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Statistical approach to elastoplastic behaviour of polycrystals
at finite deformations

P. LIPINSKI, M. BERVEILLER and F. CORVASCE (METZ)

THE AM of this study is to determine the elastoplastic properties of metallic polycrystals at large
strains using the statistical methods developed by Kroner. The large number of microfields
describing the internal structure evolution is taken into account. The evolution laws for these
parameters are recalled or proposed. A few numerical results are finally presented which illustrate
the evolution of the internal structure. Special attention is focussed on internal stresses and on
stored energy linked with these second-order residual stresses and their influence on the overall
behaviour of the polycrystal.

Celem pracy jest okreslenie sprezysto-plastycznych wilasnosci polikrysztalow metalicznych
w zakresie duzych deformacji przy uzyciu metod statycznych rozwinig¢tych przez Kronera.
Rozwazono wiele mikropdl opisujacych ewolucje struktury wewngtrznej. Dla parametréw
charakteryzujacych te pola zaproponowano nowe (lub wykorzystano znane) réwnania ewolucji.
Przedstawiono kilka przykladow numerycznych, ktore ilustruja ewolucje struktury wewngtrznej.
Ze szczegblna uwaga przeanalizowano problem wewngtrznych naprezen resztkowych oraz
energii ukrytej zwiazanej z tymi naprezeniami, pod katem ich wplywu na globalne zachowanie
si¢ polikrysztatu.

ensio paboTel sIBASETCS oNpee/ieHHe YIPYro-IUIACTHUECKMX CBOMCTB METAJIMUECKHX TIO-
JIAKPUCTAJUIOB B 0o0JiacTH OoJbiMX methopMalii OpH HCIONb3OBAHHMN CTATHCTUYECKUX METO-
noB pasBuTbIXx Kpenepom. PaccMOTpeHO MHOrO MMKPOIOJEH, ONHMCHIBAIOLIMX 9SBOJIEOLIMIO
BHYTpeHHeH CTpykrypbl. JiA napameTpoB, XapaKTepH3YIOLMX 9TH IOJIA, MPEAJIOMKEHBI HO-
BbI€ MM MCIIOJIL30BAHLI M3BECTHLIE YPABHEHHMs 3BOJIOLMH. [IpencTaBiieHO HECKOJIBKO YHC-
JIEHHBIX NPHMEPOB, KOTopble MILIIOCTPUPYIOT 9BOJIOLMIO BHYTPEHHEH cTpyKTyphl. C ocoben-
HBIM BHHMaHHEM TIPOAHAIM3HPOBAaHA NMpobieMa BHYTPEHHUX OCTATOUHBIX HAIPSDKEHMN M BHY-
TPEHHEl 3HEePrHH, CBA3AHHOH C 3THMH HANPMKEHUAMH MO YTJIOM MX BIMAHMSA Ha riobanbHOe
MoBEIEHNE TIONUKPHCTAIINA.

List of notations

B(x) concentration tensor,
C elasticity tensor,
d local strain rate tensor,
D overall strain rate tensor,
g(x) local velocity gradient,
g°(x) velocity gradient of some fictitious reference medium,
G overall velocity gradient,
% Green tensor for the fictitious medium,
H°" hardening matrix,
I identity tensor,
I local elastoplastic tangent moduli tensor,
él deviation part of /,
L° tangent moduli tensor of some fictitious and homogeneous medium,
Le* effective elastoplastic tangent moduli tensor,
local nominal stress rate tensor,
overall nominal stress rate tensor,

Zo =
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m*®n* orientation tensor of the A-th slip system,
R* symmetric part of the orientation tensor,
Q* antisymmetric part of the orientation tensor,
S, current external surface of the solid,
V: current volume of the solid,
w local spin tensor,
W overall spin tensor,

" plastic slip rate on the A-th system,

7. critical shear stress,

o Cauchy stress tensor,

o* Jaumann-Zaremba true stress rate with respect to the crystal lattice.

