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a b s t r a c t

In this paper, the effects of microstructure and deformation mechanisms on the ductility of multiphase
steels are investigated. To this end, a formability criterion based on loss of ellipticity of the boundary
value problem is coupled with an advanced multiscale model accounting for intragranular microstructure
development and evolution. The spatially heterogeneous distribution of dislocations inside the grain is
represented by three types of local dislocation densities. The resulting large strain elastic–plastic single
eywords:
icromechanics

rystal plasticity
elf-consistent scale-transition
ntragranular substructure
uctility

crystal constitutive law (based on crystal plasticity) is incorporated into a self-consistent scale-transition
scheme. The present contribution focuses on the relationship between the intragranular microstructure
of B.C.C. steels and their ductility. The model allows interesting comparisons in terms of formability limits
for different dislocation networks, during monotonic loading tests applied to polycrystalline aggregates.

© 2011 Elsevier B.V. All rights reserved.
lastic instability

. Introduction

The development of relevant constitutive models that are well-
dapted to sheet metal forming simulations requires an accurate
escription of the most important sources of anisotropy, e.g., plas-
ic slip processes, intragranular substructure changes and texture
evelopment.

During plastic deformation of thin metallic sheets, strain-path
hanges often occur in the material, resulting in macroscopic
ffects. These softening/hardening effects need to be properly
redicted, because they can significantly influence the strain distri-
ution and may lead to flow localization and material failure. These
ffects are thought to originate during the evolution of intragran-
lar microstructure. This implies that an accurate description of
he dislocation patterning associated with monotonic and/or com-
lex strain-paths is a prerequisite for the formulation of reliable
onstitutive models.
For the past 20 years, a number of micromechanics-motivated
ultiscale models have been proposed with the aim of provid-

ng descriptions of the multiple sources of plastic anisotropy at
heir appropriate scales. Among these, the most advanced mod-

∗ Corresponding author. Tel.: +33 3 87 37 54 79; fax: +33 3 87 37 54 70.
E-mail address: farid.abed-meraim@ensam.eu (F. Abed-Meraim).

921-5093/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.01.042
els are those that attempt to account for the effects of dislocation
heterogeneities on the macroscopic behavior of metallic materi-
als.

In deformed material, the dislocations are heterogeneously dis-
tributed, with regions of high local dislocation density (called dense
dislocation walls) alternating with regions of low local dislocation
density (called dislocation cells). This particular dislocation organi-
zation results in a significant contrast in terms of the distribution of
internal stresses, which are high in dislocation walls and low in dis-
location cells. According to these observations, Mughrabi [1] was
the first to assimilate the intragranular microstructure to a two-
phase composite description consisting of dislocation walls with
high local dislocation density (hard phase) that are separated by
regions with low local dislocation density (soft phase). Based on
Mughrabi’s pioneering contribution, Muller et al. [2], Lemoine et al.
[3] and Langlois and Berveiller [4] proposed multiscale descrip-
tions that take dislocation distribution morphology into account.
Because the development of dislocation distributions during plastic
deformation takes place at the mesoscopic scale, Peeters et al. [5,6]
developed a new multiscale model that combines a micro-macro

approach (using a full-constraints Taylor model [7]) with meso-
scopic modeling. They showed that due to the specific properties
of the dislocation walls with respect to polarity and latent harden-
ing, the evolution of the dislocation substructure can be accurately
described.

dx.doi.org/10.1016/j.msea.2011.01.042
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:farid.abed-meraim@ensam.eu
dx.doi.org/10.1016/j.msea.2011.01.042
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The main objective of the present paper is to establish rela-
ionships between the heterogeneous arrangement of dislocations
nd the mechanical properties of metallic materials. More specif-
cally, the focus is restricted here to the effect of microstructural

echanisms on material ductility. It is believed that a better under-
tanding of these linkages will provide a useful tool that can be used
o design new materials with enhanced properties, particularly in
erms of their formability. Note that ductility is used here to mean
ormability, and these two concepts will be used interchangeably
hroughout the paper. For the above-mentioned purpose, a material
nstability criterion has been coupled with a crystal plasticity-based

odel that includes an accurate description of the heterogeneous
islocation distribution and which has been incorporated into a
elf-consistent scale-transition scheme. This multiscale model has
een previously developed by the authors and recently presented

n Franz et al. [8]. Its ability to describe the evolution of the intra-
ranular heterogeneous dislocation distribution and to accurately
redict the macroscopic behavior of single-phase polycrystalline
teels during monotonic and sequential loading paths has been
hown.

