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Abstract 
In order to investigate the effects of microstructure and 
deformation mechanisms on the ductility of multiphase 
steels, 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 resulting 
large strain elastic–plastic single 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. 

Introduction 
The development of relevant constitutive models that are 
well-adapted to sheet metal forming simulations requires 
an accurate description of the most important sources of 
anisotropy, e.g., plastic slip processes, intragranular 
substructure changes and texture development. 
During plastic deformation of thin metallic sheets, strain-
path changes often occur, resulting in softening/hardening 
macroscopic effects that can significantly influence the 
strain distribution and may lead to flow localization and 
material failure. These effects are thought to originate 
during the evolution of intragranular microstructure. 
The main objective of the present paper is to establish the 
effect of microstructural mechanisms on material ductility. 
For the above-mentioned purpose, a material instability 
criterion has been coupled with a crystal plasticity-based 
model that includes an accurate description of the 
heterogeneous dislocation distribution and which has been 
incorporated into a self-consistent scale-transition scheme. 
Only the plastic instability criterion and microscopic 
modeling are outlined here, the overall multiscale model 
has been presented in Franz et al. [1]. Its ability to describe 
the evolution of the intragranular heterogeneous 
dislocation distribution and to accurately predict the 
macroscopic behavior of single-phase polycrystalline 
steels during monotonic and sequential loading paths has 
been shown. 

A detailed qualitative strain localization analysis for a 
1000-grain polycrystalline aggregate similar to a ferritic 
single-phase steel IF-Ti [2] is carried out, which allows us 
to conclude on the relationship between microstructure and 
ductility. 

Intragranular microstructure modeling  
This microscopic model, based on experimental 
observations on B.C.C. grains, is inspired by the works of 
Peeters et al. [3,4]. The hardening is described through 
several families of dislocation densities and their 
evolution. 
During plastic deformation, an intragranular 
microstructure develops, consisting of straight planar 
dislocation walls and of statistically stored dislocations in 
the cells. The spatially heterogeneous distribution of 
dislocations inside the grain is represented by three types 
of local dislocation densities (Fig. 1). 

 
Figure 1. Schematic representation of the heterogeneous 

dislocation microstructure. 

The dislocations stored randomly inside cells are 
represented by a single local dislocation density ρ . Two 
other types of dislocation densities are associated with the 
dense dislocation walls: the density of immobile 
dislocations stored in the dislocation sheets wdρ , and the 
local, directionally movable or polarized dislocation 
density wpρ . This latter is assumed to have a sign that 
reproduces asymmetry in slip resistance. 
The model will construct at most two families of 
dislocation sheets parallel to the {110} planes on which 
the highest and second highest slip activity rates occur, in 
agreement with experimental observations of B.C.C. 
crystals. 
During plastic deformation, the mobile dislocations can get 
either trapped inside cells and in walls, or get annihilated 
with immobile dislocations of opposite sign or through 



pencil glide. These phenomena are accounted for through 
the evolution equations of the three types of dislocation 
densities, using two different terms of hardening, which 
express the mechanisms of immobilization (with the model 
immobilization parameters I , wdI , wpI ) and annihilation 
(with the model recovery parameters R , wdR , wpR , ncgR , 

revR , 2R ).  
To account for the effect of the pre-existing microstructure 
and thus for the strain-path history of the material, the 
model will necessarily have to distinguish the evolution of 
currently existing dislocation walls from that of previously 
existing dislocation sheets. 
The critical resolved shear stress on each slip system s 
includes the contributions of isotropic hardening, latent 
hardening and polarity, which are related to the three 
above-defined dislocation densities. The resulting critical 
resolved shear stress is then given by 
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where f  is the volume fraction of the dislocation sheets, 
α  the dislocation interaction parameter, µ  the shear 
modulus, b  the magnitude of the Burgers vector, sm  the 
unit vector assigned to the slip direction of system s, w

in  
the unit vector perpendicular to the existing generated 
dense sheet i  and 0

s
cτ  the initial critical resolved shear 

stress. 

Modeling of formability limits 
The Rudnicki–Rice criterion [5,6] corresponds to a 
bifurcation associated with admissible jumps for strain and 
stress rates across a shear band (Fig. 2). 

 
Figure 2. Localization of the deformation along a shear 

band. 

Because field equations have to be satisfied, and because 
the strain rate is discontinuous across the localization 
band, a kinematic condition for the strain rate jump must 
be verified. Also, the continuity of the stress rate vector 
has to be verified for the forces along the localization 
band. The reader may refer to Ref. [7] for more details. 

Numerical results – Impact of 
microstructural mechanisms on 

ductility 
The qualitative impact of microstructural mechanisms on 
ductility is investigated here. In this process, the effect on 
ductility of the model parameters, which are associated 

with elementary physical mechanisms at the microscale, 
will be analyzed during monotonic loading tests. 
For example, as suggested by Fig. 3, an increase in the 
volume fraction f  of the dislocation walls improves 
ductility. The increase of the presence of dislocation walls 
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. 

 
Figure 3. Effect of the volume fraction f  of the 

dislocation sheets on the ductility limit of polycrystalline 
steel – Stress–strain behavior for plane strain tension. 

Conclusion 
The plastic instability criterion based on bifurcation theory 
first proposed by Rice has been applied to elastic–plastic 
tangent moduli derived from a large strain 
micromechanical model combined with a self-consistent 
scale-transition scheme. This multiscale model 
incorporates microscopic modeling that allows the 
formation and evolution of intragranular dislocation 
patterns on strain-paths to be precisely reproduced. 
The resulting theoretical and numerical tool proves to be 
useful, as it allows the ductility of new grades of steel to 
be predicted at early stages of their design. Additional 
features of the tool are that it enables the formability of 
materials to be compared and it allows the impact of 
microstructural effects on ductility to be determined. 
Therefore, it could be used to optimize the ductility of new 
steels or to design materials with desired formability. 
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