1. Introduction

As FAR as linear elastic properties of the metallic polycrystal are concerned, a complete
solution to the averaging problem may be obtained via the recently developed systematic
statistical theories [1, 2, 3]. Until very recently, studies on plastic or elastoplastic properties
of inhomogeneous materials have been limited to the applications of SACHs [4] and TAYLOR
[S] models or eventually to the different extensions of these.

It is obvious that the processes of metal forming lead, in general, to the finite elastoplastic
strains which simultaneously modify the internal structure and mechanical state of the
deformed material. The internal structure is essentially concerned with the critical shear
stress on all glide systems of the polycrystal, the second-order internal stresses associated
with plastic incompatibilities between grains and the crystallographic and morphological
textures. In order to describe well the deformation process, and especially complex loading
histories, the evolution rules for these micro-parameters must be established and taken
into consideration. The first real tentatives of microstructure evolution modelling are
related with the application of the self-consistent method to the elastoplasticity of metallic
polycrystals [6, 7, 8, 9]. Parallelly the elastoviscoplastic or viscoplastic models were devel-
oped [10, 11].

The aim of this study is to answer the question of how to incorporate the evoked micro-
parameters into the polycrystal modelling and to give the rational evolution laws for
them. To start with, we recall very briefly the theoretical bases of the self-consistent method
at finite deformations. In the second section the single crystal behavior is reviewed. Special
attention is paid to the evolution rule of the critical shear stresses on slip systems.

Finally, a few illustrative examples are presented for a FCC polycrystal modelled by
a set of 100 grains (inclusions) with isotropic elasticity. The evolution laws for the crystal-
lographic and morphological textures and internal stresses are proposed and discussed
with respect to the obtained results.

2. Integral equations and its resolution methods

As it was demonstrated in [9], the self-consistent method is in fact only a particular
case of the more general concentration problem whose aim is to connect local and overall
mechanical measures such as nominal stress rate i and velocity gradient g. IWAKUMA
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and NEMAT-NASSER [12] proposed the self-consistent model at finite strain based on the
general self-consistent scheme developed by HiLL [13]. They applied this model to the case
of plane polycrystal idealization by imposing only two active slip systems by grain. In
this study we use the results obtained in [9].

Let us suppose, for the moment, that single crystal behavior may be characterized
by the relation

2.1 My =l -

Thus the considered problem may be described by the following set of equations:
equilibrium equation in the absence of body forces:

(2.2) Ry (x) =0, xeV;
boundary conditions

2.3) 7,(x) = G,;(x)x;, X€S,

and constitutive relation (2.1).

Applying the Green tensor technique, the solution of this problem may be presented
in the form of the integral equation

(2.4) gi;(X) = gH(x) + fFU,‘.,(x—x’) Oliimn(X") gum(X') AV,

Ve

where g?; is the solution of the homogeneous equivalent problem, I j,(x —x') = %, x;(x—
—x'), 9,; is the Green tensor, ¥, presents the current volume of the material, S, is its
current external surface.

In order to obtain this expression, the tensor of the local properties of material has
been decomposed on a constant part L° and the deviation 6l such that

(2.5) lipa(x) = L+ 8l (x) .
Moreover, the L° tensor is chosen to be symmetric with respect to second and fourth

indices.

2.1. Formal solution of the integral equation

The formal solution of the integral equation (2.4) may be presented in a form of the
development on multiple integrals. The approximation of zero order is obtained neglecting
the integral term in Eq. (2.4). This leads to the so-called Taylor-Lin model

(2.6) 8i,(x) = gi(x) = G;;(x).