The paper is organized as follows. Section 2 briefly introduces
he single crystal behavior model used (mesoscopic scale); a com-
lete description is given in Franz et al. [9]. Also, because modeling
t the microscale (i.e., the evolution of intragranular microstruc-
ure) has already been detailed in [8], only the main equations,
ssential to the current contribution are summarized through Sec-
ion 3. In the same way, Sections 4 and 5 give, respectively, a short
utline of the self-consistent scale-transition scheme and the plas-
ic instability criterion adopted; the reader may refer to [9] for

comprehensive description. The main results are presented in
ection 6 in terms of qualitative strain localization analyses for
ingle-phase steels, where the impact of intragranular substructure
evelopment is investigated in detail for a 1000-grain polycrys-
alline aggregate similar to the ferritic single-phase steel IF-Ti, for
hich the material parameters were identified in [8]. Finally, some

oncluding remarks are drawn in Section 7.

. Single crystal behavior modeling—mesoscopic scale

Following the pioneering contributions [10–14], the
lastic–plastic single crystal constitutive law modeled within
he large strain framework is summarized in this section; the full
etails are available in [9]. The assumptions below are adopted:

Plastic strain is assumed to be only due to crystallographic slip;
no other inelastic strain mechanisms (e.g., twinning, phase trans-
formation) are considered in this study.
The single crystal constitutive law is valid for both B.C.C. and F.C.C.
materials. However, because modeling at the microscale is based
here on experimental observations of B.C.C. metals, application
of this model is restricted to these metals, with 24 slip systems
given by the two families <1 1 1> (1 1 0) and <1 1 1> (1 1 2).
The local elastic–plastic constitutive law is given by a fourth-
order tangent modulus l relating the nominal stress rate tensor ṅ
to the velocity gradient g = ∂v/∂x as

˙ = l : g (1)

.1. Kinematics of crystallographic slip and plasticity
Within the general framework of crystal plasticity, the total
train rate d and rotation rate w of a crystalline lattice are obtained
s the symmetric and skew-symmetric parts, respectively, of the
elocity gradient g (i.e., g = d + w). These can be further split into
heir elastic and plastic components, indicated by superscripts e
ineering A 528 (2011) 3777–3785

and p, respectively, and related to the slip rates �̇g of each active
slip system g by:

dp = d − de =
∑

g

Rg�̇g, wp = w − we =
∑

g

Sg�̇g (2)

where Rg and Sg are, respectively, the well-known symmetric and
skew-symmetric parts of the Schmid tensor �mg ⊗ �ng for a given slip
system g (�ng being normal to the crystallographic slip plane and �mg

parallel to the slip direction).

2.2. Regularized Schmid law and slip system activity

The plastic flow is governed by the Schmid law, i.e., slip can only
occur when the resolved shear stress acting on the slip system g,
defined as �g = �:Rg, � being the Cauchy stress tensor, reaches the
critical resolved shear stress �g

c . For effective slip activity, an addi-
tional condition is required (�̇g = �̇g

c ), i.e., the rate of the resolved
shear stress must equal that of the critical resolved shear stress.

Using the new approach proposed in [15], the slip rate is given
by a regularization function �̇g = kg(�g, �g

c , �̇g)�̇g . This method cir-
cumvents both the indeterminacy issue in selecting active slip
systems and the associated lengthy combinatory analyses.

2.3. Single crystal tangent modulus

The local incremental elastic–plastic constitutive law is given by
Eq. (1), in which the nominal stress rate ṅ is related to the Cauchy
stress by

ṅ = �̂ − wp · � + � · wp + �tr(d) − d · � − � · w,
�̂ = �̇ + � · we − we · �

(3)

where �̂, an objective derivative, denotes the lattice co-rotational
derivative of the Cauchy stress tensor. Then, the local elastic–plastic
tangent modulus is obtained as

lijkl =
[

Cijkl − 1
2

(ıik�lj + ıil�kj) + 1
2

(�ikılj − �ilıjk)
]

− [(CijpqRg
pq + Sg

ip
�pj − �ipSg

pj
)MghR′h

mn(Cmnkl − �mnıkl)] (4)

where Cijkl and ıik denote, respectively, the components of the elas-

ticity tensor and the second-order identity tensor, R′h
mn = khRh

mn,
and Mgh are the components of the ng × ng matrix obtained by
inverting a matrix in which the (h,g)th component is defined by
(ıhg+R′h:C:Rg), ıhg being the components of the ng × ng identity
matrix, with ng the current number of active slip systems.

3. Modeling at the microscale: the evolution of
intragranular microstructure

This section gives the main equations of the microscopic model,
which are based on experimental observations of B.C.C. crystals
(Peeters et al. [5,6]). For more details, the reader may refer to the
previous contribution by Franz et al. [8]. In this model, hardening is
described through several dislocation densities and their evolution
equations.

