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Abstract—The paper discusses a number of issues related to the development of a micromechanical polycrystalline model for twin-
ning-induced plasticity steels: twinning features that have to be incorporated, identification procedure, description of the work hard-
ening, role of the texture and the role of the interaction law between grains. Monotonous and reverse strain paths are investigated.
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1. Introduction

Micromechanical modelling and homogenization
techniques in mean field approaches are very useful to
predict the behaviour for new conditions of loading
and to optimize the microstructure of heterogeneous
materials providing relevant statistical information
about the microstructure and mechanism. In the case of
polycrystalline materials such as twinning-induced plas-
ticity (TWIP) steels, homogenization models currently
account for the role of the individual grain orientation
and of their mechanical interactions. While intergranular
stresses are dominant at small strains, the intragranular
microstructure changes greatly in the course of the plastic
flow and is mainly responsible for the work hardening.
TWIP steels submitted to mechanical loading exhibit
deformation twins within the grains. These twins act as
new barriers to dislocation motion, giving rise the
so-called dynamic Hall-Petch effect. Because crystal
plasticity modelling successfully describes the stress—
strain response and texture development for high stack-
ing fault energy (SFE) cubic polycrystalline materials
due to slip alone [1], many studies have tended to
introduce twinning in such a framework for low-SFE
face-centred cubic (fcc) metals [2,3] considering twinning
as a crystallographic shear [4].

The aim of the paper is to report the basic features as-
sumed to be important for modelling of the response of
Fe-22Mn-0.6C (wt.%) steel under mechanical loading.
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2. Experimental background for Fe-22Mn-0.6C TWIP
steel submitted to monotonous loading paths

The main results concerning the mechanical and
microstructural responses for two Fe-22Mn-0.6C
TWIP steels (2.6 and 15.6 pm grain size) submitted to
monotonous loading paths (tension and shear along
the rolling RD and transverse directions TD) are
recalled and are compared with the modelling in the
following sections. When loaded at room temperature,
both grain size materials exhibit a high strain harden-
ing in contrast with the strain hardening obtained at
673 K or for high-SFE fcc metals deformed only by
crystallographic slip. The main features of the micro-
structure observed after interrupted tests are recalled.
They are common to both grain size materials and to
all the loading conditions, unless otherwise stated.
More details on these experiments can be found in
Refs. [5-9].

(1) Twinning is inhibited during high-temperature
deformation (673 K); no twins are visible.

(2) At room temperature and irrespective of the load-
ing path, twins are activated in the earlier stage of
deformation, i.e. at g,q = 0.02.

(3) Grain boundaries are barriers to slip and
twinning.

(4) Transmission electron microscopy reveals that
twins are organized in bundles composed by sev-
eral twins 30 nm thick. With increasing strain,
the thickness remains constant but the number
of twins per bundles increases.
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(5) Twins are considered as undeformable hard parti-
cles in the austenitic matrix, acting as new obsta-
cles for dislocation motions.

(6) Electron backscattered diffraction analysis reveals
that most of the grains exhibit one or two twin-
ning systems for uniaxial tension. The proportion
of grains having one twinning system is higher
than the one having two twinning systems. The
number of grains that do not activate twin sys-
tems is higher for the tensile test along the TD
than for the RD. In RD simple shear testing, a lar-
ger number of grains are only deformed by slip
and the twinned grains exhibit one twinning
system.

(7) Two active twin systems are sequentially activated
in most grains.

(8) In all cases, the volume fraction of twins remains
low, i.e. less than 10%.

3. Micromechanical modelling

Grain is considered as the main heterogeneity of the
material, consistent with experimental statement (3). A
representative volume element (RVE) including 3000
grain orientations was considered to estimate the overall
behaviour of the high-Mn TWIP steel polycrystal of
interest. The single-crystal constitutive equation is ob-
tained from Ref. [6]; it is based on crystal plasticity
and an elastic-viscoplastic approach is adopted. The
overall behaviour is deduced by the homogenization
scheme, called the translated field model, developed by
Sabar et al. [10]. Some twinning features have to be
incorporated in representations of single-crystal behav-
iour. These representations are discussed with regard
to the experimental statements recalled above.

