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Abstract

The effect of the aggregate of grains type (i.e., the number and the orientation of grains) on the non-linear strain—
stress behavior of FCC polycrystals is of particular interest in the present work. In this context, a well established self-
consistent model, proposed by the author and co-workers [J. Appl. Mech. 69 (2002) 309] is used. This model is tested
under different complex cyclic loading paths with strain and stress-controlled conditions describing especially the
multiaxial ratcheting behavior of stainless steel 316L which represents also another main goal of this work. In order to
study the aggregate effect on the overall and local responses of polycrystals, several initially random crystal distribu-
tions are tested under these loading situations. It is recognized that the model shows a noticeable sensitivity to the
aggregate type principally under stress-controlled cyclic loading paths. Accordingly, it can be considered that the ag-
gregate of grains represents a model parameter needing identification. Moreover, the connection between the aggregate
constitution and the form of the loading paths play also an important role on the predicted responses of polycrystals.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical responses of single or poly-phase polycrystals are typical examples of heterogeneous
behavior of such material at their local geometry. In term of the irreversible behavior, their inelastic flow is
a manifestation of their heterogeneity and their discrete and heterogeneous deformation pattern at the
microscale. This leads, in general, to strengthening and workhardening of polycrystals. At the granular
level, the heterogeneity comes widely form the differences in the orientation of the grains and the single-
crystal anisotropy since the morphology and spatial distribution of the grains are not taken into account.
Crystals are consequently heterogeneous and some crystals deform differently than others inducing highly
non-uniform strain fields. Hence, the knowledge of the local heterogeneities is considerably important in
modeling of the overall stress—strain behavior of polycrystals. The exact solution for the local fields in these
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crystals even under homogenous overall boundary conditions is a extremely difficult task. However, exact
solutions for local stress and strains exist in many cases (Dvorak and Benveniste, 1996). The polycrystal is
usually considered as an aggregate of numerous grains with different orientations with respect to the
loading axis. The single-phase material properties of each grain are identical with respect to the crystal-
lographic reference system.

In the framework of the self-consistent approach initially proposed by Kroner (1961) and by Budiansky
and Wu (1962), a large number of solutions has been obtained for different problems. Even having so
restricted scope, it is impossible to cover all investigations of the problem and make complete list of ref-
erences. Therefore, only the main articles related directly to the present work will be mentioned. Such
approaches consider the problem of an inclusion (grain) embedded in and interacting with a homogenous
equivalent medium (HEM: being an average neighborhood of all these grains) namely the matrix. Neg-
lected the topology of the aggregate, they fulfill the compatibility and stress equilibrium in an average
sense (consistency conditions). The local response is generally non-linear leading approximately to an
overall non-linear response. This permits a calculation of the unknown overall moduli that describe the
HEM response. Furthermore, the heterogeneity at the granular level represents the main factor related to
localized intergranular interactions. Up to now, this can not be realistically described by most of the self-
consistent approaches. As for the relative anisotropy of the grain and matrix, such approaches give a better
description of material response than classical upper-bound models. In the current investigation, an at-
tention will be concentrated on those solutions dealing with the polycrystals cyclic behavior problem under
different loading paths.

Once the number of grains plays an important role on the predicted result accuracy, hence the emphasize
is placed here on the single-phase FCC polycrystals of random distribution. It is noteworthy that many
cyclic phenomena such as Bauschinger effect, strain memory effect and additional hardening have been
faithfully described by the model under different loading conditions (Dingli et al., 2000). The effect of the
grains aggregate type on the overall responses has been investigated under cyclic strain-controlled situa-
tions (e.g., Cailletaud, 1987; Pilvin, 1990; Abdul-Latif et al., 1998), under low cycle fatigue (Abdul-Latif
and Saanouni, 1997) and under high cycle fatigue (Bennett and McDowell, 2003). In fact, they concluded
that the used model is almost not sensitive to the aggregate type under these loading paths. However, this
parameter, as we think, is not yet studied under stress-controlled conditions. Therefore, its effect on the
predicted responses (overall and local) of polycrystals, representing the principal purpose of this work, is
carefully studied. Moreover, an attention is made on the cyclic stress-controlled loading to describe one of
the most complicated material behavior. It is a matter of the multiaxial ratcheting behavior of polycrystals.
Several numerical simulations are conducted to reproduce the mechanical behavior of stainless steel 316L.
Thus, six initially random crystal distributions (40, 200, 300, 400, 504 and 2016 grains) are tested to elu-
cidate the model sensitivity to this factor. Comparisons between predictions and experimental results are
also performed under these loading conditions.