3.1. Description of intragranular substructure

Many TEM micrograph observations of deformed B.C.C. metals
after monotonic and sequential loadings [16–20] show heteroge-

neous dislocation distributions and clearly distinguish two distinct
dislocation density zones consisting of alternating straight pla-
nar regions of high local dislocation density (dislocation sheets)
and low local dislocation density zones (cell interiors; see Fig. 1a,
also reported in Franz et al. [8]). This intragranular substructure
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ig. 1. (a) Longitudinal plane view TEM micrograph of a grain in an IF-steel specim
f the heterogeneous dislocation microstructure.

s described by three different types of dislocation densities intro-
uced as internal variables in our model (see Fig. 1b, also shown in
8]).

The dislocations stored randomly inside cells are represented
y a single local dislocation density �. Two other types of disloca-
ion densities are associated with the dense dislocation walls: the
ensity of immobile dislocations stored in the dislocation sheets
wd, and the local, directionally movable or polarized dislocation
ensity �wp. This last one is assumed to have a sign that reproduces
symmetry in slip resistance.

.2. Formation of dense dislocation walls

The dense dislocation walls are currently produced parallel to
he crystallographic planes on which the slip activity is greatest
20,21]. The model will construct at most two families of dislocation
heets parallel to the {1 1 0}planes on which the highest and second
ighest slip activity rates occur, in agreement with experimental
bservations of B.C.C. crystals [6,18,19], suggesting the presence
f only one or two families of dense dislocation sheets parallel to
1 1 0} planes (see Fig. 2, also reported in Ref. [8]).

To account for the effect of the pre-existing microstructure and
hus for the strain-path history of the material, the model will
ecessarily have to distinguish the evolution of currently existing
islocation walls from that of previously existing dislocation sheets.
.3. Evolution of the intensity of currently existing dislocation
alls

According to the earlier work of Kocks [22], the evolution of
he local dislocation density �wd for each of the currently existing

ig. 2. Longitudinal plane view TEM micrographs (after Peeters et al. [6]): (a) of a (−27.7
nd SPN parallel to TD and (b) of a (−41.6◦ , 135.2◦ , 38.7◦)-oriented grain in a 30% sheared
er 20% uniaxial tension in RD (after Peeters et al. [5]). (b) Schematic representation

dislocation sheets can be expressed as

�̇wd
i = 1

b
(Iwd

√
�wd

i
− Rwd�wd

i )�̇i (5)

with b representing the magnitude of the Burgers vector, �̇i denot-
ing the total slip rate on the crystallographic plane on which the
ith greatest slip activity occurs and Iwd and Rwd representing the
immobilization and recovery parameters, respectively.

3.4. Evolution of polarity assigned to currently existing
dislocation walls

As already detailed in [8], the evolution of the directionally mov-
able dislocation density associated with currently existing walls
can be expressed as follows

�̇wp
i

= (sign(�wp
i

)Iwp
√

�wd
i

+
∣∣�wp

i

∣∣ − Rwp�wp
i

)
∣∣�wp

i

∣∣ (6)

where �wp
i

=
∑n

s=1(�̇ s/b)ms · nw
i

is the flux of the dislocations cov-
ering the boundaries of each existing generated wall i from all of
the slip systems non-coplanar to family i, and n denotes the num-
ber of slip systems (n = 24 for B.C.C. crystals). The slip rate �̇ s of slip
system s can be positive or negative; it thus integrates the differ-
ent slip directions of a particular slip system. ms is the unit vector
assigned to the slip direction of system s, and nw

i
the unit vector
perpendicular to the existing generated dense sheet i. Iwp and Rwp

are, respectively, the immobilization and recovery parameters.
When the dislocation flux associated with a family of currently

generated dense walls i is reversed, e.g., during a reverse test, the
polarity dislocations that have accumulated along the walls will

◦ , 133.5◦ , 51.7◦)-oriented grain in a 15% sheared specimen with SD parallel to RD
specimen with SD parallel to RD and SPN parallel to TD.
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5. Plastic instability—modeling of formability limits

Many contributions have been devoted to the modeling of plas-
tic instability criteria. These range from engineering methods based
780 G. Franz et al. / Materials Science a

ove away and be annihilated by dislocations of opposite sign:

˙ wp
i

= −Rrev�wp
i

∣∣�wp
i

∣∣ (7)

ith Rrev the recovery parameter of polarized dislocations associ-
ted with the family i.

.5. Evolution of dislocation densities associated with former
alls

The activation of new slip systems may be caused by either a
hange in strain-path or a rotation of the grain towards a stable
rientation. The associated mobile dislocations generate new fam-
lies of dense walls corresponding to the current deformation mode
nd also disintegrate the former walls created by the previous slip
ctivity, according to:

˙ wd
i = −Rncg

b
�wd

i �̇new �̇wp
i

= −Rncg

b
�wp

i
�̇new (8)

here �̇new denotes the total slip rate on both of the crystallo-
raphic planes containing the highest slip activity and Rncg is a
ecovery parameter that characterizes the destruction of former
islocation walls.