3.1. Contribution of both slip and twinning to the inelastic
strain and the grain rotation

Following Kalidindi’s work [2], the slip contributions
to plastic deformation in the untwinned crystal from
twinning at the grain scale is depicted. In addition, it was
assumed that no slip (and no twinning) occurs in the
twinned regions consistent with experimental statement
(5). Thus, in a small strain setting, the viscoplastic strain
rate can be obtained by the volume average of the visco-
plastic strain rate in the matrix and the twinned regions:
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where R f ™) is the Schmid tensor associated with either
the slip systems or the tw1nn1ng ones, where 7 is the
slip rate of the system (g) /" denotes the volume frac-
tion of the twinned regions associated with the system
(h), Y™ is the (constant? shear rate associated with twin-
ning, and N and N® represent the number of poten-
tially active slip and twin systems, respectively. In
addition, the rotation of the grains was assumed to be
only due to slip. The role of twinning was neglected
since the twin volume fraction remains low (see experi-
mental statement (8)).

Eq. (1) combines two strain mechanisms: a viscous or
rate-dependent mechanism related to thermally activated
slip associated with 9 as variable processes (Eq. (2))
and a rate-independent mechanism due to twinning asso-
ciated with /") as variable processes (Eq. (3)). However,
to easily couple both inelastic strain mechanisms and for
easier numerical handling, a viscoplastic framework is
utilized to describe the twin volume fraction rates as is
classically done for plasticity by slip alone [1]. The flow
rules for both strain mechanisms are written:
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where 7, is a reference slip rate, u is the elastic shear
modulus, AG is the activation energy required to over-
come an obstacle without any help of stresses (when
7 =0), T is the absolute temperature, k is the Boltzman
constant, and t\¢) is a reference shear stress that de-
scribes the average resistance of the short- and med-
ium-range obstacles at 0 K and consequently evolves
with the strain- hardening state. For x>0, sign(x) =
and for x <0, sign(x) =
Concernmg twinning:

then /™ =0 (3)
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where f o is the twinning rate reference, t") represents
the critical shear stress for twinning, and I/m is the
material rate sensitivity.
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3.2. Competition between slip and twinning as deforma-
tion modes

Regarding experimental statements (1), (2) and (6),
slip and twinning are competitive deformation processes
depending on temperature and loading path. The latter
is closely related to the anisotropy of both mechanisms
and should be inherent to the modelling provided the
texture evolution is well described. Temperature depen-
dence is much more complex and affects different aspects
of the mechanisms. Concerning slip, perfect dislocation
glide is mostly thermally activated because thermal
assistance is required here in order to overcome obsta-
cles having low activation energy such as solute atoms.
Consequently, the flow stress decreases with increasing
temperature. In addition, the strain-hardening behav-
iour is also temperature sensitive since the dynamic
strain aging is stronger with increasing temperature
[11]. The temperature dependence of deformation twins
is known to be related to SFE. A high SFE inhibits
deformation twins and consequently promotes usual slip
[12]. The temperature dependence for slip is associated
with kinetic aspects leading to both thermal and
strain-rate sensitivity. However, twinning is often trea-
ted as a phase transformation process with moving
boundaries and is thus analyzed by applying pure energy
considerations [3]. In the present modelling, a similar
idea was followed. The temperature dependence for



twinning is captured via the value of the critical shear
stress for twinning (Eq. (3})) while for slip, it is directly
incorporated in the flow rule (Eq. (2)). Consequently,
decreasing the temperature (1) reduces thermally as-
sisted slip and/or (2) promotes twinning by decreasing
SFE. Despite some works dedicated to the transition
from slip-dominated to twinning-dominated deforma-
tion mechanisms for body-centred cubic (bcc) and
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hexagonal close-packed (hcp) material subjected to high
strain rates [13,14], the coupling between effects (1) and
(2) is still under discussion for fcc metals. The competi-
tion between slip and twinning depends also on how
both mechanisms are affected by work hardening. This
is the purpose of the next section.

