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a b s t r a c t

In this work, we investigate the mechanical behavior of multi-phase steels using a con-
tinuum dislocation dynamic model (CDD) coupled with a viscoplastic self-consistent
(VPSC) model that accounts for both the effect of dislocations evolution inside the grain
as well as grainegrain interactions. Because the conventional viscoplasticity theory does
not capture the grain size effect, we introduce an intrinsic length scale within the concepts
of geometrically necessary dislocations (GND) by means of the Nye's dislocation tensor.
The effect of the GND density is implemented into the model for the mean free path of
dislocations and is shown to contribute to strain hardening. As a validation of this mul-
tiscale model, we investigate the mechanical behavior of various dual phase steels. The
stress-strain response obtained from this approach is compared to experimental data
found in the literature and reveal good agreement between experimental results and
predictions. The model also predicts the evolution of dislocation densities in each phase
and suggests the connection between underlying deformation mechanisms and macro-
scopic material hardening. The relation between flow stress and grain size is also inves-
tigated. The model predictions follow the HallePetch relation of strength versus grain size
for grains larger than one micron meter but deviates from this relation for grains in the
order of tens of nanometers.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many experiments such as micro-bending (Parasiz et al., 2010; Chen et al., 2010;Wang et al., 2003; Shi et al., 2008), micro-
torsion (Liu et al., 2012, 2013; Dunstan et al., 2009; Fleck et al., 1994; Gan et al., 2014), micro-indentation hardness test (Mayo
and Nix, 1998; Wei and Hutchinson, 2003; Abu Al-Rub and Voyiadjis, 2004), and test of particle-reinforced metal composites
(Rhee and Zbib, 1994; Zhu and Zbib, 1995; Chen and Wang, 2002; Dai et al., 2001; Askari et al., 2013) have shown that the
mechanical behavior of a material is size dependent at the micron scale and that a relation exists between the material
hardening and the size of the specimen. Similarly, testing of polycrystalline materials have shown that the material's strength
increases with decreasing grain diameter (Lim et al., 2011), effect commonly referred as HallePetch effect. The underlying
mechanism for this behavior is that the dislocations pile up on the grain boundaries that act as obstacles to the dislocation
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motion, resulting in hardening. In addition, in the case of multi-phase steels, a size-dependent mechanical response is
observed at the micron and submicron scales. For these materials, the existence of an interface makes the deformation
mechanism more complicated than for a single crystal material. Mechanical test coupled with material characterization
experiments using transmission electron microscopy (TEM) have shown an increase of dislocation density at the phase
boundary (Korzekwa et al., 1984; Calcagnotto et al., 2010; Jacques et al., 2001) resulting in a plastic strain gradient. This plastic
strain gradient is mostly attributed to an inhomogeneous deformation process between the ‘soft’matrix and ‘hard’ inclusions
and is responsible for the hardening of the material. The classical plasticity theory does not take into account an internal
length scale and cannot be used to explain the size effects. To capture the size effect, plasticity theories that include strain
gradients have been developed over the last two decades and have been shown to be successful in predicting size effects and
mechanical response. Among them, the work by Zbib and Aifantis (1992) which is based on the introduction of higher order
strain gradients into the flow stress, the work by Fleck and Hutchinson (1997) who proposed a higher-order gradient theory,
or more recently the work of Abu Al-Rub and Voyiadjis (2006) who introduced a gradient dependent hardening modulus to
account for the length scale. In these models, material hardening is attributed to two types of dislocations: the statistically
stored dislocations (SSDs) and the geometrically necessary dislocations (GNDs). SSDs are dislocations that arise as the result
of plastic strain, and GNDs are dislocations associated with plastic strain gradient (Nye, 1953; Ashby, 1970). The word “sta-
tistically stored” indicates that the dislocations are randomly trapped and material hardening is due to the resistance to
gliding that the (mobile) dislocations may experience during local deformation. In addition to this internal resistance to
dislocationmotion, another type of resistance exists that arise from the GNDswhich form in order to accommodate the lattice
curvature during non-uniform plastic deformations. Most of the models incorporate the density of GNDs within higher order
gradient theories and include its effect directly into the constitutive equations for the flow stress (e.g. Fleck et al., 1994; Fleck
and Hutchinson,1997) or hardening law (e.g. Acharya and Beaudoin, 2000; Acharya et al., 2003). Another approach, proposed
by Ohashi (2004, 2005) and Ohashi et al. (2007), is to incorporate this effect in the definition of the effective dislocation mean
free path. In this context, the density of GNDs is incorporated into the mean free path of moving dislocations within a multi-
scale modeling approach that couples dislocation dynamics with continuum finite element crystal plasticity, and shows a
clear scale-dependent yield stress.

Most of the current strain gradient models are phenomenological and simply relate the size-effect to strain gradients.
Moreover, when implemented into finite element methods one can simulate only a small number of grains due to the in-
tensity of computation involved in such formulations. In this work, we construct a multi-scale modeling framework to
investigate the size effect in single phase, dual phase (DP) or even multiphase materials. The approach we take uses a
combination of models that include a discrete dislocation dynamic (DDD) model, a continuum dislocation dynamic (CDD)
theory and a viscoplasticity self-consistent (VPSC) model. The VPSCmodel has been advocated by Lebensohn and Tome in the
early nineties (1993, 1994) and has the advantage of possessing a robust self-consistent homogenization method for het-
erogeneous materials in addition to allowing for more grains and grain interactions in the simulations. On the other hand, the
VPSCmodel does not account for the size effect. As a remedy to this, we introduce the Nye's dislocation tensor into the crystal
plasticity formulation. More details about the Nye's dislocation tensor can be found in the works of Shizawa and Zbib (1999)
and Hardin et al. (2013). Briefly, it uses the strain gradient in each grain on a periodic grid and appears into the mean free
dislocation path as a GND density. The multi-scale theory and methodology is outlined in Section 2. Then, in Section 3, the
developedmultiscale model is used to investigate themechanical behavior of dual phase (ferrite phase andmartensite phase)
steels subjected to tensile loading.

2. Theory and methodology

2.1. Two-phase viscoplasticity at mesoscale

Here, we illustrate how we applied the VPSC model to capture the special features of two-phase materials at mesoscale.
This model is based on finite deformation theory combined to a homogenization scheme that yields average quantities of a
representative volume element (RVE) that includes many grains. The polycrystal is represented by grains with orientations
and weight density (volume fractions of grains in the same orientation). Each grain is considered as an ellipsoidal viscoplastic
inclusion embedded into an effective anisotropic viscoplastic medium. In the grain domain, it is assumed that the stress and
strain fields are homogeneous and that two kinds of phase are under homogenized shear stress. The velocity gradient of a
two-phase material with A- and B-phase can be expressed as (Houtte, 1978; Kalidindi, 1998).

LP ¼ ð1� f Þ
XNA

a¼1

_gasa5na þ f
XNB

b¼1

_gbsb5nb (1)

where f is the volume fraction of B-phase, and the NA and NB stand for the number of active slip systems in A- and B-phase,
respectively. The symbols sa and na represent the unit vector in the slip direction and normal to the slip system a, respectively.
In passing we note that the effect of twinning can also be included in Equation (1) (see, e.g. Askari et al., 2014), but it is not
considered in this work. Instead of using the more common phenomenological power law for the shearing rate _ga, we
introduce the Orowan relation (Orowan, 1940) i.e.
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