.6. Formation and evolution of statistically stored dislocations in
he cell interiors

The statistically stored dislocations in the cell interiors are
ssumed to be responsible for the isotropic hardening. During a
everse test, the strain-path change leads to the activation of most
f the slip systems that were active during the first strain-path, but
n the opposite direction. The directionally movable dislocations
esponsible for the polarity of the dense walls will thus interact with
islocations of opposite sign in cells, leading to an increase in the
nnihilation rate of the randomly distributed dislocation network.
o account for this phenomenon, an additional annihilation term is
onsidered, which may be activated by a binary switch parameter
, depending on whether there is reversal of the flux associated
ith a family of currently generated walls:

˙ = 1
b

〈
(I

√
� − R�)

n∑
s=1

∣∣�̇ s
∣∣ − 	R2

�bausch

2�wp
sat

n∑
s=1

∣∣�̇ s
∣∣〉 (9)

here <y> = y if y > 0; <y> = 0 otherwise. I and R are, respectively,
he immobilization and recovery parameters associated with the
andomly distributed dislocation network, and R2 a parameter that
eflects the importance of the annihilation of the statistically stored
islocations in the cell interiors by the remobilized directionally
ovable dislocations associated with the dense dislocation sheets.

he value of �bausch depends on the number of reversed fluxes.

.7. Isotropic hardening, latent hardening and polarity

The critical resolved shear stress on each slip system s includes
he contributions of isotropic hardening, latent hardening and
olarity, which are related to the three above-defined dislocation
ensities. The resulting critical resolved shear stress is then given
y

s
c = �s

c0 + (1 − f )˛
b
√

�

+f

6∑
˛
b

(√
�wd

∣∣ms · nw
∣∣ +

〈√∣∣�wp
∣∣(ms · nw)sign(�wp)

〉

i=1

i i i i i

here f is the volume fraction of the dislocation sheets, ˛ the dis-
ocation interaction parameter, 
 the shear modulus, and �s

c0 the
nitial critical resolved shear stress.
ineering A 528 (2011) 3777–3785

4. Scale-transition scheme—polycrystalline behavior

Once the single crystal behavior is described, including the
modeling of the development of the intragranular microstructure,
attention can be directed towards the overall polycrystalline aggre-
gate. The derivation of polycrystal constitutive equations is based
on a self-consistent scheme. Only the main lines of this approach
are recounted here; the details of the entire scheme are developed
in previous reports [9,14,23,24].

The macroscopic behavior law linking the macroscopic nominal
stress rate Ṅ to the macroscopic velocity gradient G has the same
form as for the single crystal (Eq. (1)):

Ṅ = L : G (10)

The macroscopic velocity gradient and macroscopic nominal
stress rate are given by the volume averages of their microscopic
counterparts (see Ref. [24]):

G = 1
V

∫
V

g(x) dv = g(x), Ṅ = 1
V

∫
V

ṅ(x) dv = ṅ(x). (11)

As is usual in averaging methods, the above macroscopic fields
are related to their counterparts at the microscale by means of
fourth-order concentration tensors A and B:

g(x) = A(x) : G, ṅ(x) = B(x) : Ṅ . (12)

Combining the local behavior law Eq. (1) with Eqs. (10), (11) and
(12), the macroscopic effective tangent modulus L can be written
in a systematic manner:

L = 1
V

∫
V

l(x) : A(x)dv = l(x) : A(x). (13)

In [8], it has been shown that the proposed model is able to cor-
rectly reproduce the intragranular substructure for single crystals
under different crystallographic orientations during various load-
ing conditions. Moreover, the model reproduces the main features
of the elastic–plastic behavior of single and dual-phase polycrys-
talline materials with reasonably good accuracy and consistency
with experimental data.
Fig. 3. Illustration of the localization of the deformation along a shear band [9]:
mechanical fields outside the band are denoted by superscript +.
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Table 1
Material model parameters identified for IF-Ti steel [8].

I R [m] Iwd Rwd [m] Iwp Rwp [m]

4.5 × 10−2 2.5 × 10−9 1.8 × 10−1 2 × 10−9 4.5 × 10−2 2 × 10−9

o
s
A
t
s

s
m
c
a
d

b
o

d

F
d
s
a

Rncg [m] Rrev [m] R2 [m] f �c0 [1 1 0] [MPa] �c0 [1 1 2] [MPa]

5 × 10−10 1 × 10−9 1 × 10−8 0.2 45 45

n experimental or empirical observations to more theoretically
ound approaches using either bifurcation or stability theories.
mong the latter, the Rudnicki–Rice criterion [25,26] corresponds

o a bifurcation associated with admissible jumps for strain and
tress rates across a shear band (Fig. 3).