The approximation of first order is accomplished by substituting g;;(x) in Eq. (2.4) by
g%(x). In this case one may write

@7 25®) = 850+ [ T —X") 8lytun(X) g2u(X") V",
v

Finally, substituting g;;(x) under integrals successively by new and more and more precise
approximations, one has
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(28) g,(x) =g+ fpum(x—x’) Ol ppmn(X") g (X") AV

Ve

t [ [ T =X Oltmn %) Do (X =X Sl (X" 8%, (x") AV |V +
v v’

Expression (2.8) may be rewritten after factorizing g° in the form

29 gm=(1+ f T(x—x'):81(x")dV" + f j T(x—x):

S1):T(x' —x"):BIK )V 'dV " + ... ) : gy)
or
(2.10) g(x) = a(x):8o,

where the a(x) operator is defined by the relation (2.9). One deduces the overall velocity
gradient G from the expression (2.10) by averaging operation over the whole material

volume
( 1 fa(x)dV) = A:g°

Expressions (2.10) and (2.11) lead finally to the concentration equation
(2.12) g(x) = a(x):A"1:G = B(x).G.

The overall properties of the polycrystal may now be found using the concentration equa-
tion. Indeed, introducing Eq. (2.12) into the relation (2.1), one has

n(x) = 1(x):B(x):G

which, after averaging over all material volume, becomes

(2.11)

(2.13) N:(% Vf l(x):B(x)dV,)G: = LG,

Equations (2.12) and (2.13) remain valid irrespectively of the current internal structure
of the inhomogeneous material.

2.2, One-site “quasi”-self-consistent method

In the case of the small elastoplastic strain theory, the one-site self-consistent method
is obtained choosing the tangent properties of the reference medium to be equal to the
effective ones and considering only the interactions between a given grain and the matrix
characterized by L. When the large elastoplastic deformations are considered, a similar
approach is not possible because the tensor of the effective properties of the medium does
not possess the symmetries required by L°. Accordingly, we propose to choose for L° the
symmetric part of Leff

(2.14) L = - (Ler;fz+szfich
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In what follows we limit our consideration to the polycrystalline medium composed
on grains of various crystallographic orientations (eventually various crystallographic
structure). Supposing the uniform elastoplastic properties within each grain, the deviation
part of the instantaneous moduli tensor may now be written as

@.15) Sl (x) = ) All 6'(x),
1

where

0 if X¢Vl,
I -
6(x)_{1 if xeW;

and ¥, is the volume of grain I
Similarly, noting the average value of the velocity gradient over a grain I as

g=— [ewav,
Vi
1 41
the field of the velocity gradient may be expressed:
gx) = > g0'(x).
T

In consequence, the integral equation, after some simple algebra, becomes (see deta il
in [9])
(2.[6) gl . g°+T":AI':g',
where
T — et f fl"(x—x')dV{dV,.
Vi
1 i
In this case

a' = (I-T": A1),
A= D fIaA-T":4r),
I

B = ([-T": A1) [12 Fa-tam-)™
and

(2.17) L*f — Zflll:Bl,

1

where f! is the volume fraction of grains family with label I.

In the next sections we present the evolution laws for four microparameters describing
the internal structure of the polycrystal as a function of the local velocity gradient.
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3. Single crystal behavior. Evolution of critical shear stresses

The single crystal elastoplastic behavior at large strain has been developed by MANDEL
[14], HiLL and Ricke [15], ASARO [16], NEMAT-INASSER [17] and is based on the additive
decomposition of the strain rate into elastic and plastic parts.

3.1 gy = (di+db)+(wi+wh)

where the strain rate d and the spin w have been introduced.
The plastic part of g is supposed to result from the plastic slip on different glide systems
defined by the normal vectors to the glide plane n and the slip direction vectors m. Thus

hl "
(3.2 gh =D minii,
]

where 3" is the plastic slip rate on system A.
Decomposing the expression (3.2) into symmetric and antisymmetric parts, one has

1
(3.3) 5 = ? 2 (m,n,+mjn‘)y = ZRU‘J/,

(34 2 (minj—min?)p" = Z onv".