2. The used self-consistent model

The main purpose of the self-consistent polycrystal approaches is to deduce the overall response of the
aggregate from the known properties of the grains and the interaction relation of each grain with its en-
vironment. The type of the interaction (hard or soft) of the grain with its matrix gives an appropriate
estimation about the accommodated plastic strain and its repartition between the grain and the sur-
rounding. We limit ourselves to a short description of the main features of the used model. For further
discussion about this model the reader is referred to the reference (Abdul-Latif et al., 2002). With the small
strain assumption, the model uses three different levels, namely macroscopic (representative volume ele-
ment—RVE: aggregate of grains), granular and microscopic (crystallographic slip system—css). It is im-
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portant to keep in mind that the RVE represents here a material point from a modeling point of view. As a
starting point, it is assumed that slip is the dominant deformation mechanism and other mechanisms like
twinning, grain boundary sliding, etc, are neglected. For the single crystal modeling, the resolved shear
stress (7°) is obtained on each slip system at a grain by twice-contracted tensorial product between the
granular stress ¢ and the Schmid factor matrix (orientation tensor) nz'.

Tt =a°:m’, (1)

m' =3n" @b’ +n' @b, (2)

where b’ is the unit vector in the slip direction and n* being the vector normal to the slip plane.
At the css level, only one couple of intragranular isotropic hardening variables (¢, R*) is introduced
describing the expansion of the elastic domain of the system s:

R = Qq ZHrsqr7 (3)
r=1

¢ =L01=-bq). )

This hardening is defined by its modulus @° and its non-linearity coefficient »°. H is the hardening in-
teraction matrix allowing the introduction of the cross influence of the slip of the system ‘s’ on the hard-
ening of the system ‘r’, belonging to the same family or not. Only the octahedral slips {111}(110) for FCC
materials are taken into account. Hence, a simple 12 x 12 matrix is chosen. At this level, the local inelastic
flow is determined by adopting a threshold concept, i.e., a slip system is plastified when the absolute value
of its resolved shear stress 7* is greater than the actual flow surface radius (R® + k). The slip rate can be
determined as long as the shear stress and the hardening variables are known. Thus, the yield surface (f*)
for each slip system is expressed by

f=le-R -k, (5)

where kj is the initial value of the critical resolved shear stress. .
In the framework of viscoplasticity, the value of pseudo-multiplier A* (accumulated slip rate), for each
slip system, is a power function of the distance to the yield point defined by the criterion f*:

A s\ 7 o =R — & z
- (£ ().

K* and 7* are two parameters characterizing the viscous sensitivity of the material.
It is assumed that the slip is the dominant deformation mechanism, the granular inelastic strain rate (&)
is therefore deduced as the sum of the contribution from all activated slip systems:

& = Zissign(rs)ms = Zjﬁms (7)
s=1 s=1
with
7 = Asign(r), (8)

where §* is the slip rate on the css.

