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TRansformation Induced Plasticity (TRIP) is a very effective mechanism to increase the
strain hardening capacity of multiphase steels containing a fraction of metastable austenite,
leading to both high strength and large uniform elongation. Excellent performances have
been reached in the past 20 years, with recent renewed interest through the development
of the 3rd generation of high strength steels often involving a TRIP effect. The micro-
structure and composition optimization is complex due to the interplay of coupled effects
on the transformation kinetics and work hardening such as phase stability, size of retained
austenite grains, temperature and loading path. In particular, recent studies have shown
that the TRIP effect can only be quantitatively captured for realistic microstructures if strain
gradient plasticity effects are taken into account, although direct experimental validation of
this claim is missing. Here, an original computational averaging scheme is developed for
predicting the elastoplastic response of TRIP aided multiphase steels based on a strain
gradient plasticity model. The microstructure is represented by an aggregate of many ele-
mentary unit cells involving each a fraction of retained austenite with a specified stability.
The model parameters, involving the transformation kinetics, are identified based on ex-
perimental tensile tests performed at different temperatures. The model is further assessed
towards original experiments, involving temperature changes during deformation. A clas-
sical size independent plasticity model is shown unable to capture the TRIP effect on the
mechanical response. Conversely, the strain gradient formulation properly predicts sub-
stantial variations of the strain hardening with deformation and temperature, hence of the
uniform elongation in good agreement with the experiments. A parametric study is per-
formed to get more insight on the effect of the material length scale as well as to determine
optimum transformation kinetics to reach the highest possible strength-ductility balance. It
is shown that the uniform elongation can potentially be increased by 50% or more, paving
the way towards future microstructure engineering efforts.

& 2016 Elsevier Ltd All rights reserved.
1. Introduction

Over the last decades, the demand for steels with enhanced mechanical properties, especially high strain hardening
capacity, has motivated the design and manufacturing of various types of TRIP (TRansformation Induced Plasticity) assisted
multiphase steels, e.g. Jacques (2004). Transformation induced plasticity is indeed an efficient strategy to develop alloys
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Fig. 1. Experimental results for isothermal tensile tests at different temperatures, reproduced from [Lacroix, 2007]. All quantities are plotted against the
true longitudinal tensile strain (i.e. homogeneous global strain before necking): (a) kinetics of austenitic phase transformation, (b) normalized true stress-
strain response (normalization is performed with respect to the initial yield of the α phase), (c) considère plot for the determination of the onset of necking.
The dashed lines represent an assumed extrapolation of the transformation kinetics beyond the experimentally detected onset of necking, as explained in
Section 3.1.
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with excellent strength/ductility balance. This is achieved by raising, in a controlled way, the strain hardening capacity
through the continuous transformation during deformation of a fraction of metastable austenite retained owing to specific
metallurgical treatments. By varying the chemical composition and the thermomechanical processing route, the volume
fraction, the stability, the size and the initial strength of the retained austenite and of the surrounding ferrite-bainite matrix
can be controlled. This leads to markedly different transformation kinetics and plastic behavior, see e.g. Jacques (2004);



Table 1
Chemical composition of the TRIP steel.