3.3. Additional and anisotropic hardening due to twinning

The coupling between slip and twinning is captured
by modelling the reduction of the dislocation mean free
path (MFP) due to the increasing number of twins. The
evolution of the total dislocation density p'®) for a slip
system (g) accounts for the storage and the dynamic
recovery of dislocations and can be written as [15]:
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where f§ is a parameter associated with the dynamic
recovery assumed constant with temperature as a first
approximation. In the first term L® represents the mean
free path of dislocations which can be calculated with a
harmonic mixing law accounting for the obstacles to dis-
location motion. This concept provides a natural setting
for, in addition to the dislocation—dislocation interac-
tions and grain boundaries usually considered, the
incorporation of twins as barriers to dislocation motion.
In the present modelling, the dislocation mean free path
is thus determined by:
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The indexes g and & are associated with the slip and
twin systems respectively. D is the effective grain size,
K is a parameter to be adjusted and the second term
on the right-hand side represents the spacing between
the twins secant to the slip system (g). Its expression ac-
counts for the twin organization in stacks where r is the
mean number of microtwins per stack and e is the mean
thickness of microtwins (see experimental statement (4)).
Finally the reference shear stress is written for a multiple
system approach:
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The increase in twinning resistance is assumed to be
due only to twin—-twin interaction. The influence of slip
is much smaller and so is neglected. The increase in
the twinning resistance thus is represented following
the law proposed by Kalidindi [2]:
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where o, 4 and A% are parameters that have to be ad-
justed. Although it is empirical, the main advantage of
Eq. (7) is that it accounts for twin—twin interactions
and distinguishes between coplanar and non-coplanar
twin systems. Furthermore, as Kalidindi [2] claims, it
is required to capture the twinning sequential activity

[6].

3.4. Stress redistribution within a grain due to the
presence of deformation twins

Internal stresses due to twinning are certainly impor-
tant and lead to a Bauschinger effect (BE) (also termed
back-stress) [16,17]. For simplicity, the internal stresses
within a grain due to twinning are not considered here.

Concerning the intergranular stresses, accounting
properly for the interaction of the grains with their sur-
roundings is of the utmost importance. The classical
Taylor model, assuming the hypothesis of equal strain
or here strain rate in every grain is known to give a good
description of texture development in low SFE fcc met-
als [4] and hcp metals [18]. However, it results in an ex-
tremely rigid interaction because it describes pure elastic
interactions. Sabar et al. [10] developed an interaction
law which successfully represents the elastic-viscoplastic
interactions between grains. This model, termed the
translated field model, is inspired by the self-consistent
approximation. The interaction law for the translated
field model is written as:

G=3-C:(1-8%): (&7 - A" B (8)

where ¥ is the macroscopic stress rate, I is the identity
tensor and SF is the elastic Eshelby tensor; A®® is the
localization tensor of the viscoplastic strain rate calcu-
lated by the self-consistent approximation associated
with a pure viscoplastic heterogeneous problem; and
E'* is the overall viscoplastic strain rate equal to the
average of the local viscoplastic strain rate over the
RVE for elastic homogeneous materials, i.e. E%¢ = &,
Further details can be found in Sabar et al. [10]. The
spin tensor concentration relation is expressed as:

=0 )



where “w and 'Q are the local and

macroscopic spin ten-

sors, respectively.

4. Results and discussion

4.1. Strain-hardening behaviour under monotonous
loading

Many experiments performed on low-SFE fcc metals
[12,19] have demonstrated that the strain-hardening rate
do/de exhibits a plateau at intermediate strain levels,
while, for high-SFE fcc metals (that deform only by slip),
do/de decreases continuously with increasing strain. As
far as TWIP steels are concerned, the plateau comprises
an increase followed by a decrease rather than a constant
value of do/de. The magnitude of this increase and de-
crease depends on the mean grain size (cf. Figs. 1a and
2) and on a monotonous loading direction (Fig. 1a). This
noticeable strain-hardening rate is commonly attributed
to the reduction in the dislocation mean free path (MFP)
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Figure 1. Behaviour and microstructural evolution related to the Fe—
22Mn-0.6C TWIP steel with 2.6 um grain size deformed in RD tension
and shear: (a) predicted and experimental strain hardening; (b)
predicted and estimated twin volume fraction according to the
experimental method developed in Ref. [14]; (c) predicted dislocation
mean free path due to grain and twin boundaries.
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Figure 2. Predicted and experimental evolution of strain hardening in
RD tension for the Fe-22Mn-0.6C TWIP steel with a 15.6 um grain
size.

with the twin boundaries acting as obstacles to disloca-
tion glide. However, different interpretations exist con-
cerning the occurrence of this apparent grain-
refinement effect (the so-called dynamic Hall-Petch ef-
fect). For low-SFE fcc metals under simple and plane
compression [19] and simple tension [7], the latter ap-
pears at the onset of deformation twinning. But for sim-
ple shear, Kalidini and co-workers [19] claim that the
primary twin system is mainly coplanar to the primary
slip systems and therefore is ineffective at hardening
them. This hypothesis should be further investigated.

