergy, the energy storedin the unloadedstatecanbe smalleror
higherthanthatof theloadedstate.

CONCLUSIONS

The loading response(flow stress,hardeningand unloading)is controlledby the densityof statisticaldislocationsin
tensionand by the densityof GNDs in bending. In bending,however, the build-up of a statisticaldensitystrongly
affectsthemagnitudeof energy storedin thebentsampleafter loadremoval. This suggestsimportantconsequencesfor
recrystallizationin bendingin comparisonwith tensileloading.
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