Because field equations have to be satisfied, and because the
train rate is discontinuous across the localization band, a kine-
atic condition for the strain rate jump must be verified. Also, the

ontinuity of the stress rate vector has to be verified for the forces
long the localization band. The reader may refer to Ref. [9] for more
etails.

Combining these conditions, a bifurcation criterion, which can
e used for modeling the formability limit, is expressed as a function

f the macroscopic tangent modulus:

et(� · L · �) = 0 (14)

ig. 4. Effect of the immobilization parameter I (associated with the randomly
istributed dislocation network) on the ductility limit of polycrystalline steel: (a)
tress–strain behavior for plane strain tension. (b) Minimal determinant of the
coustic tensor over all orientations of the normal to the localization band.
Fig. 5. Effect of the recovery parameter R (associated with the randomly distributed
dislocation network) on the ductility limit of polycrystalline steel: (a) stress–strain
behavior for plane strain tension. (b) Minimal determinant of the acoustic tensor
over all orientations of the normal to the localization band.

In the above eigenvalue problem, which corresponds to the sin-
gularity of the acoustic tensor, � is the unit vector normal to the
shear band.

6. Numerical results—strain localization analysis

In previous contributions (see Franz et al. [9,27]), the
above localization criterion has been applied to a simplified
micromechanical model that does not account for intragranular
microstructure development. Investigation of plastic instability
using Rice’s bifurcation criterion allowed us to determine Form-
ing Limit Diagrams (FLDs) for single-phase and dual-phase steels.
This FLD concept has proven to be useful for preventing defective
parts in the context of sheet metal forming processes [28,29].

In the present work, the above formability criterion is cou-
pled with micromechanical modeling after enrichment of the
elastic–plastic single crystal behavior law with an intragranular
substructure description. The main focus is to establish relation-
ships between microstructural properties (and their underlying
physical mechanisms) and material ductility. Some of the motiva-
tion behind this is to provide a prediction tool that can be used to
classify materials in terms of ductility. This tool could also be used
to optimize material properties or to design new grades of steel

with enhanced in-use mechanical properties.

In the following sections, the qualitative impact of microstruc-
tural mechanisms on ductility will be investigated. In this process,
the effect on ductility of the model parameters, which are asso-
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Table 2
Subset of material parameters identified for IF-Ti steel corresponding to the partially
modeled intragranular microstructure.

I R [m] Iwd Rwd [m] Iwp Rwp [m]

4.5 × 10−2 2.5 × 10−9 0 0 0 0

c
w
t
p
a
c
f
v
i

p
s
o
F
e
b
i
s

F
d
b
o

Rncg [m] Rrev [m] R2 [m] f �c0 [1 1 0] [MPa] �c0 [1 1 2] [MPa]

0 0 0 0 45 45

iated with elementary physical mechanisms at the microscale,
ill be analyzed during monotonic loading tests. These parame-

ers include the immobilization parameters I, Iwd, Iwp; the recovery
arameters R, Rwd, Rwp; the initial critical resolved shear stress �c0
nd the volume fraction f of the dislocation sheets. This analysis is
onducted on a 1000-grain polycrystalline aggregate similar to the
erritic single-phase steel IF-Ti, for which the identified parameter
alues are reported in Table 1 (see Ref. [8] for more details on the
dentification procedure).

Note that for consistency reasons, the results are shown for
lane strain tensile tests because the associated limit strain corre-
ponds to the lowest point of the FLD, and this is a good indication
f the overall forming limit and hence of the material ductility.

or other monotonic loading tests (uniaxial tension and equibiaxial
xpansion), the results obtained show the same trends and could
e given in the same way. Moreover, the influence of the remain-

ng parameters (i.e., Rncg, Rrev and R2) during monotonic tests is
hown to be negligible, as they are specific to sequential loading

ig. 6. Effect of the immobilization parameter Iwd (associated with currently existing
islocation walls) on the ductility limit of polycrystalline steel: (a) stress–strain
ehavior for plane strain tension. (b) Minimal determinant of the acoustic tensor
ver all orientations of the normal to the localization band.
ineering A 528 (2011) 3777–3785

tests. Consequently, only key parameters will be analyzed in what
follows, and they will be progressively activated to separate their
respective effects and to clearly identify the impact of each compo-
nent associated with the microscopic modeling. Throughout these
analyses, the subset of parameters (which is kept constant) is iden-
tified for IF-Ti steel using five different experimental tests [8], while
the remaining parameters are varied to investigate their effects on
ductility.