The elastic constitutive relation is supposed to be

v
(3.5 oty = Ciydix—o1;dik,
where C;;; is the matrix of the elasticity constants and

v
(3.6) ol = Oyy— Wi Ok + Cu Wiy

is the Jaumann-Zaremba true stress rate with respect to the crystal lattice. The relation
between nominal stress rate 7; and g;;

3.7 nyy = 05— (i + Wi 04y + 0455y

leads to

(3-8) ﬁu = Ciadu—dy Okj=—Oki Wij— 2 (Cijkl R+ Q%o —Qfiou) 5’3-
g

The above expression determines the behavior of the single crystal. In order to eliminate
the unknown 3? in this relation, one has to establish, as it is common in plasticity: the
yield criterion, flow rule and evolution law for the yield stress of the single crystal. When
classical plasticity of the single crystal is considered, the Schmid law corresponds to the
yield criterion. It states that the plastic glide may take place on the g-th slip system if the
resolved shear stress on this system reaches some critical value noted 7

(3-9) fg(Utj, Yis V2s oo )’) == R{jaij_'tg-(yly V25 eees )’u) = 0.

It is obvious that the relation (3.3) in such a situation defines the corresponding flow
rule.
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The linearized law for the critical shear stress evolution has been proposed by MANDEL
[14] and may be written in the form

(3.10) w= D H,
P

where summation is performed on all active systems and H®" is the so-called microscopic
hardening matrix.

The experimental results on copper and aluminium single crystals [18, 19] indicate
a very complicated dependence among all the slip systems for different primary shear
strain in stage 1. Nevertheless, the hardening matrix may be supposed to be constant,
at least for stage II, and composed in four terms reflecting short range interactions between
primary and latent dislocations [18]:

HO is the self hardening term,

H1 is the term describing interactions between dislocations on coplanar or colinear

systems,

H2  defines the systems leading to formation of glissile junctions,

H3  describes Lomer-Cottrell sessile locks formation
and such that HO < H1 < H2 < H3.

Still, according to, [18] the hardening matrix for FCC single crystals may be presented
in the form

A2 A3 A6 B2 B4 B5 Cl C3 Cs D1 D4 D6
HO HI H1 H1 H2 H2 HI H2 H3 HI H3 H2 A2

HI HO H1 H2 HIl H3 H2 H1 H2 H3 HI H2 A3

H1 H1 HO H2 H3 Hil H3 H2 HI H2 H2 Hl A6

Hi1 H2 H2 HO HIl H1 H1 H3 H2 HIl H2 H3 B2

(H")= H2 H1 H3 Hl HO Hi H3 Hil H2 H2 Hl H2 B4

H2 H3 HI Hl Hi1 HO H2 H2 HI H3 H2 HIl BS

HlI H2 H3 HI H3 H2 HO HIl Hl Hl H2 H2 CI

H2 H1 H2 H3 Hil H2 Hi1 HO Hil H2 Hi H3 C3

H3 H2 Hil H2 H2 Hi H1 H1 HO H2 H3 HI C5

Hl H3 H2 HlI H2 H3 HI H2 H2 HO Hl Hl DI

H3 H1 H2 H2 HI H2 H2 HI H3 Hil HO H1 D4

H2 H2 H1I H3 H2 HIl H2 H3 Hl HIl H1 HO Deé

where the letters A, B, C, D indicate four planes (1 1 1), (1 1 1), (11 1), (1 1 1) and numbers
1,2, 3,4, 5 and 6 the slip directions <01 1), <0113, <101, (101>, <110, <110,
respectively.

It is obvious that this constant hardening matrix constitutes only the first-order approxi-
mation of the real phenomenon of interaction, creation and annihilation of dislocations
during any plastic deformation of the single crystal. Nevertheless, this rather rough descrip
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tion induces realistic responses when modelling the polycrystal behavior, as it can be
discovered in the following sections.