Predicted and experimental strain-hardening curves
for RD tension and simple shear are plotted in Figure
la. They correspond to the Fe-22Mn-0.6C steel with
2.6 um grain size. In addition, the predicted evolution
of the overall twin volume fraction and the dislocation
mean free path are plotted as a function of macroscopic
equivalent strain (Fig. 1b and c¢). The x-axes of the
graphs in Figure 1 are scaled identically to show the rela-
tion between the evolution of the microstructure and the
strain-hardening behaviours. The discussion is restricted
to small and moderate strains (<0.15) since the modelling
is formulated using the small strain hypothesis.

The model predicts a strong decrease in do/de which
significantly slows down with increasing strain to reach
either a plateau in the case of RD simple shear loading
or a progressive and slight decrease in the case of RD
tensile loading. Predicted do/de is found to be higher
for RD tensile loading than for RD simple shear at small
strains but becomes closer at moderate strains (~0.12).
These results are consistent with experiments. The slow-
ing down of the decrease in do/de is associated with the
occurrence of twinning and the resulting reduction of
the dislocation MFP, though this is delayed (Fig. 1). In-
deed, MFP reduction due to twinning starts at 0.02
strain, whereas the stop of the strong decrease in do/de
occurs at 0.05 strain for RD simple shear loading.

Despite the qualitative agreement, the increase and
the subsequent decrease of do/de are not reproduced
by the model. Rather, the latter predicts a monotonous
do/de variation. Using the same modelling but applying
it to Fe-22Mn-0.6C TWIP steels with a larger mean
grain size (and also different fitted model parameters
[6]), the origin of the strain-hardening behaviour was
investigated in detail. Figure 2 shows the polycrystal
work-hardening curve obtained for RD tensile loading.



As in the case of small grain size, an increase followed
by a decrease of do/de, which again is not captured by
the modelling, is observed. The response at the grain
scale was then investigated. Figure 3a represents the
strain-hardening curve of a grain selected because its
behaviour is representative of most of the grain behav-
iour in the studied polycrystal. As expected, the first
stage of the curve is associated with a strong decrease
in do/de. The following stage is associated with the onset
of a primary twin system at 0.06 of local viscoplastic
strain (Fig. 3b). As a consequence, the dislocation
MFP instantaneously decreases since this primary twin
system was found to be non-coplanar with the active slip
systems. However, Figure 3 clearly shows that this addi-
tional MFP reduction does not entail a stop of do/de de-
crease. On the contrary, a drastic fall of do/de is
observed as soon as twinning occurs. This effect is attrib-
uted to the fact that twinning supplies an additional
deformation and “relaxes” intergranular stresses
through the localization relation (Eq. (8)). In other
words, this latter effect is not immediately balanced by
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Figure 3. Predicted evolution of different variables of a selected grain
of the Fe-22Mn-0.6C TWIP steel with 15.6 um grain size: (a) strain
hardening; (b) twin volume fraction of active twin systems; (c)
dislocation MFP due to different obstacles (forest dislocations Lg_,
grain and twin boundaries Ly_,, and both contributions Lsa).

the additional dislocation MFP reduction due to the
occurrence of primary twins.

The effects observed at the grain scale cannot be
straightforwardly expressed at the polycrystal scale
probably because of the averaging procedure used to ob-
tain the overall response from the grain ones and due to
the fact that not all the grains display the same behav-
iour at the same time. However, it explains the delay be-
tween the occurrence of the additional dislocation MFP
reduction due to twinning and the end of the strong da/
de decrease in the polycrystal response. Nevertheless it
underlines the question of the role of the interaction
law in the grain and polycrystal responses.