wt% C Si Mn P S Al N

0.31 1.51 1.57 0.009 0.008 0.009 0.004
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Godet and Jacques (2015) and Jacques et al. (2007). Fig. 1 illustrates several important characteristics associated to this class
of steels by showing results from an earlier investigation by Lacroix et al. (2008) and Delannay et al. (2008) with the
composition reported in Table 1. Fig. 1 represents (a) the variation of the retained austenite volume fraction γV with de-
formation at different temperatures, (b) the true stress Σ/s0 – true strain Ε curves obtained for these different temperatures
(s0 is the yield stress of ferrite), and (c) the incremental work hardening rate Σ Ε=n d dln / lninc with deformation. Capital
letters or symbols will denote macroscopic or averaged quantities, unless stated otherwise. All quantities are reported in
terms of the global, homogeneous true strain before necking. The curves presenting the variation of γV are extrapolated a
little beyond the experimentally detected onset of necking (dashed line in Fig. 1a), for a reason that will be explained in the
sequel. The strength-ductility balance strongly depends on the transformation kinetics which is controlled by the intrinsic
stability of the retained austenite varying with the deformation and temperature. The temperature dependence of the
hardening law of the phases is relatively small in the narrow range of temperatures considered here, and most of the
difference between the responses must thus be attributed to the TRIP mechanism as observed in many earlier works on the
topic, e.g. Hecker et al. (1982); Olson and Azrin (1978). The results of Fig. 1 show that the mechanical response is sensitive to
the transformation of some amount of retained austenite (here typically around 15% while not completely transforming)
and on the transformation kinetics. This shows the huge potential of the TRIP mechanism but also the complexity of op-
timizing these materials with respect to forming operations and to the final performances. In addition, it must be noted that
the transformation kinetics very much depends on the loading conditions through the effect of the hydrostatic stress
component on the mechanical driving force, e.g. Stringfellow et al. (1992); Lani et al. (2007) and Jacques et al. (2001).

A large number of contributions can be found in the literature dealing with the TRIP effect in steels, and a comprehensive
review of this field is out of the scope of this introduction. Earlier modeling works have been devoted to various classes of
TRIP steels, such as single phase austenitic steels, e.g. Hecker et al. (1982), or multiphase steels, Jacques et al. (2001). A short
review of the modeling strategies is provided here. These approaches are classified based on the considered scale, irre-
spective of the family of TRIP steel. In order to model TRIP effects, different deformation mechanisms active at the fine scale
should be considered, see Cherkaoui et al. (1998). Their interactions with microstructural evolutions, along with energetic
considerations, control the orientation and accommodation effects, denoted as the Magee (1970) and Greenwood-Johnson
(1965) effects, respectively.

Olson and Cohen (1975) developed a seminal model linking the evolution of the martensite volume fraction to the
accumulated plastic strain, with shear band intersections as the most probable zone to accommodate strain-induced
transformation. This model was later extended by Stringfellow et al. (1992), using the mechanical driving force in a two-
phase composite material, to incorporate the hardening effects, induced by the presence of the martensitic phase, as well as
the effect of the hydrostatic stress component. Tomita and Iwamoto (1995) further developed the Stringfellow model by
including strain rate effects.

Other models involved a finer scale description of the material. In the model proposed by Marketz and Fischer (1994),
crystallographic and thermodynamic aspects of the martensitic transformation are coupled in order to investigate both the
Magee and Greenwood-Johnson effects. Cherkaoui et al. (1998) developed a thermo-micromechanical model to represent
such effects, including an inelastic strain within the martensitic phase for the phase transformation. A model based on
internal variables was introduced by Fischer et al. (1998) to account for plastic flow and the progress of the transformation.
Idesman et al. (1999) derived a model in a finite strain setting, in which the potential region undergoing transformation is
imposed, and in which the final phase configuration is assumed in the model as from the start of the calculation.

Multi-scale approaches were developed to link the micro and macro scales characteristics. Levitas et al. (1998) showed that
the geometry of the transformation is controlled by the maximum transformation work, a condition satisfied near the shear
band intersections. Diani et al. (1995) focused on the relationship between the macroscopic and the microscopic strain fields in
TRIP steels. Marketz and Fischer (1995) extended their former micromechanical model to mesoscale aspects by incorporating
the effect of micro-stresses. In Kouznetsova and Geers (2007), a multiscale approach was developed in which the effect of
plastic deformation of the parent phase on the product phase is incorporated. Leblond et al. (1986) developed a model in which
the evolution of the volume fraction of the martensite phase is calculated using an homogenization principle, independently
from any initial assumption on the macroscopic plastic flow. Similarly, in Bhattacharyya and Weng (1994), the transformation
was analyzed based on a thermo-mechanical approach without assuming a priori the martensite volume fraction evolution
pattern and the plastic flow. Recently, based on the transformation criterion formulated by Fischer et al. (1998); Turteltaub and
Suiker (2006a) developed a model in which the transformation driving force is incorporated in a crystal plasticity framework.
The authors further developed this model to account for grain size effects (Turteltaub and Suiker, 2006b). A multiscale com-
posite-based model for TRIP steels was also presented by Delannay et al. (2008), inwhich the evolution of the martensitic phase
is controlled using the energy balance criterion proposed by Fischer et al. (1998), and in which a mean-field Mori-Tanaka
approach is exploited to estimate the overall response. Recently, Srivastava et al. (2015) used large 3D FE Representative Volume
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Elements (RVE) and a crystal plasticity formulation to simulate the response of TRIP assisted multiphase steels, relying on
micropillar compression data for parameter identification.