As in the case of phenomenological plasticity, the given slip system becomes really
active if and only if the stress vector remains on the yield surface. This condition can be
written in the following form:

. —

J? = Rij0;— 12 =0

or, after some algebra,

G.11) Riof = > Ho 3
W
Now, combining the above equations, one can deduce the expression for 3¢
(3.12) ¥ = ;Mﬂh(R?j Cisr i — Rl 015d) s
where

M = (H% 4+ R Cyj R

Introducing Eq. (3.12) into Eq. (3.8), the final expression for the single crystal behavior
is obtained:

. 1 1
;= [Cijkl 7 (01015 + Sy o)) + 7(511 O — 05 0)

- 2 (Cijmn R?nn + Q!l’m Omj— Qr';:j Gmi)Mgh(qu Cqul - qu O pg akl)] 8ix»
8 h

which has the form of Eq. (2.1).

In order to model the polycrystal behavior, one has to follow the evolution of the
critical shear stress on each slip system and for all grains of the aggregate.

In the next chapter we discuss the evolution laws for the morphological and crystal-
ographic textures as well as for the internal stresses.

4. Morphological and crystallographic textures. Internal stresses

In this chapter we discuss the evolution laws for the three remaining internal structure
parameters and their influence on the macroscopic behavior of a polycrystal. This discussi on
is supported by a few examples of numerical calculations performed for the FCC pol ycrystal
represented by 100 ellipsoidal inclusions whose initial crystallographic orientations are
random. The elasticity of the individual grain as well as that of the polycrystal is supposed
to be isotropic and defined by two Lamé’s constants. The initial value of the critical shear
stress for all slip systems is chosen to be the same. It is assumed that the hardening matrix
may be defined by only two different terms such that H, = HO = HI which represents
weak interactions whereas Hr = H2 = H3 describes strong ones. All calculations have
been performed for H,, = /250 and various values of the anisotropy parameter 4 =
= Hy/H,,. The value of H, = u/250 corresponds to stage II of the single crystal behavior.
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4.1. Evolution of grain shape and principal axes orientation
In what follows we assume to know the velocity gradient g' for all inclusions.
4.1 g'= B'G.

The decomposition of g' on the strain rate tensor d and spin w enables us to determine
the stretching of the principal axes (fibers) of the I-th inclusion as well as their rotations.
Indeed, it is easy to show that

4.2 a:Un:: = d,
( --) BfR,,=, =W,
60~ o,_,.,—'—"’_f_,'_—a
.-—;_;_L:—«j;s‘/‘#

g

« Sp=F(En)

Stress [daN/mm’]
Y
(=)

W
S

o Zp=F(Es)

+ Tag=F(Es)

] I 1 I |
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Plastic strain (%]

' FiG. 1. Tensile curves at three orthogonal directions showing the initial isotropy of the polycrystal.
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FiG. 2. Influence of the initial morphological texture on the anisotropy of the tensile curves. The grain
aspect ratio is defined by a/c = b/c = 5.
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the rate of stretch and rotation tensors with respect to the current configuration, are equal
to the strain rate and spin tensors. The mapping U stretches the principal fibers without
change of angles between them as it is known from the polar decomposition. From the
above we conclude that the evolution of the morphological texture is imposed by the velocity
gradient g'.

In order to show the influence of the morphological texture on the overall behavior
of a polycrystal, different initial grain shapes have been chosen. The amplitude of the
plastic strain has been limited to about 10%. For such a strain it can be assumed that the
induced morphological and crystallographic textures are negligible. Figure 1 presents
three tensile curves in X', 2,,, and X5 directions when a spherical shape of inclusions
has been chosen. This figure indicates a good isotropic behavior of the modelled polycrystal.
The influence of the initial morphological texture on the anisotropy of the aggregate
is illustrated in Fig. 2. Once more, three tensile curves in three orthogonal directions are
plotted in this figure but this time for disk-shaped inclusions with the principal axes parallel
to the reference frame and such that a/c = b/c = 5. A very pronounced anisotropic
behavior is visible. As it could be expected, the two tensile curves in X'}, and 2, directions
are still very similar but their level is lower than in the case of spherical inclusions. X3,
as the function of Ef; curve, is in turn much higher. For example, the difference between
the flow stresses at E? ~ 10% in X5; and X'}, directions is about 40%, with respect to the
2’1y value. Figures 3 and 4 illustrate the anisotropy of the overall behavior of the polycrystal

