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Abstract. A computational plasticity model with accountinfy @upled evolution of the
dislocations, twins and grain boundaries in metader the dynamic loading is presented.
The model is based on our previous results for distocation plasticity and the grain
boundary sliding, but generalizes them and accotwvitss in addition. It includes equations
of the mechanics of continua for elastic-plastiadiam, where the plastic deformation tensor
Is determined as a result of the structural defeetdution in the material. The model is self-
consistent and allows determining of mechanicaperties in wide range of strain rates and
thermodynamic conditions as well as modificationtlod defect subsystems. The equations
and parameters, its numerical implementation antesof obtained results are presented.

1 INTRODUCTION

Constitutive equations are necessary for numesiocalilation of materials behaviour in the
framework of continuum mechanics. Shear stresseeinls are determined by elastic-plastic
properties and plasticity model is a substantialt paf the constitutive equations.
Experimentally obtainable rates of deformation vdrgm almost zero—at quasi-static
deformation—-up to s™-at the thin foils irradiation by the ultra-shoasér pulses [1,2].
Therefore, the plasticity model is greeted to heide-range one, which means that it should
be valid in a vide range of strain rates as wellirmsa wide range of thermodynamic
parameters. Accounting of structural defects (defions, grain boundaries, micro-twins) as
physical carriers of plasticity is a natural wayctmstruct such a wide-range plasticity model.

Here we present our plasticity model based on thectsiral defects evolution. Next
processes are accounted: motion, generation andohifimation of dislocations [3,4],
formation, growth and immobilization of twins [5the grain boundary sliding [6,7].
Interaction of deferent defect subsystems is adeoutiirough their barrier stresses.

Evolution of defect subsystems is described throegirations for their concentration (or
density) and other characteristics (velocity ofatiations, radius and thickness of twins, for
example). It allows to calculate the plastic stregnsor and the shear stresses—through the
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generalized Hook’s law. Calculation of the struatudefects evolution is performed in each
physically small volume of metal simultaneouslyiwialculation of its dynamic deformation
on the basis of the continuum mechanics equatiblezhanical response of substance is
calculated in this way as well as the defect sutesys modification [8].

2 MATHEMATICAL MODEL-CONTINUUM MECHANICS

Total plastic strain of polycrystalline metal cam fepresented as a result of the combined
action of three competing processes: i) the disiocanotion, ii) the mechanical twining and
iii) sliding along the grain boundaries. Accorditythis viewpoint, the plastic deformation

tensorw, is represented by the next sum of three tensgys: W + w}" + w", wherew? is
the part of plastic deformation caused by the daion motion, w;” is caused by the

mechanical twinning aney® is caused by the grain boundary sliding. Detertioneof these

tensors through evolution of defect subsystemsheilconsidered in the following section.
The common part of the mathematical model consisteree conservation laws. The first
one of them is the continuity equation:

9y, .

where p is the substance density, is velocity vector;x, is the Cartesian coordinatés;s

the number of dimensions of the considered problendgx k numerates space directions.
The total time derivatives are used in Eq. (1) &ibwing equations, which are valid for
Lagrangian particles moving with substance. Theaggn of substance motion:

du Y )

P .
= 4 _—, |:1,...,N.
Pt~ ox 204

where P is the pressure or spherical part of stresseg;hwikidetermined from a wide-range
equation of staté® = P(p,U) [9,10]; S, is the tensor of stress deviators, which charaeer

the shear stressell is the part of internal energy, connected with siplerical part of
stresses, its value is determined from the enevggervation law in the next form:

LU _Pdp S dy
Pt o dt Z_;;ka

3)

where the second term in the right-hand part ihta release due to the plastic strain.
The generalized Hooke law [11] with accounting bé tplastic strainw, is used for
determination of the stress deviators:

N

Sk:ZG[q(—%JiKZq— W}’ =1...,N, k1,..,N

=1

(4)

where G = G(T, P) is the shear modulus, which depends on temperanaepressure [12];
o, is the bivalent mixed tensom, is the geometrical deformation, induced by the
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macroscopic motion of substance, which is deterchinethe next equation:

du 1[0y 0u |, 1], (00, _ou ), (04 _0u ®)

at 2)ax ax | 2&)Max Tax )Ml ax o)l
where the first term in the right-hand part is th&nitesimal strain rate tensor; the second
term accounts for the change of the geometricabrdedtion tensor components in the

laboratory coordinate system due to the substastedion [13], which is essential for two- or
three-dimensional cases.