From a physical viewpoint, the granular elastic behavior is generally anisotropic. The principal ob-
jective of the micromechanical model is to describe the cyclic plasticity of polycrystals. For the sake of
theoretical simplicity, the granular elastic behavior is assumed to be uniform, isotropic and compressible.
Moreover, the corresponding constitutive equations including their accompanying parameters are the
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same in each grain. However, it is important to note that the heterogeneity of the elastic behavior within
the RVE depends principally upon the local geometrical position of each grain with respect to the loading
axis since the size, the morphology and spatial distribution of the grains are not taken into account.
Consequently, the elastic strain & is defined by a well-known isotropic elastic equation at the granular
level:

0* = 2uel + Atrgg) 1, 9)

where [ is the second order unit tensor. In the isothermal case, the granular Lame’s coefficients (4 and u)
remain always constant, hence the time derivative of Eq. (9) gives
ol A

R A —0

T 2u 2u(2u+34) ML (10)

According to the small strain hypothesis, the total granular strain & is partitioned into elastic & and in-
elastic &, parts:

& =g+ g, (11)

The index s € {1,2,3,...,n} is associated with the slip system rank with (n) being the maximum number of
octahedral systems in the grain (7 = 12 for FCC microstructures). Similarly, the index g € {1,2,3,...,N,}
describes the grain rank with N, being the maximum number of grains contained in the aggregate.

Since the overall behavior of polycrystals is strongly influenced by grain/matrix interaction law,
therefore the heterogeneous stress and strain fields throughout the matrix (aggregate) need grain inter-
action consideration. A trivial way to theoretically obtain this interaction is the well-known self-consis-
tent relations. Thus, the interaction law represents an extremely important key factor for this type of
modeling.

A succinct theoretical presentation is given here summarizing the basic assumptions which have been
adopted by Abdul-Latif et al. (2002) in order to derive the interaction law.

The generalized elastic—viscoplastic interaction law of Molinari et al. (1997) is expressed as follows:

(37+C) -+ (37 +4) (-8 =@ b (12)

3’ and j" are respectively fourth rank tensors which have to be computed using 4 and C with Green

function and integral methods, respectively. Where, C is the global stiffness tensor. The fourth order tensor
A represents the macroscopic tangent modulus. & and E are respectively the total granular and overall
strain rates. O

In the case where the elastic response dominates, the viscoplastic term (S’Sil + 4) becomes negligible
with respect of the elastic part, and the interaction law can be written by -

(37+C) - =& £ (13)

It corresponds to the solution of the elasticity problem for heterogeneous materials. For a spherical in-
clusion embedded in a finite homogenous isotropic matrix having elastic properties defined by u and 4, the
fourth order interaction tensor is determined by Francgois et al. (1993). Therefore, the elastic part of the
interaction law can be expressed by

24(6* - Z) + Btr(¢* — X)1 = (& — E.), (14)
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where the constants 4 and B are defined as

—(8u+37)
_ _—Opt ) 1
A= a5y (15)

(6t A)(32+8p)
11(44812 + 4560 + 1081%)

For a fully viscoplastic behavior dominating at stationary state (in the long range response), the term

(¢® — X) is practically vanished. Therefore, Eq. (12) can be written approximately as

(37 +4) (-9 = (& - E). a7

This equation represents a self-consistent approach developed by Molinari et al. (1987) describing the
viscoplastic behavior of polycrystals under large deformation condition. In the case where the viscoplastic
behavior of the matrix is supposed isotropic and incompressible for spherical inclusion, the viscoplastic part
of the general interaction law (12) is thus deduced as

1 . .
_3_110@7_&) = (&, — En)- (18)
The general interaction law for the elastic—viscoplastic behavior of polycrystal (Eq. (12)) is equal to the sum
of the two approximate parts (elastic: Eq. (14) and viscoplastic: Eq. (18)). Thus, one obtains

(16)

. . 1 .
24(6° - £) + Bu(e* ~ D)L - 555 - 5) = (&~ ) (19)
The same problem of #° adjustment, as in the incompressible case (Abdul-Latif et al., 1998), is came across
in order to satisfy the self-consistency conditions especially under multiaxial loading paths. According to
Abdul-Latif et al. (2002), the term (1/31°) is thus replaced by a phenomenological parameter (¢ > 0) and
the simplified interaction law is written as

24(6% — %) + Btr(¢f — X)1 — a(s* — 8) = (& — E). (20)