]
80} e
/././/_'
.—’./.
70+ o
./
.
< 60 —
5 T |
= +"‘+/+_/:e—.:_.—&$¢:$__z;¢a:€-‘¢""
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30 + a=b=¢
x Sa=5b=c
20+ v 1a=10b=c
| | | | |
g 2 4 8 10

6
£5s [%]
FiG. 3. Tensile curves X53 = f(E%s) for various grain aspect ratios afc = bfc =5, 2, 1, 0.2, 0.1,

for five various inclusion aspect ratios. The circular shape of grain has been assumed in
1-2 plane and the third principal axis has been changed from a/c = 5 to a/c = 0.1. Figure 3
shows the corresponding tensile curves in the 3-direction. The presented results illustrate
the importance of the grain shape on the constitutive relation. Figure 4 indicates the aniso-
tropy in the 1-(or 2)-direction. The effect of the grain shape is less important but still
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FiG. 4. Tensile curves X, = f(E?,) for various grain aspect ratios a/c = bjc = 5, 2, 1, 0.2, 0.1.

remains of the first order. It should be emphasized that the curve sequences in these two
figures are inverted.

It is straightforward to conclude the influence of the morphology of the grain on
initial (and subsequent) yield surfaces. This aspect of the morphological texture was
discussed by the authors in [20].

4.2, Induced crystallographic texture

Crystallographic texture development is characterized by a nonuniform evolution
of the lattice spin field w*, which can be calculated as the elastic part of the total spin,
which in turn is obtained from the relation (4.1) by the antisymmetrization operation.

4.3) we = % [B':G— (B":G)"]—w?',

where w?' is given by the expression (3.4). Knowing the concentrption tensor B! and plastic
slip amplitudes p* of all active systems for the given grain I, it is possible to determine
we .

Usually, the crystallographic orientation of grains is determined by three Euler angles,
say ¢,, D, ¢,, measured with respect to some fixed coordinate system. The rate of change

of the Euler angles may be related with the elastic spin we' as follows [21]:

o = sing, COSQ, 1

1= fl - W33
sin® " '*  sin® d

3

1 v 1
D' = —cosp, ws, +sing, wis,

. cosgy; g . sing; 1
) . e e e

=cos® | — wis+— W wS;.

& [ sin® "3t gne M| TWa
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In this study we follow the orientation of all grains as a function of the Eulerian plastic
strain and illustrate the texture evolution by the inverse pole figures. The tensile and
compression test simulations are presented in this paper. Figure 5a exhibits the initial
texture of the polycrystal which may be supposed to be isotropic. Figures 5b and 5c illustrate
the induced textures for 319 and 1029, of plastic strain during the tensile test. The double

1M1

2 d i ll'vn’“,?r-ﬁ'-: ':(;.»"-'-'w:sj 5 ‘5 fg
(1] [23] L1 [ ;1]

Fic. 5. Induced crystallographic texture and internal stresses; a) initial texture, b) and c) tensile test,
d) and e) compression test.
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texture of {1 1 1> and {1 0 0 fiber axes is obtained with good agreement with experimental
results for FCC polycrystals.

In the case of the compression test simulation, the same initial texture of Fig. 5a
has been used. Figures 5d and Se present the development of the (1 1 0) texture for 319,
and 719 of the plastic strain. Once again the obtained results conform with the experimental
observations [22]. The numbers used to refer the orientation of the tensile axis with respect
to the crystal axes (1 1 1), <1 00> and {1 1 0) indicate also the level of the ¢;;-component
of the internal (residual) stress tensor for each family of grains, the third axis being the
tensile or compression direction. The levels of internal stresses are given by the Table 1.