3 MATHEMATICAL MODEL-EVOLUTION OF STRUCTURAL DEFECT S

Three main types of structural defects—dislocatiomsro-twins and grain boundaries—are
considered here together with their contributionghie total plastic strain. The particular case
of monocrystal corresponds to zero contributiothefgrain boundarieg?” = 0. Contribution
of twining can be zero as well," =0 for metals with the suppressed twining, aluminam f

example. All three parts are accounted in the comoase.
Submodels of the dislocation plasticity and the mawdical twining consist of kinetics

equations for defects ensembles and equationsfoesponding contributionsy, and w,",

in the total plastic strain. Dislocations are cltedzed by scalar densities of mobile and
immobilized dislocations and velocity of mobile lIdisations; these quantities are determined
for each possible slip system of dislocations & ¢bnsidered metal and for each physically
small volume of substance. Thus we use the conimubeory of dislocations. Twins are
supposed to be cylindrical and characterized byceotnations of mobile and immobilized
twins (with fixed boundaries), their radius andckmess. All possible crystallographic
orientations of twins are also accounted. Submaodigéhe grain boundary sliding is more

simple, it includes only equation for correspondoantribution wg°, while the boundaries
state and the grain size are supposed to be unehialeg

3.1 Dislocations

The plastic deformation tensor of the dislocatidasticity w;, can be found from the
generalized Orowan equation [14]:

Sopseronen Sl i), "

where the first term in the right-hand part is phastic strain rate itself while the second term
accounts rotation of the substance elements, hk&q.(5). Index 8 numerates the slip
systems of dislocations in the material, whichharacterized by the Burgers vectgt and

by the normaln’ to the slip planep? is the dislocation density of mobile dislocationghe
corresponding slip systerw;? is velocity of these dislocations relative to tubstance.

One has to take into account the different crystgiphic orientations of lattice in
different grains for description of the polycry$ta metals. Simulations [3] had shown that
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the most suitable oriented slip planes are activditst of all. Therefore, it is enough to
account only such "active" planes, which orientaicare close throughout the sample,
regardless of the grain boundaries. This is verydhaapproximation, especially for the
nanocristalline metals, where the grains are muwdlsr than the numerical grid resolution.

The core of the dislocation plasticity model [3,4]nsists of the motion and kinetics
equations. The equation of dislocations motion ésrtext:

(7)

N N
e —[zzs g L bv}-szgvg,
k=1

where &, =1/ \1- (V,f / q)2 is a quasi-relativistic factor [15], which refledhe restriction that

‘V[f‘ <q; ¢ =G/ p is the transverse sound speed of the materig 10™*° kg/m is the rest

mass of dislocationsy is the static yield strengthB is the phonon drag coefficient, it
describes the viscous resistance to the dislocatiotion [16]. Dislocations move only if the
force of the shear stresses (the first term instipgare brackets in Eq.(7)) is higher than the
resistance of the Peierls relief, inclusions arfieodefects, which i®©Y/2; the sign “+”
means that the resistance is always directed oggpimsihe dislocation motion.

The kinetics equations for mobile? and immobilizedp” dislocations [4]:

(8)

d/)D = -, Ao =Q/-Q
dt ¢

where QZ is the generation rate of the mobile dislocatids;is the rate of immobilizationQ)/,
and Q’ are the annihilation rates of mobile and immobilizlislocations correspondently:

QL = k,b|\Via|ph (205 + p7)=NE|pbid. QL =kbVE|pbo!, .