Size dependency in the elastoplastic response in TRIP steels has been considered by Turteltaub and Suiker (2006b);
Mazzoni-Leduc et al. (2008) and Mazzoni-Leduc et al. (2010), showing that strain gradient plasticity effects associated to the
phase transformation can have a first order effect on the overall mechanical response. Hardening size effects were shown to
be captured by higher order models in relation with evolving interface properties (Massart and Pardoen, 2010; Pardoen and
Massart, 2012). The reason for the size dependency in the TRIP effect is that transformation involves austenite regions which
are in the range of 1 mm and which, upon transformation, lead to strong plastic strain gradients in the close neighborhood.
Mazzoni-Leduc et al. (2008, 2010) used the strain gradient plasticity model developed by Fleck and Hutchinson (2001), to
investigate the effects of transformation on the material behavior of TRIP steels. Although this model revealed strong effects
of the plastic strain gradients on the impact of the TRIP mechanism on the response of unit cells made of a single trans-
forming grain, no direct or even indirect comparison with experimental results could be made.

Based on this current state of literature, the present work addresses several new or open aspects. The first goal is to prove
that a size dependent (strain gradient) based plasticity formulation is required to capture the significant effect of the
transformation kinetics on the strain hardening and on the strain at necking by direct comparisons with experiments while
classical plasticity fails at doing so. Secondly, a relatively original homogenization scheme is built up to describe the evolving
multiphase microstructure. Thirdly, a finite strain version of the SGP theory has been implemented in order to deal with
strength and ductility evolution at large deformation (while our earlier work used a small strain version). Fourthly, original
experimental results involving tensile tests with sharp temperature changes and the corresponding evolution of the mar-
tensitic phase transformation are also addressed to further exploit the model. Finally, new perspectives are proposed to-
wards the future optimization of TRIP steels by tuning the transformation kinetics.

To achieve these objectives, the unit cell model developed by Mazzoni-Leduc et al. (2008, 2010) is extended by ad-
dressing representative volume elements that are rich enough to encompass a large number of austenite grains, each one
transforming at a different level of deformation. For this purpose, an averaging procedure is set, similar in spirit to the one
used by Ognedal et al. (2014). The constitutive model of the material is based on the strain gradient plasticity formulation of
Fleck and Hutchinson in a 2D finite deformation setting as developed by Niordson and Redanz (2004). The model para-
meters are first identified in order to reproduce the trends presented in Fig. 1 followed by a validation using data obtained
with the same TRIP steels but with temperature changes during deformation. Finally, a parametric study is performed to get
more insight on the effect of the material length scale, as well as to determine the optimum transformation kinetics to reach
the highest possible strength ductility balance. This last analysis is also motivated by the major recent interest for the
development of the so-called “third generation” of high strength steels. Such steels are based on multiphase extremely fine
martensitic/bainitic microstructures for the strength, with moderate amount of alloying elements often designed to com-
bine both TWIP (Twinning Induced Plasticity) and TRIP effects, owing to the presence of small layers of austenite. The
remarkable properties demonstrated in the very recent literature, e.g. Wang et al. (2014); Raabe et al. (2009) and Wang et al.
(2014) are indeed partly related to a TRIP effect associated to extremely fine austenite regions for which the present model is
particularly relevant at least to deal with the first order effects, see also recent work by Yen et al. (2015).