6.1. Impact of the randomly distributed dislocation network

In this first analysis, the internal substructure is taken with
no particular organization, which means that the dislocations are
distributed in a totally random way. To reproduce this assumed
configuration, all of the values of the model parameters are set to
zero, except for the immobilization parameter I and the recovery
parameter R. Thus, Figs. 4 and 5 are obtained by keeping all of the
parameters of Table 2 constant while varying parameters I and R,
respectively.

The microscopic modeling uses Eq. (9) for the evolution of
randomly distributed dislocations. Examination of this equation
reveals that it contains two terms of opposite signs correspond-
ing, respectively, to the storage and annihilation of dislocations in

the cell interiors. The immobilization parameter I characterizes the
number of dislocations that are going to be trapped inside cells.
Larger values of this parameter induce more obstacles to slip and
result in an increase in hardening that leads to enhanced ductility.

Fig. 7. Effect of the recovery parameter Rwd (associated with currently existing dislo-
cation walls) on the ductility limit of polycrystalline steel: (a) stress–strain behavior
for plane strain tension. (b) Minimal determinant of the acoustic tensor over all
orientations of the normal to the localization band.



G. Franz et al. / Materials Science and Engineering A 528 (2011) 3777–3785 3783

Table 3
Subset of material parameters identified for IF-Ti steel corresponding to the partially
modeled intragranular microstructure.

I R [m] Iwd Rwd [m] Iwp Rwp [m]

4.5 × 10−2 2.5 × 10−9 1.8 × 10−1 2 × 10−9 0 0

Rncg [m] Rrev [m] R2 [m] f �c0 [1 1 0] [MPa] �c0 [1 1 2] [MPa]

T
i
(
i
o
o
m
l

d
r
m
i
c
e

F
d
b
o

0 0 0 0.2 45 45

his trend is clearly reproduced by the proposed model, as shown
n Fig. 4. Note that in Fig. 4a, the end of the stress–strain curves
indicated by a cross) corresponds to the occurrence of strain local-
zation. Fig. 4b gives plots of the minimal value of the cubic root
f the determinant of the acoustic tensor (det(� · L · �))1/3 over all
rientations of the normal � to the localization band versus the
acroscopic logarithmic strain for various values of the immobi-

ization parameter I.
In the same way, the importance of the annihilation of ran-

omly distributed dislocations can be quantified by means of the
ecovery parameter R. Larger values of this parameter mean that
ore dislocations are going to disappear, making slip motion eas-

er. Therefore, this softening effect due to dislocation annihilation
ontributes to the overall softening of the material, thus promoting

arly strain localization (see Fig. 5).

ig. 8. Effect of the immobilization parameter Iwp (associated with currently existing
islocation walls) on the ductility limit of polycrystalline steel: (a) stress–strain
ehavior for plane strain tension. (b) Minimal determinant of the acoustic tensor
ver all orientations of the normal to the localization band.

Fig. 9. Effect of the recovery parameter Rwp (associated with currently existing dislo-
cation walls) on the ductility limit of polycrystalline steel: (a) stress–strain behavior
for plane strain tension. (b) Minimal determinant of the acoustic tensor over all
orientations of the normal to the localization band.
6.2. Impact of the dense dislocation sheets

In this section, the intragranular substructure is assumed
to present an organized dislocation network consisting of cell
structure and dense dislocation sheets. In this context, the two
parameters Iwd and Rwd are both activated. Figs. 6 and 7 are obtained
by varying the values of parameters Iwd and Rwd, respectively, while
the remaining material parameters (reported in Table 3) are kept
constant.

In terms of macroscopic hardening, Iwd and Rwd have the
same influence as I and R, respectively, as they convey the same
mechanisms but for dislocations stored in the walls, as shown in
Figs. 6a and 7a.

According to Eq. (5), larger values of the immobilization parame-
ter Iwd produce dense dislocation walls with higher intensity, which
seems to induce an increase in ductility, as shown in Fig. 6b. This is
because the generation of dense dislocation sheets parallel to the
crystallographic planes on which the slip activity is greatest means
that fewer dislocations are likely to act as obstacles to the slippage
of other dislocations.

On the other hand, the recovery parameter Rwd is expected to
exert an effect opposite to that of the immobilization parameter
Iwd. This is well-verified in Fig. 7b, which shows that larger values
of Rwd produce a drop in ductility.



3784 G. Franz et al. / Materials Science and Eng

Table 4
Subset of material parameters identified for IF-Ti steel corresponding to the partially
modeled intragranular microstructure.