wherek, is the annihilation factorgd is the grain diameter in polycrystals;is the modulus
of Burgers vector of dislocations. Rates of genenaand immobilization are the next:

o} = {28 i, -1+ b oot

Q= (o~ WoT &

where £, =8 eV /b is the energy of the dislocations formation pet lemgth. The multiplier

in curly brackets in Eq. (10) is the energy disBgrarate per unit length of dislocation—it is
the sum of work against the phonon friction and wuek against the resistance force [15].
Eq. (11) describes the immobilization process, whgrametero, =10" cmi® is the minimal

dislocations density, which is necessary for tremnsolidation in the structures [4]. This
expression is written from the assumption thaextless mobile dislocations will be immobilized
in structures with the characteristic timg=r V|, wherer;;~ (o/)"? is the average distance
between the immobile dislocations. Parametermeans a characteristic velocity of the

(10)
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dislocations movement during the process of comsindin; it is determined by internal stresses.
The drag coefficienB depends on the temperature [17]:

B=Tr{40°K) /(" ¢). (12)

where k; is the Boltzmann constantt is the Planck constang, is the parameter with the
dimensionality of temperature. The static yieléstyth is determined by the following relation:

Y=Y+ AGR/p, + ko /N d+ k, /A, (13)

where p, is the total scalar density of immobilized dislvcas (the sum over all slip planes);
A is an average distance between the twiss the interaction constant of dislocatioks,
is the Hall-Petch constant arld,, is similar constant for twins. In the right-handripof
Eqg.(13):Y, is the resistance of Peierls relief and point dsféinclusions); the second term is

resistance of immobile dislocations (the Taylor )lathe third term is contribution of grain
boundaries (the Hall-Petch law) and the last texpresses the resistance of twins in a similar

way to the grain boundaries [5].
Parameters of the dislocation plasticity model hiagen found in [4] by comparison with

velocity histories of back surface at plate imgasts; they are presented in Tabel 1.

Table 1. Parameters of the plasticity model

Metal Al Cu Ni
Yo, MPa 22 30 40
f,K 430 280 300
A 6 4 0.3

V,, m/s S 2 1
% 0.357 0.337 0.3

3.2 Twins
Twining becomes an alternative plasticity mechangrow temperatures and high strain
rates [18,19]. The stacking fault energy. is the main parameter determining the material

tendency to undergo the twining. Metals with lowcsing fault energy (less than 0.1 3m
for example various steels, copper, silver, nieked their alloys, are disposed to twinning.
Plastic deformation caused by twinning can be esgwe through its volume fraction:

W _da oy A (00 90, w(dg _dy)| O
dt _; dt (Ti nK Tkn)gTW 2; V\ﬁ a)$ a)E V}Z a)F a?( ’

where a” is the volume fraction of twinned materiad;,, is the deformation of twinned
material with respect to initial one, for exampg, =1/~/2 in fcc metals [19]; unit vectors
7/ and n/ describes crystallographic orientation of twinsgex y numerates all possible
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orientations. The second term in the right-hand plalys the same role as in Egs. (5) and (6).
We suppose that twins are cylindrical and have gshme radius and thickness in a
physically small substance element, than the volfraction is equal to

a” =Ny, 27y, T, ) + N 27 R, Off ), (15)

where Ny, and Nj, are the local concentrations of twins, mobile anmimobilized

correspondently;Ry,, and R}, are radiuses of mobile and immobilized twirhg, and hy,

are their thicknesses. All these values are detethby the kinetics of twins.

Energy of a twin consists of the surface part aeiteed by the stacking fault energy, the
energy in external stresses and the energy ofi@kdstormations of the surrounding matrix
[20]. Differentiation of this energy over radiustbickness gives the forces tending to change
the corresponding size of the twin:

Fy =4, ER{WWWQN:ZN:% ﬁT(‘ZHVSF[QZ?wJF 'FM)“DEQ hN)Z’

k=1 i=1

(16)

(17)

F =2, EGR%/W)Z |§N:ZN:§< ey - 2ny OR,, - 20 0OR, K,

k=1 i=1

where & = 277°(2-v) [ J1-v)|Gs},, v is the Poisson ratio (see Table 1). Growth of twin

radius or thickness is connected with motion ohtvimg dislocations at its edges, which are
the partial dislocations. The balance between #seribed above forces (expressions (16) and
(17)) and the drag force acting on these dislonatadlows one to find the growth equations:
% (18)
Ry _pryg Mo prg
dt dt

where B' = B/3 is the drag coefficient of partial dislocations.