The overall properties are determined by the collective properties of the constituents (crystals). Since the
size, morphology, spatial distribution of the grains and the neighboring effect are not taken into conside-
ration by the model, therefore the transition from the single to the polycrystal response is performed by
classical averaging procedures depending on the granular rates. In this context, the overall elastic and
inelastic strain tensors are obtained through the micro-macro methodology. Thus, the overall elastic strain
rate (E) is calculated by

Ne
E =% v (21)
g=1
The overall inelastic strain rate (Em) is deduced by the following equation:
. Ng
Em _ Z Uggis’n’ (22)
g=1
where v¢ is the volume fraction of the same oriented grains. & and & are determined by Egs. (10) and (7),

respectively. .
The overall total strain rate (£) is determined as follows:

E=E+E" (23)
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As far as the hardening behavior is concerned, two sources of kinematic hardening are physically ob-
served at two levels: the first one (intergranular) comes from the plastic strain incompatibility between
grains giving non-uniform distribution of the stresses at granular level. The second source (intragranular)
represents the long-range interactions inside the grain. In fact, the effects of these hardening types can be
naturally described by the interaction law without proposing internal variables under uniaxial and multi-
axial cyclic paths. This is due to the existence of the granular elastic behavior in the interaction law since the
intergranular accommodation has an elastic nature. It is worth intriguing that the kinematic hardening
effect depends considerably on the scalar parameter « (Eq. (20)), which is independent on the strain history
and is capable to satisfy the self-consistency condition at each instant. The influence of this parameter on
the polycrystals hardening (kinematic and isotropic) is studied using the yield surface evolution concept.
Hence, two different values of o (5x 1077 and 5x 107®) are chosen for describing the initial and subsequent
yield surfaces employing the 200-grain aggregate as an example. Plotted in a stress-space, numerical con-
structions of these surfaces are conducted. The initial yield surface is determined by following radial stress
path away from the origin of the stress-space, always returning to the origin after yielding. An offset of
4x10~* s7!, as a macroscopic equivalent inelastic strain rate, is applied. The isotropic hardening effect,
which describes the expansion of the elastic domain, is also examined showing its effect on the subsequent
yield surface. An examination of Fig. 1 shows that the initial surface is smooth and circular. This result is
expected since the assumption of the isotropic elastic behavior is adopted by the model. The subsequent
yield surfaces are obtained after prestraining in axial direction (£,; = 0.008), then, they are constructed
after a partial unloading followed by reloading in different directions. These surfaces are expanded,
translated and distorted in the prestraining direction. Governing mainly by the overall kinematic hardening
effect, the distortion of this surface is characterized by the appearance of a round nose formed in the
prestraining direction and a flat in the opposite one. Variation the value of the parameter o shows obviously
its effect on the kinematic hardening evolution and consequently on the subsequent yield surface. More-
over, the isotropic hardening evolution is also influenced by « as it has been shown by Dingli et al. (2000).

Shear Stress 6,y 3(.MPa)

Axid Stress  6,,(MPa)

—0— subsequent yield surface with ¢:=5.107
——— subsequent yield surface with ¢:=5.10°
------ initial yield surface

Fig. 1. Effect of the parameter « on the yield surface evolution.
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Indeed, this parameter has to be determined in such a manner that the instantaneous elastic effect and the
viscoplastic relaxation at steady state are appropriately ensured. If these two conditions are well respected,
the overall kinematic and isotropic hardenings will be successfully described (Abdul-Latif et al., 2002). The
parameter (o) has also a primordial role on the activated slip systems (Dingli et al., 2000). Actually, the
existence of the heterogeneous granular elastic behavior in the interaction law leads to a natural description
of the kinematic hardening effect. In the light of this fact, with the value of « =5 x 1077, the overall
kinematic and isotropic hardening effects on the related subsequent yield surface are noticeable (Fig. 1), i.e.,
expansion, translating and distortion of this surface are well demonstrated. Concerning the second value of
o (5 x 107%), an expansion of the elastic domain which is associated with isotropic hardening effects, is well
recorded. This due to the fact that a progressive activation of the slip systems is clearly taken place (Dingli
et al., 2000).