I R [m] Iwd Rwd [m] Iwp Rwp [m]

4.5 × 10−2 2.5 × 10−9 1.8 × 10−1 2 × 10−9 4.5 × 10−2 2 × 10−9

6

s
d
w
[
i
e

e
p
t
i

t
d

F
o
i
l

Rncg [m] Rrev [m] R2 [m] f �c0 [1 1 0] [MPa] �c0 [1 1 2] [MPa]

5 × 10−10 0 0 0.2 45 45

.3. Impact of the polarized dislocations

As previously modeled, the intragranular substructure here con-
ists of cell structure and dense dislocation sheets; however, the
ipolar character of dislocation walls is now taken into account
ith the additional activation of the two parameters Iwp and Rwp

see Eq. (6)]. The associated material parameter values are reported
n Table 4. By varying the values of Iwp and Rwp, their respective
ffect on ductility is illustrated in Figs. 8 and 9.

Concerning material strength, variation of the material param-
ter Iwp is expected to have the same consequences as varying the
arameters I and Iwd, whereas variation of Rwp is expected to have
he same consequences as varying R and Rwd This is clearly shown

n Figs. 8a and 9a.

According to Eq. (6), larger values of the immobilization parame-
er Iwp or smaller values of the recovery parameter Rwp lead to more
irectionally movable dislocations accumulating along the dense

ig. 10. Effect of the initial critical resolved shear stress �c0 on the ductility limit
f polycrystalline steel: (a) stress–strain behavior for plane strain tension. (b) Min-
mal determinant of the acoustic tensor over all orientations of the normal to the
ocalization band.
ineering A 528 (2011) 3777–3785

dislocation walls, and thus fewer dislocations are likely to act as
obstacles to the slippage of other dislocations. This phenomenon
therefore improves the ductility of the material, consistent with
the observations of the previous sections (see Figs. 8b and 9b).

In the following sections, all of the material parameters reported
in Table 1 are simultaneously activated.

6.4. Impact of the initial critical resolved shear stress

By considering different values of the initial critical resolved
shear stress �c0 while the remaining parameters of Table 1 are
kept constant, it is clearly shown (see Fig. 10) that smaller val-
ues of �c0 (or by extension for elastic limit) lead to a more ductile
material. This result is consistent with the work of Luft [30], who
reported that for single crystals of molybdenum, a decrease in tem-
perature resulted in an increase in the elastic limit and thus a drop
in ductility. Therefore, the effects revealed by the proposed model
are in good agreement with the literature and with experimental
observations.

6.5. Impact of the volume fraction of the dislocation sheets

As suggested by Fig. 11, an increase in the volume fraction f of

the dislocation walls improves ductility. This effect revealed by the
model is consistent with the influence of parameter Iwd associated
with dense dislocation walls, because increasing the presence of
dislocation walls has an effect that is somehow similar to increasing
their intensity.

Fig. 11. Effect of the volume fraction f of the dislocation sheets on the ductility
limit of polycrystalline steel: (a) stress–strain behavior for plane strain tension. (b)
Minimal determinant of the acoustic tensor over all orientations of the normal to
the localization band.
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. Conclusions

In this paper, the plastic instability criterion based on bifurca-
ion theory first proposed by Rice has been applied to elastic–plastic
angent moduli derived from a large strain micromechanical model
ombined with a self-consistent scale-transition scheme. This mul-
iscale model incorporates microscopic modeling that allows the
ormation and evolution of intragranular dislocation patterns on
train-paths to be precisely reproduced. To accurately describe the
acroscopic behavior of polycrystalline aggregates during mono-

onic and complex loading paths, this approach takes into account
everal of their microstructural aspects, i.e., initial and induced tex-
ures, dislocation densities and softening mechanisms.

Numerical simulations have been carried out by successively
electing different subsets of material model parameters associated
ith specific dislocation organizations. This stepwise methodology
as been adopted to clearly and separately identify the impact of
ach component of the intragranular substructure on the macro-
copic hardening and ductility limit of single-phase steels during
onotonic loading tests. The results obtained reveal trends that are

uite realistic with respect to the relative ability of dislocations to
ove.
The resulting theoretical and numerical tool proves to be useful,

s it allows the ductility of new grades of steel to be predicted at
arly stages of their design. Additional features of the tool are that
t enables the formability of materials to be compared and it allows
he impact of microstructural effects on ductility to be determined.
herefore, it could be used to optimize the ductility of new steels
r to design materials with desired formability.

In future work, thorough investigations will validate the model’s

rends with respect to experimental data. From the experimental
oint of view, microstructural mechanisms corresponding to differ-
nt dislocation substructures are difficult to measure and quantify.
dditionally, extension of this work to strain localization analysis

n the context of sequential loading paths would be of interest.

[

[
[
[

ineering A 528 (2011) 3777–3785 3785

References

[1] H. Mughrabi, in Proc.: 4th Int. Conference on Continuum Models of Discrete
Systems, O. Brulin, R.K.T. Hsieh (Eds.), Stockholm, 1981, pp. 241–257.