Expressions (16) and (17) give the critical radRfsand the thicknesk!, of twin at which
forces are equal to zero—a twin larger than thiécatione will grow up. Immobilized twins
can not grow in radius but they can change itktiess similar to Egs. (17), (18).

The last part of the twinning model is the kinetezguations for concentrations of twins.
We have written them from energetic consideratigppssing that the twinning becomes an
active channel of plastic strain then the dislaraplasticity becomes ineffective. Twins are
experimentally observed usually then the dislocagilasticity is suppressed. Effectiveness of
the dislocation channel is restricted by anniholatof dislocations (see Eq. (9)). A part of
plastically dissipated energy spends on formationesv defects [21,22], but in conditions of
active annihilation this energy can not be storedhe dislocation subsystem and should be
stored in other types of defects, twins for exampleus, the generation rate of twins

e Y

(19)

where Q, :Zﬁan + Q) is the total annihilation rate of dislocationg; is the total number
of possible orientations of twins. A twin becomesmobilized then it reaches a grain
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boundary or another twin; the immobilization raée de written as follows:

NZ, = N, R, / difa™ + d?). (20)
The average distance between the twihsis connected with their volume fraction [18]
A= Zy[ayl{(l—ay) hTVW}] Finally the required kinetics equations are thetn

AN,
dt

Implementation of this twinning model to the platgact tests gives results corresponding
to the experimental observations as it had beewslhio[5].

_ N{\;/ e dN/ . (22)

TW? dt W *

3.3 Grain boundary sliding

Here we define the plastic strew?’caused by the grain boundary sliding. We consider a

shift of a grains layer relative to another layBuch shifts should take place along the
directions of maximal shear stress first of aldldr @ numerates all possible planes of grains

shifting; n” is the unit normal to one of these planes. Theefgrer unit square applied to the
corresponding plane is equal g, n; , and the force component, which acts in the taingen

direction 7; to the plane, is equal to the convolution proco, n/7. = S, rf7,. We denoter;”

as the direction of the tangent vector correspantbnthe maximum shear stresses (tangential
force) applied to the plane. Then the maximal sk&ass acting on the layer of grains can be

represented eéo; =S, f7, .

The shift of grain layer on one grain diameter dedsafor each grain in the sliding plane
to deform two grains in the neighbor plains. ltdedo appearance of a barrier resistance
stressy, which depends on the grain size [6]. It is thesgrwhich the external shear stresses

must exceed for initiating of the grain boundarngisly. Viscous force appears in the grain
boundaries due to diffusion, which counteracts #fiding of grain layers; it can be
characterized by the relaxation tinfe As a result, the next equation can be writtentfier
plastic deformation caused by the grain boundadyngj [6,7]:

M o o0 =Y A (00, 00 ), 30y 22
dt ;Tin‘ 2GT +2§V\€ 0x 0% W ox 0x)|

This approach is similar to the Maxwell model formeghly viscous liquid [11] with an
exception of the barrier resistance strgss

Using a linear approximation, one can obtain tHeWing expression for the relaxation
time of the grain boundary sliding [6] from datatlbé molecular dynamics simulation [23]:

(23)
T=d ke T exp Ys :
12Ghv, V, kT

where v, is the Debye frequencyy, ~ b’ is the activation volumetJ, is the activation
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energy—of the order of activation energy of viscthow in the melt [24].
The next expression for the threshold strgseiad been obtained in [6]

G 5\ (24)
=0.0——| 1——| ,
Yo 1—|/( dj

where the grain boundary thicknedsis about 1 nanometer.

4 NUMERICAL IMPLEMENTATION

The described above plasticity model is numericadblized in CRS computer program in
1D and 2D cases. This program is designed to simwiatious intensive actions on metal:
high-speed impact, intensive electron, ion andrlassdiation.