3. Application of the model

The influence of the aggregate composition (number and orientation of grains) on the macroscopic
response and the slip heterogeneity is principally studied under different cyclic loadings with strain and
stress-controlled situations. The model capability to reproduce the multiaxial ratcheting represents another
main objective of this work. Six initially random crystal distributions (40, 200, 300, 400, 504 and 2016
grains, referred to respectively, G-40, G-200, G-300, G-400, G-504 and G-2016) are thus considered.
Assumed to be a single-phase FCC type, the Euler angles which define the orientation of each grain within
these distributions are numerically generated in a random manner by a small program. Macroscopically,
the theoretical initial isotropy of these distributions is almost preserved. For minimizing the calculation
time (CPU), the G-200 distribution is practically an optimum compromise as it has been shown in Abdul-
Latif et al. (1998). The model parameters (Table 1) have been therefore calibrated (Dingli et al., 2000) with
this aggregate using some experimental databases of 316L stainless steel at room temperature (Calloch,
1997). It is important to keep in mind that this calibration process has been achieved using only those
experimental results obtained under strain-controlled condition. In fact, according to Calloch (1997), two
cyclic tests under strain-controlled condition have been conducted utilizing thin-walled tubes: tension—
compression (TC), and out-of-phase tension—torsion, with a sinusoidal waveform and a phase lag of 90°
between the two sinusoidal signals (TT90). In each case, the maximum von-Mises equivalent strain is 0.5%
during the test.

Several numerical simulations are performed under stress-controlled condition reproducing the rat-
cheting behavior of stainless steel 316L using the six aggregates. The same cyclic loading path proposed by
Portier et al. (2000) is applied during which the multiaxial ratcheting behavior of polycrystals can be ap-
propriately described. This loading is defined as follows (Fig. 2): Bow-tie (path 1) and reverse bow-tie (path
2) cyclic loading situations of three sequences (phases) with different mean stresses (0, 55 and 0 MPa) are
respectively imposed with a constant shear strain amplitude of 1%. Note that whatever the used path and
the applied phase, a constant stress amplitude of 34 MPa is imposed. Note that path 1 begins with an
increase of the axial stress, while path 2 begins with a decease of the axial stress.

Table 1

Identified model constants of stainless steel 3161
A 1 o k() z K Q b h] hz h3 h4 h5 /’l(J
(MPa) (MPa) (MPa) (MPa)

136,400 70,300 3x1078  39.1 10.4 23 394 23 1 1.31 0.96 1.37 1.3 2.57
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Fig. 2. Bow-tie (path 1) and reverse bow-tie (path 2) multiaxial cyclic loading paths with different mean stresses.

=33U

Fig. 3. Comparison between the model and the experiment results for 316L under TT90 (stabilized cycle).
3.1. Predictions under strain-controlled condition
In this paragraph, the overall and local cyclic responses of polycrystals are predicted under strain-

controlled loading situation. As an example of cyclic stabilization in TT90, Fig. 3 demonstrates a com-
parison between the experimental result and predictions of five aggregates (G-40, G-200, G-300, G-400 and
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G-504). Obviously, the overall responses of these five aggregates which describe appropriately the cyclic
behavior of this alloy, are almost the same.