[2] D. Muller, X. Lemoine, M. Berveiller, J. Kratochvil, Solid State Phenom. 35/36
(1993) 393–398.

[3] X. Lemoine, M. Berveiller, D. Muller, Mater. Sci. Forum 157–162 (1994)
1821–1826.

[4] L. Langlois, M. Berveiller, Int. J. Plasticity 19 (2003) 599–624.
[5] B. Peeters, M. Seefeldt, C. Teodosiu, S.R. Kalidindi, P. Van Houtte, E. Aernoudt,

Acta Mater. 49 (2001) 1607–1619.
[6] B. Peeters, B. Bacroix, C. Teodosiu, P. Van Houtte, E. Aernoudt, Acta Mater. 49

(2001) 1621–1632.
[7] G.I. Taylor, J. Inst. Metals 62 (1938) 307–324.
[8] G. Franz, F. Abed-Meraim, T. Ben Zineb, X. Lemoine, M. Berveiller, Mater. Sci.

Eng. A 517 (1–2) (2009) 300–311.
[9] G. Franz, F. Abed-Meraim, J.P. Lorrain, T. Ben Zineb, X. Lemoine, M. Berveiller,

Int. J. Plasticity 25 (2009) 205–238.
10] R.J. Asaro, J.R. Rice, J. Mech. Phys. Solids 25 (1977) 309–338.
11] R.J. Asaro, J. Appl. Mech. 50 (1983) 921–934.
12] D. Peirce, J. Mech. Phys. Solids 31 (1983) 133–153.
13] D. Peirce, R.J. Asaro, A. Needleman, Acta Metall. 31 (1983) 1951–1976.
14] T. Iwakuma, S. Nemat-Nasser, Proc. R. Soc. Lond. A 394 (1984) 87–119.
15] J.P. Lorrain, T. Ben Zineb, F. Abed-Meraim, M. Berveiller, Int. J. Form. Process 8

(2005) 135–158.
16] A.S. Keh, S. Weissmann, in: G. Thomas, J. Washburn (Eds.), Electron Microscopy

and Strength of Crystal, 1963, pp. 231–300.
17] F. Ronde-Oustau, B. Baudelet, Acta Metall. 25 (1977) 1523–1529.
18] J.V. Fernandez, J.H. Schmitt, Philos. Mag. A 48 (1983) 841–870.
19] E.V. Nesterova, B. Bacroix, C. Teodosiu, Metall. Mater. Trans. A 32 (2001)

2527–2538.
20] E.F. Rauch, J.H. Schmitt, Mater. Sci. Eng. A 113 (1989) 441–448.
21] E.F. Rauch, J. Mech. Behav. Mater. 4 (1992) 81–89.
22] U.F. Kocks, J. Eng. Mater. Technol. 98 (1976) 76–85.
23] R. Hill, J. Mech. Phys. Solids 13 (1965) 89–101.
24] P. Lipinski, M. Berveiller, E. Reubrez, J. Morreale, Arch. Appl. Mech. 65 (1995)

291–311.
25] J.W. Rudnicki, J.R. Rice, J. Mech. Phys. Solids 23 (1975) 371–394.
26] J.R. Rice, in Proc.: 14th IUTAM Congress, Theorical and Applied Mechanics, W.T.
Koiter (Ed.), Amsterdam, 1976, pp. 207–220.
27] G. Franz, F. Abed-Meraim, T. Ben Zineb, X. Lemoine, M. Berveiller, Comput.

Mater. Sci. 45 (2009) 768–773.
28] S.P. Keeler, Sheet Metal Indust. 42 (1965) 683–691.
29] G.M. Goodwin, SAE Paper No. 680093, 1968.
30] A. Luft, Prog. Mater. Sci. 35 (1991) 97–204.


	Impact of intragranular microstructure development on ductility limits of multiphase steels
	Introduction
	Single crystal behavior modeling—mesoscopic scale
	Kinematics of crystallographic slip and plasticity
	Regularized Schmid law and slip system activity
	Single crystal tangent modulus

	Modeling at the microscale: the evolution of intragranular microstructure
	Description of intragranular substructure
	Formation of dense dislocation walls
	Evolution of the intensity of currently existing dislocation walls
	Evolution of polarity assigned to currently existing dislocation walls
	Evolution of dislocation densities associated with former walls
	Formation and evolution of statistically stored dislocations in the cell interiors
	Isotropic hardening, latent hardening and polarity

	Scale-transition scheme—polycrystalline behavior
	Plastic instability—modeling of formability limits
	Numerical results—strain localization analysis
	Impact of the randomly distributed dislocation network
	Impact of the dense dislocation sheets
	Impact of the polarized dislocations
	Impact of the initial critical resolved shear stress
	Impact of the volume fraction of the dislocation sheets

	Conclusions
	References