Method of separation by physical processes is usidthe next subproblems: i) substance
dynamics (Egs. (1)-(3)); ii) dislocations kinetiagdamotion; iii) twinning; iv) grain boundary
sliding. Equations for all these processes are dalvéependently on each time step, and the
data exchange takes place at the end of eachSbproblem of the substance dynamics are
solved by modification of the numerical method [28odification consists in eliminating of
the artificial viscosity and accounting of the piegs$ viscosity; it allows to obtain the stable
numerical solution by using of a fine enough compahal grid [26]. Eq. (7) for the
dislocation velocity is solved with use of the appmate analytical solution [15]. All other
equations are solved by Euler method with a vaired step.

5 CALCULATION RESULTS

In this section we present some results obtaingll wse of the described above plasticity
model with the kinetics of structural defects.

5.1 Strain rate dependence of the dynamic yield stngth

Fig. 1 presents our calculated strain rate deperedenf maximum shear stress in the
coarse grained copper (the limd - o) with varied initial dislocation densities in
comparison with the experimental and calculated tigiten in its adapted form from [27]. A
uniaxial compression of a small substance voluneelgen simulated with the constant strain
rate du /0z = ¢ to obtain each point of these dependences.

The presented in Fig. 1 maximal shear stress isl égtize one half of the dynamical yield
strength. The experimental and calculated dependemes two distinct regions: at the low
and moderate strain rates the dynamic yield stremgreases slowly with the strain rate—the
regime of dislocation velocity control according [@7], while after some point the shear
stress growth becomes very sharp—the regime obadisbn generation control [27]. This
sharp growth of shear strength is a manifestatioth® dislocation starvation, and the used
dislocation plasticity model can uniformly describeth regimes. According to our modeling,
the different strain rate dependences ascertam¢®7i] can be explained by different initial
densities of structural defects (dislocations)ha lbaded material. Increase of initial defects

concentration leads to decrease of the shear stranbigh strain rates10° s™.
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Figure 1. Strain rate dependences of maximal shear stitesslynamical yield strength) for coarse-grained
copper. Markers are experimental and calculated)(MBults of different authors taken from [27]. &spresent
our simulation results for various initial disloicat densities. Scattering of experimental pointsage strain
rates can be explained by difference of the indialocation density of samples.

5.2 Localization of plastic flow on the shock front

The proposed model has been used for numerical tigagsn of the plastic flow
localization [28]. Fig. 2 shows the picture of tpkastic flow localization behind the shock
wave front. The shock wave moves through a samgletive randomly perturbed dislocation
density. One can see formation of the shear baradi:iéd on 45 degrees to the shock wave
front. The similar results have been obtained fotypbation of grain size; any investigated
perturbation leads to nonuniformity.

6 CONCLUSIONS

- Following the dynamics and kinetics of structurafetts is a natural way to
accounting of inertness of the plastic relaxatidhis approach can be used for
construction of a wide-range plasticity model as important element of the
constitutive equations for the continuum mechamocslelling.

- Here we present the plasticity model which takesuieaneously into account the
dislocations gliding, the twinning and the grainubdary sliding as competing
plasticity mechanisms. This approach gives resoltsesponding to the experimental
data. It can be extended further by accountingldfteonal physical processes.

- The proposed approach allows to calculate the nuadiin of defects subsystems
and the correlated mechanical properties duringlyimamic loading.

- At the high strain rates 10° s* the inertness of plasticity plays the criticaleralhe
shear strength depends very much on the initiateatnation of defects. Increase of
the initial dislocation density leads to the desee@f the shear strength at such
conditions.

This work is supported by grant of the PresiderRo$sian Federation (MD-286.2014.1) and
by the Russian Foundation for Basic Research (Gtast 12-02-31375, 14-01-31454).
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Figure 2: Localization of plastic flow on the shock waverit: the shock wave propagation in aluminium with

the randomly perturbed initial distribution of dishtion density; the plastic strain intensity (adl éhe

dislocation density (b). Formation of shear bamd$ined on 45 degrees to the shock wave front. &fglgump

in the shock wave is 0.3 km/s, it moves downwards.
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