Under this loading situation, the interpretation of the practically similar overall responses of the five
aggregates is based on the aggregate behavior at the lower level, i.e., the granular one. In fact, the axial
stress of each grain of, is recorded, as an example, at the end of loading and the mean granular stress of
each aggregate is then calculated. The five aggregates give almost the same mean granular stress as shown in
Fig. 4. This gives an appropriate indication related to the similar overall responses of these aggregates. In
order to better understand the model behavior in TT90, the granular axial elastic, inelastic and total strains
are recorded (Fig. 5) for each aggregate at the end of loading. This figure highlights the fact that the
granular behavior has a heterogeneous nature whatever the aggregate type, reflecting the aptitude of this
approach in describing this heterogeneity. At this point, the parameter o (3 x 107%) leads to an instanta-
neous elastic effect and viscoplastic relaxation at the steady state (Abdul-Latif et al., 2002). If these two
conditions are well respected, the overall cyclic kinematic and isotropic hardenings will be successfully
described. Hence, at the cyclic steady state, the term a(s® — S) gives a certain equilibrium between the first
two terms in the left hand side of Eq. (20) leading therefore to relatively smooth interactions between grains
and their matrix. The heterogeneity of the granular elastic behavior (Fig. 5a) dictated by the interaction
law, induces naturally the global kinematic hardening effect (Dingli et al., 2000; Abdul-Latif et al., 2002).
This can be interpreted by the fact that the intergranular accommodation has an elastic nature (Rougier
et al., 1994). Fig. 5b illustrates in a clear manner the granular heterogeneous viscoplasticity at the steady
state in function of all the employed aggregates. This heterogeneity remains obvious even in the case of total
granular strain where the strain fluctuation is around 0.005 (Fig. 5¢). The mean values of these hetero-
geneous responses at the granular level of the aggregates (stress and elastic, viscoplastic and total strains)
are almost similar leading consequently to practically the same predictions whatever the aggregate type.

At the css level, it is noticed that the aggregate type has a primordial role on the heterogeneity of the
accumulated slip as demonstrated in Fig. 6. In order to correctly understand this figure, the final projected
accumulated slip (y,.) should be clearly defined. Its determination is performed at the end of loading by a
projection process of all plastified slip systems in the aggregate of grains with respect to the applied loading
direction. For further details about this process, the reader is to refer to Abdul-Latif et al. (1999). An

500

450

400

350

300

250

Mean granular stressin 11 direction,MPa

200

T T

504

300
Grains aggregate

Fig. 4. Effect of the aggregate of grains type on granular stress in TT90 (at the end of loading).
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Fig. 6. Projected accumulated slip distribution with respect to the applied load (TT90) using different aggregates.

examination of Fig. 6 shows the non-symmetrical projected accumulated slip distribution with respect to
the loading axis for each aggregate (except for the G-504). It is clear that when the number of grains in the
aggregate is increased, the number of plastified systems increases leading consequently to a noticeable
change in the slip distribution fashion. As a result, a highest value is thus recorded in the case of the G-504.
Moreover, it is also observed that for TT90, two relatively maximum values are generally recorded in
around 0° and in £90° directions.

3.2. Predictions under stress-controlled condition

Another main objective of this study is to predict the polycrystal cyclic behavior under stress-controlled
conditions, notably the multiaxial ratcheting phenomenon. In general, the later is captured in the case
where the mean stress is different to zero. Several numerical simulations are conducted reproducing the
multiaxial ratcheting behavior of stainless steel 316 using the six aggregates. As shown above, these dis-
tributions give almost the same overall responses under strain-controlled condition. Whereas, under the
stress-controlled condition, each aggregate behaves differently even when the applied mean stress is equal to
zero. Hence, the effect of the aggregate type on the mechanical response is studied using the bow-tie cyclic
loading path (Fig. 2). The two paths (1 and 2) are used and all the above aggregates are numerically tested.
Qualitatively, Fig. 7 displays (for path 1) the model ability to describe correctly the ratcheting phenomenon
whatever the aggregate type. In fact, during the first phase of 30 cycles (a zero mean stress), a small positive
ratcheting of the axial strain is reproduced up to the cyclic stabilization. A non-zero mean stress of 55 MPa
is then imposed in the second phase. A noticeable ratcheting behavior of the overall axial strain is fairly well
described by the model. A partial recovery is recorded during the third phase (a zero mean stress).
Moreover, this figure shows the fact that the aggregate type has a significant influence on the overall re-
sponse. In other words, the differences increase, in general, as the number of grains in the aggregate almost
decreases. In addition, as the number of grains increases, the overall response converges generally, i.e., the
aggregates G-300, G-400, G-504 and G-2016 have practically an equivalent response. However, the in-
terpretation of the small differences recorded in their responses is not yet clear at least in this work. This
result points obviously out a considerable sensitivity of the model to this factor. Hence, one can consider
that this factor represents henceforth a model parameter needing identification.
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Fig. 7. Effect of the grains aggregate type on the overall predicted responses during the three phases of bow-tie cyclic loading (path 1).

