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Summary We analyze plasticity size effects by means of computational discrete alisiocynamics. Using an enhanced method
capable of simulating hardening and millions of interacting dislocations, wkexbehavior transitions under compression in the
space of meaningful structural parameters. We also analyze thensesjm pure bending and the contribution of GNDs to dissipation
versus energy storage as the size of the bent crystals approachasriie

INTRODUCTION

Continuum modeling of plasticity requires constitutivatetnents on hardening and energy partitioning betweendstor
and dissipated [1]. In particular, when continuum concepésextended to the micron scale the role of geometrically
necessary dislocations (GNDs) in dissipation and eneage is debated [2, 3], often based on beliefs. Among other
tacit assumptions of continuum plasticity, including strgradient plasticity, two are worth mentioning. Firdteories
assume that sources of plasticity are available: upomattamt of a stress-based “yield” criterion, plastic flow dats
Such an assumption misses a physical length scale relatksl@cation source size or spacing. Second, theories assum
that plastic flow occurs at random in the elementary volunhe: émergence of a substructure under macroscopically
homogeneous deformation is impossible to model beyondfésteon, say hardening via a set of internal variables. This
misses a spectrum of evolving length scales, e.g., theizell o investigate plastic behavior when deviations from t
above assmuptions take place, we employ an enhanced vefsiatiscrete dislocation dynamics simulation method [4].
The method also enables calculations of the stored enemggametrically similar crystals subject to bending.

FORMULATION

Crystals having dimensions x D are potentially oriented for double slip and loaded in cogspion or bending. Ini-
tial dislocation sources are randomly distributed with dix@ensitypy. To maintain a near-zero net Burgers vector
in the initial state, forest dislocations are used as “asitef multiplication [5]. Critical conditions for sourcepe
eration are derived from a line tension model [6]. The sowige distribution has natural higher and lower cutoffs.
A superposition framework [7] is used to compute Peach-kKogjlide forces

as
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wherem!’ is the slip plane normab’ the Burgers vectogr’ the self-stress and® w| = «
o an image stress field. Overdamped dislocation motion is feddérough:
Bv' = f? with B the drag factor and’ the dislocation velocity. The superpo=
sition procedure does not apply to dislocation cores whendimear effects are 6
prominent. These are accounted for through a set of “2.5ul¥srdescribing
the short-range dislocation interactions such as junstjfgh The method has ‘o 001 gv‘o;a” Straion‘oaE o oos
recently been enhanced through code parallelization amthgimentation of a () '
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fast multipole method allowing to simulate a few millionsdi$locations [4]. & ' MDDP simulation
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steady size-dependent strain-hardening, Fig. 1a. Thésefunany such cal-
culations are compared with experiments in Fig. 1b. The asgtic limit of Figure 1. Results of 2.5D simulations in
O — Opux has recently been met thanks to computational enhancerakenta specimen with initial source density of
lowing multi-million dislocation simulations [4]. 1.510"m=2 andL/D = 3. (a) Sample

In this high dislocation density regime, the average difion spacing is much stress versus strain curves; (b) Hardening
smaller thanD and any size effect must be related to the evolving dislonatrate (in units of shear modulus) versus spec-
structure. Following a method developed in [9] maps of GNDsikees were imen widthD.

generated, an example of which is shown in Fig. 2a. An effeatieasure of

GND density is then defined as the volume average of the GNDBityeover

the specimen (note that the net GND density vanishes ircéispef size). As
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shown in Fig. 2b the effective GND density consistently @ages with decreas-
ing specimen size. The size effect on hardening is therefoesto the emergence of deformation-induced dislocation
structures with a characteristic length comparable widtspen dimensions.

Bending
In bending, we obtained size-dependent mome#j yersus ro-
tation @) responses, as would be expected based on net GND
densities. Here, we focus on stored energy calculationssider
‘ a loading program from initiad = 0 (stress-free state) to tinte
Wi ] P S Then: . )
pe (10°m?) [ [ | / Ddt = / Wdt — (I)(t) (2)
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whereD is the rate of dissipation anbl(t) is the free energy of the
(b) 5 ‘ body computed as strain energy knowing all dislocationtjms

: ] att. Also, W is the work expended:
i e
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8 2 % The energy locked in the dislocation structure is computethf
o f ®(¢) after subtracting out the work of tractions:
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with D* the bending modulus.

Fig. 3 shows sample results &F /W for two crystal sizes. Two
. ) sets of physical rules were used in the simulations, basicu3
Figure 2. (a) Contour of GNDQde”S'tVPG‘ ate = 0.06 g junctions) and 2.5-D rules (with junctions). Irrespeztof
and a resolution 060 x 50 nm* for crystal width ' = g, getaijls, the results indicate a strong increase in ribgop

D3.2 pym.  (b) Effective GND density (integral measurginn  of stored energy upon decreasing specimen  size.
over specimen) versus overall strain in four different speci-
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2.5-D — domness of plastic flow within the RVE. The breakdown of eithgsump-
0.04 25D+0n tion may lead to size effects. Exhaustion hardening is aetiMow disloca-
2-D tion density and is rooted in the initial dislocation sturet. Size-dependent
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: T e dence of energy storage in microcrystals.
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Figure 3. Energy stored per unit of work ex-

pended in bending (a) largg:thx12um crys-

tal; (b) small kimx3um crystal.
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