4.2. Interaction law

Materials having such elastic-viscoplastic behaviour
display space-time couplings, described by Suquet [20]
as a long memory effect. The translated field model used
here is highly suited to describing the elastic-viscoplastic
nature of the mechanical interactions between grains [10].
On the other hand, however, it delays the mechanical
interactions between grains and can be also responsible
for the non-expression of the non-monotonous strain-
hardening curve at the grain scale to the polycrystal scale.

The question of the interaction law also raises the is-
sue of model parameter identification. Here, most of
parameters are physically based. Some of them, such as
microstructural parameters (D, r, ) or elastic properties,
are deduced directly from experiments. Some physical
parameters, such as b, AG,, SFE and p,, are obtained
from the literature. Other parameters have, however,
been determined to match experimental and calculated
data. The identification procedure for this second sort
of parameter used data obtained at the polycrystal scale.
To be reliable, it must be based on mechanical but also
microstructural data. More details on the identification
procedure can be found in Refs. [6,9]. Development of
micromechanical techniques to measure stress fields
using Kossel [21], Kikuchi [22] or Laue microdiffraction
diagrams [23], in addition to measurement techniques for
kinematic fields, will clearly be of great interest for a di-
rect determination of the local constitutive relation at the
local (micron) scale, a necessary step for giving microme-
chanical models the status of quantitative predictive
tools.

4.3. Texture

The present model qualitatively reproduces the
anisotropy in the stress-strain and strain-hardening
curves, and in twin volume fraction evolution, revealing
the significant role of the texture on the overall response
for Fe-Mn-C steels. Assuming that twinning does not
significantly affect the texture development, Barbier
et al. [9] found that the predicted texture is in quantita-
tive good agreement with experiments for all the loading
paths. These results demonstrate that the texture of de-
formed Fe-22Mn-0.6C is slip-dominated. In addition,
they found that the predicted twinning activity is consis-
tent with experiments for RD simple shear and TD ten-
sion despite the model parameters being fixed by curve-
fitting on RD tension curves. Because of the texture, RD
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uniaxial tension promotes twinning in 90% of grains and
30% of grains have two active twin systems at 0.07-0.08
strain. Conversely, RD simple shear promotes single
twinning in 95% of grains. Twin—twin intersections in-
crease the difficulty of producing new twins, resulting
in a lower twin volume fraction for RD uniaxial tension
than for RD simple shear. That is the reason why the
dislocation MFP reduction is higher in the case of RD
simple shear than in the case of RD uniaxial loading
(Fig. 2c). Accordingly, the strain-hardening parameter,
which was initially lower for RD simple shear than for
RD uniaxial tension (as classically found for fcc metals
deforming only by slip [24]), increases more quickly with
increasing strain to reach the same value as measured
for RD uniaxial tension at 0.12 equivalent strain. The
present model reproduces this phenomenon quite well
mainly because it is closely related to the anisotropic
plastic behaviour of the grains and to the texture evolu-
tion properly accounted for in the modelling.

4.4. Role of internal stresses—analysis of the responses
under non-monotonous loading paths

From the parameter identification on monotonous
simple shear deformation, reverse simple shear deforma-
tion has been simulated at different pre-strain levels and
compared to the experimental curves. The results are
presented in Figure 4. During the reverse deformation,
the model overestimates the flow stress, i.e. underesti-
mates the BE. By using a translated field approach for
the interaction law, the prediction of the intergranular
stresses is insufficient to estimate the flow stress of TWIP
steels during reverse loading. The intragranular stresses
should be explicitly introduced in the model through the
description of dislocation pile-up at twin boundaries.

5. Conclusions

We have outlined a point of view for the development
of a micromechanical model as a predictive tool of

mechanical and microstructural response of TWIP
steels. This point of view was substantiated with regard
to experimental findings for both establishing and
assessing the modelling. The identification procedure
has to be conducted on both mechanical and micro-
structural responses to capture the physical deformation
and hardening mechanisms for different monotonous
loading paths. However, experimental data have been
obtained from tests performed on polycrystalline mate-
rial. As a result, it depends on the selected interaction
law. It is shown that the interaction law induces the sin-
gle-crystal response as well as the polycrystal one. Tex-
ture plays a key role in twinning activity and kinetics.
For reverse loadings, intragranular stresses should be ta-
ken into account to capture the BE observed in Fe—
22Mn-0.6C TWIP steels.
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