The mean granular axial strain is predicted for each aggregate at the end of the second phase of applied
loading (path 1) where the maximum divergence is recorded. Contrary to the granular response under
strain-controlled condition, Fig. 8 shows a remarkable variation of such a strain with respect to the ag-
gregate type. Based on this results, one can interpret the change of the overall multiaxial ratcheting re-
sponse by the change of the aggregate type. This response is principally dictated by the interaction law (Eq.
(20)). Indeed, the parameter o has been determined in such a manner that the instantaneous elastic effect
and the viscoplastic relaxation are ensured. So that, the overall cyclic kinematic and isotropic hardenings
are successfully described. It is well-known that the ratcheting behavior is mainly governed by the kine-
matic hardening. Hence, with « = 3 x 1078, the interaction law leads to a heterogeneous granular elastic
behavior (Fig. 9a) and consequently to a natural description of the global kinematics hardening. This gives
consequently a reasonable description of the ratcheting behavior of polycrystals. The instantaneous

0.05

0.04 4

Mean granular strain in 11
direction
(=]
(=]
[\S)

40 200 300 400 504 2016
Grains aggregate

Fig. 8. Effect of the aggregate type on granular strain under bow-tie cyclic loading path (at the end of path 1).
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Fig. 9. Axial granular strains evolution: (a) elastic, (b) inelastic and (c) total under bow-tie cyclic loading path for different aggregates.
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Fig. 10. Projected accumulated slip distribution with respect to the applied loading (path 1).

granular elastic effect gives a progressive decreasing of the activated slip systems. The granular viscoplastic
relaxation at the end of the second phase for each aggregate is almost homogenous (Fig. 9b). It is obvious
from this figure that the inelastic granular behavior of each aggregate is different in comparison with the
other aggregates. For example, the G-40 has the most important axial inelastic granular strain value (about
0.05), while the lowest value (around 0.02) is recorded for the G-400. For this reason, the overall response
of this aggregate has the highest value concerning the multiaxial ratcheting during path 1. It is worth
emphasizing that, for a given o, the elastic and inelastic strain behaviors of each grain are also sensitive to
the model parameters and the type of the used aggregate (Dingli et al., 2000).

Let us show now the local predicted heterogeneity relative to this loading situation. An examination of
Fig. 10 reveals, as given above, that the local heterogeneity (y,.) changes with the change of the aggregate
type for a given loading condition, i.e., a higher value of the (y,.) is recorded for a higher number of grains.
Moreover, the (y,.) is symmetric only in the G-504 and the G-2016 cases and becomes more important in
190° and less important in £45° directions.