Table 1.
Stress Stress limits
level P R—
0 —-50 —40
L —40 -30
N 2 -30 -20
3 -20 -10
4 -10 0 o
5 0 A 10
6 - 10 20
7 20 30
8 30 40
9 40 50

These indications are discussed in details in the following section concerning the evolu-
tion of second-order internal stresses for elastoplastic polycrystals.

4.3. Second order internal stresses

The relative misorientation of the grains of the polycrystal and the plastic anisotropy
of the single crystal generate, during plastic straining of the material, internal stresses
of second order, i.e. the stresses at the grain level. These stresses play an important role
in the hardening phenomenon which is well manifested during complex path loadings.
On the other hand they contribute to an increase of the stored energy of the material
[23].

The model presented in this study enables us to calculate the residual stresses inside
each grain and to follow their evolution in the function of the plastic strain.

17 Arch. Mech. Stos. 5—6/88
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Fig. 6. Internal stress evolution for six different grains of various crystallographic orientations shown
in Figure a. Figures b, ¢ and d illustrate the evolutions of 255, 2, and 2,, components, respectively.

Figure 6 depicts the evolution of the internal stresses for six particular grains denoted
by A, B, C, D, E and F whose initial orientations are shown in Fig. 6a. The components
033, 011, and o,, are plotted in Figs. 6b, 6¢c and 6d, respectively, as a function of the E;,
component of the plastic strain tensor.

The internal stresses become negative or positive according to the orientation of grains.
Their evolution is fast during the first stage of deformation and next the stabilization
tendency is visible referring to Fig. 6. The level of the internal stresses is far from being

4
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Fic. 7. Evolution of the stored energy fraction f= We|/Wa versus plastic strain.
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negligible. For instance, for the plastic strain of about 5% the contribution of internal
stresses is about 10% to 30% of the applied stresses as it can be concluded from Figs. 1 and 6.
They contribute in a significant manner to the stored energy of the material. Figure 7 shows
the evolution of the fraction of the stored energy We/Wa as a function of the plastic strain
imposed on the polycrystal. We is the stored energy associated with the second-order
internal stresses and Wa is the anelastic energy furnished during the deformation process
whose part Q is dissipated in the form of heat and another part is stored in the material.

The influence of the crystallographic orientation of grains on the second order internal
stresses is depicted in Fig. 5. Figures 5b and Sc (tensile test) show that the grains whose
final orientation tends to approach the {1 1 1) axis are characterized by a positive residual
stress a5 and the grains which tends towards the (100> final orientation are in compression.
By definition the system of internal stresses is self-equilibrated, this means

[ oi,x)av =0,
Vl

which is of course verified in this case.

The difference between the grains of {11 1) and {1 00> types results from a different
hardening. It is well documented [24] that a single crystal of {1 1 1) orientation exhibits
more important hardening than that from a vicinity of the {1 0 0) orientation. This different
behavior explains the sign of the residual stresses presented in Figs. 5b and Sc.

The results concerning the simulation of a compression test are more difficult to analyze
because the stable orientation in this case is unique and close to (110); nevertheless one
can conclude from Fig. Se that the system of the internal stresses is self-equilibrated in
such a manner that grains in compression are localized on the (110)-(112) lines and sur-
rounded by grains in tension.

Conclusions

A very complete model for elastoplastic behavior of the polycrystal is proposed in
this study which is based on the physical fields describing the internal structure of the
material. These microparameters are generally accessible by experiment. This self-consistent
model constitutes a particular approximation of the exact integral equation derived for the
finite elastoplastic strains. The model has been used in order to simulate the influence
of the initial morphological texture, induced crystallographic texture, and internal stress
development on the macroscopic behavior of the polycrystal. All numerical results obtained
by these simulations coincide very well with the experimental data. The fundamental
phenomenon concerning the stored energy evolution with the plastic strain has been
demonstrated. It must be emphasized that all phenomenological approaches predict the
continuously increasing function of the fraction of the stored energy during the deforma-
tion process. It is in contradiction with the experimental results [25, 26].
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