A quantitative comparison between the model prediction and experimental results of multiaxial rat-
cheting is presented in Fig. 11 for 316L stainless steel. This figure characterizes the overall axial strain
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Fig. 11. Comparison between the overall predicted response and the experiment result during the three phases of bow-tie and reverse
bow-tie cyclic loadings using the G-400.
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evolution versus the number of cycles. The multiaxial ratcheting behavior presented is induced by the bow-
tie (path 1) and reverse bow-tie (path 2) at different mean stresses (0, 55 and 0 MPa). Since the 400-grain
aggregate gives relatively the best prediction (among the six) in comparison with the material ratcheting
behavior, thus the numerical simulation in this figure are performed with this aggregate. The polycrystal
behavior during path 1 was already described above. As far as the ratcheting behavior under path 2 is
concerned, the related prediction is characterized by a small negative ratcheting of the overall axial strain
reproducing satisfactorily the real material behavior in the first phase. A remarkable overall ratcheting of
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Fig. 12. Predicted evolution of the (a) intragranular isotropic hardening and (b) resolved shear stress, for a given activated slip system
during the three phases of bow-tie and reverse bow-tie cyclic loadings.
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the axial strain evolution is observed in the second phase. Note that the stainless steel behavior shows that
this ratcheting is almost faster and more important for path 1 due to the change of the applied loading
nature. Again, the model demonstrates an appropriate capability for describing such a behavior. Finally, as
in path 1, a partial recovery is experimentally observed up to the cyclic steady state condition. Here also, the
model describes correctly this recovery in path 1 as well as in path 2. It is important to note that we did not
use any experimental cyclic result of stress-controlled condition during the identification process of the
model parameters. In order to show how the model can appropriately reproduce the polycrystal cyclic
behavior during paths 1 and 2, the intragranular isotropic hardening (R*) and shear stress (z*) evolutions are
studied. Fig. 12a and b describes R* and 7° evolution respectively versus the number of cycles for a given
activated slip system in a well-plastically deformed given grain among 400 grains. The first remark is related
to the fact that the evolution of these variables is somewhat similar during the first phase of applied paths.
Whereas, a relative strong change takes place at the beginning of the second phase (mean stress =55 MPa).
More clearly, the intragranular isotropic hardening becomes more important for path 1. This is mainly
induced by the evolution of the activated slips as given in Fig. 13, in which their rates of change remain
more or less slow for path 1, while, a sudden decreasing is recorded in path 2. Accordingly, an abrupt
change of 7° is observed as soon as the second phase of path 2 begins. Then, another steeply increase of 7°
takes place during this loading when the third phase is applied. With this rapid change of the mean stress
(from 55 to 0 MPa), a sudden increase in activated slip systems occurs for path 2 and stabilizes then rapidly.
The same statement is observed for path 1, but an abrupt decrease of activated slip systems is recorded,
which gives an interpretation of R* and t* evolutions (steady state) during this phase. Moreover, in path 2,
these variables continue their positive evolutions due to the increase of activated slip systems (Fig. 13).

Another example of classical multiaxial tension—torsion ratcheting at 25 °C studied experimentally by
Portier et al. (2000) is simulated here by the model using the 400-grain aggregate. In fact, five sequences of
cyclic total shear strain amplitudes (Aej;: 0.1% (100 cycles), 0.2% (95 cycles), 0.35% (55 cycles), 0.5% (45
cycles) and 0.75% (65 cycles)) are imposed during which a constant primary axial stress g;; of 100 MPa is
applied. Fig. 14 shows a comparison between prediction and the experimental maximum axial strain
evolution versus number of cycles. This figure reveals obviously that the model can successfully describe the
axial strain ratcheting response of stainless steel 316L.

Number of activated slip
systems per grain

0 0.5 1 15 2 25 3
Accumulated plastic strain

Fig. 13. Variation of the average predicted activated slip systems within the aggregate of the 400 grain during the three phases of bow-
tie and reverse bow-tie cyclic loadings.
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Fig. 14. Comparison between the overall predicted response and the experiment result of the maximum axial strain evolution during
the cyclic loading using the G-400.

4. Conclusion

The faithful description of many cyclic phenomena such as Bauschinger effect, strain memory effect and
additional hardening has been already demonstrated by the model (Dingli et al., 2000; Abdul-Latif et al.,
2002) under strain-controlled conditions.

The model highlights the fact that the heterogeneous of the granular behavior is appropriately described
and is strongly influenced by the aggregate type and the applied loading path. Since the model reproduces
naturally the global kinematic hardening (due to the granular elastic heterogeneity), therefore the rat-
cheting behavior can be successfully described.

The effect of the aggregate of grains type (i.e., the number and the orientation of grains) on the non-
linear strain—stress polycrystals behavior is qualitatively investigated using six different aggregates. Several
numerical simulations point out the fact that the aggregate type has a fundamental influence on the pre-
dicted overall response under cyclic stress-controlled loading, while under strain-controlled situation, this
parameter has practically a negligible effect. Hence, one can conclude that the aggregate of grains represents
a parameter of the model needing identification.

Comparisons between the experimental result of stainless steel 316L and the model prediction reveal its
capability to appropriately reproduce the multiaxial ratcheting behavior of this alloy (despite the high
complexity of such a behavior) and its sensitivity to the aggregate composition (number and orientation of
grains).
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