The outline of the paper is the following. Section 2 describes the unit cell model, the transformation and constitutive
models, recalling the essentials of the strain gradient plasticity formulation. The homogenization scheme used to impose the
transformation kinetics and to aggregate the results of the single cells in order to predict the overall behavior is explained in
Section 3. The connection between the experimentally inspired transformation kinetics and the loading conditions applied
on unit cells are also presented, as well as the global averaging procedure used to generate the macroscopic response based
on a discretized kinetics of the transformation. Sections 4–6 present the numerical results obtained using this approach
together with a discussion and the comparison with the experimental data reported by Lacroix (2007) for isothermal
tension, as well as the non-isothermal tensile tests. Finally, Section 7 concludes with future perspectives.
2. Model and numerical procedures

2.1. Description of the representative volume element

As a fully realistic microstructure representation would be too complex to use in the present approach, a simplified 2D
unit cell is used to model the TRIP assisted multiphase steel, see Fig. 2. This configuration was used by Mazzoni-Leduc et al.
(2008, 2010) to study the TRIP mechanism effects at the scale of a single transforming grain using the Fleck-Hutchinson
strain gradient plasticity formulation. A circular austenitic inclusion surrounded by a ferritic matrix partially transforms into
a martensitic phase as a result of mechanical loading. The key features of the microstructure that are taken into account are
(i) the (evolving) volume fractions of austenite and of martensite and (ii) the orientation of the newly formed martensitic
inclusion chosen to maximize the mechanical driving force for transformation. In case of uniaxial tensile loading, the po-
tential zone to be transformed is aligned at 45° with respect to the tensile loading direction, see Van Rompaey et al. (2006).
Furthermore, an elliptical shape is chosen in order to prevent stress singularities at the tips of the transformed area, which
would artificially increase the effect of strain gradients.

The geometry described above is sketched in Fig. 2 with the configurations before, during, and after phase



Fig. 2. Microstructural unit cell model for the phase transformation process: (a) before transformation, (b) during transformation and (c) after transfor-
mation. The transformation strain or eigenstrain – denoted with components δtsf and γtsf in the local axis frame (see relation (2)) – is applied on the
transforming zone through step (b). The parameters of the transformation strain will be taken as δtsf ¼ 0.03 and γtsf ¼0.1 in the sequel. (α: ferrite, γ:
austenite and α′: martensite).
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transformation. All the steps used in order to model the phase transformation will be explained next. In this work, classical
notations used in the metallurgical terminology are used to refer to different phases: α for ferrite, γ for austenite and α′ for
martensite. Based on experimental data that will be used for the assessment of the model, see Lacroix (2007), the volume
fraction of the residual austenite inclusion is set to 17%, with an assumed (simplified) circular shape, as depicted in Fig. 2.
The potential elliptical martensite phase, with a size set by the austenitic inclusion size, is surrounded by the austenite
inclusion. The size and thus the volume fraction of the martensitic inclusion is controlled by the dimension h of its minor
axis, see Fig. 2.

2.2. Phase transformation model and numerical treatment

In the present study, the martensite formation and evolution is explicitly prescribed. Hence, we focus only on the
evolving composite effect resulting from the TRIP effect (which involves also the change of hardening behavior of the
transforming region) assuming the transformation kinetics is incorporated exactly. In the present study, Σcell and Εcell always
refer to the overall macroscopic true stress and strain averaged over the unit cell, respectively, unless otherwise stated. They
are computed as follows

∫ σΣ =
( )V

dV
1

,
1cell

cell V
cell

cell

∫ εΕ =
V

dV
1

.cell
cell V

cell
cell

In the sequel, the subscript ‘cell’ will be omitted for brevity whenever possible. In the present approach, we will assume
that the transformation strain is applied instantaneously with respect to the overall (macroscopic) mechanical loading.
Assuming thus a homogeneous progress in the mechanical effect of the material transformation, the transformation is
simulated locally using the following three successive stages:

1. The material is subjected to the tensile loading conditions until a specific overall average unit cell true strain level Etsf
init cell,

is reached. The material is assumed to be composed of ferrite and austenite only as shown in Fig. 2a, i.e. = 〈 〉α γ+E E . The
computation of Etsf

init cell, based on experimental macroscopic strain data will be explained in detail later.
2. When the average strain in the unit cell Ecell reaches the threshold valueEtsf

init cell, , the material properties of the elliptical
zone are gradually updated from the austenite to the martensite properties. Simultaneously, the macroscopic, overall
mechanical loading is temporarily stopped (the loading of the cell will be applied through a surrounding medium, as
explained in Section 2.5) and a transformation eigenstrain is imposed to the appearing martensitic phase. The eigenstrain
is associated to the transformation itself, i.e. it is the strain that the transforming region would undergo if it would freely
deform. Since this eigenstrain occurs in a transforming region surrounded and confined by the non-transforming part of
the austenite and the ferritic matrix, it will induce local stresses and plastic strain gradients. This transformation strain
involves a shear γtsf as well as a dilatation δtsf component along the local axes associated with the transforming region in
the representative geometry; see Fig. 2b. The martensitic phase appears instantaneously at this step (in terms of the
macroscopic mechanical loading), and the transformation eigenstrain is prescribed only to this zone of the material
according to the following tensor expressed in the local axes aligned with the elliptical zone

ε
γ

γ δ
=

( )

⎡
⎣
⎢
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⎦
⎥
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/2
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2
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In the case of a higher order (gradient plasticity) formulation, a plastic confinement condition should be applied along the
freshly nucleated martensitic phase as from this stage, to model the fact that the newly created phase boundary is
impenetrable to dislocations.

3. After having applied the complete transformation eigenstrain, the transforming zone now behaves according to the
martensitic elastoplastic properties, and the mechanical loading is resumed up to the selected final deformation.

2.3. Size dependent plastic constitutive model

As mentioned in Section 1, a gradient plasticity theory has been developed by Fleck et al. (1994) and reformulated by
Fleck and Hutchinson (2001) to incorporate only the gradients of the plastic strain. This theory and its extended versions
have been used to address many boundary value problems e.g. Niordson and Hutchinson (2003); Massart and Pardoen
(2010); Legarth and Niordson (2010) and Brugger et al. (2010). Here, the theory based on only one length parameter is
considered. In this formulation, the definition of the effective plastic strain increment is generalized with respect to the
classical plasticity description, incorporating the gradients of the plastic strain under the form:

ε ε ε̇ = ̇ + * ̇ ̇ ( )E l 3p p p i p i
2 2 2

, ,

ε ε ε̇ = ̇ ̇2
3p ij

p
ij
p

where ̇Ep is the rate of the generalized plastic strain, ε ṗ and εṗ i, are the conventional effective plastic strain rate and its spatial
gradients, respectively, while εi̇j

p are the components of the plastic strain-rate tensor. In this definition, *l denotes a material
internal length parameter that sets the scale at which the effects of the plastic gradients become dominant. Basically, it has
been argued that the first part of the generalized effective plastic strain corresponds to effects due to the statistically stored
dislocations (SSDs), while the second part arises from the presence of geometrically necessary dislocations (GNDs) (Evans
and Hutchinson, 2009). Due to the path-dependency and the strongly non-proportional local loading conditions in the
microstructure when TRIP effects are modeled, the incremental form of the formulation proposed by Fleck and Hutchinson
(2001) will be used here. This formulation is briefly summarized for completeness.

According to Fleck and Hutchinson (2001), the classical J2 flow theory is generalized such that the principle of virtual
work incorporates a stress measure (Q) and higher order stresses (τi) conjugate to the generalized plastic strain and to the
plastic strain gradients, respectively. The principle of virtual work can be expressed in the current configuration for large
strain problems according to Niordson and Redanz (2004) as follows:

( )( )∫ ∫ ( )δ δε σ δε σ δε τ δε δ δε∀ ̇ ∀ ̇ ̇ + − ̇ + ̇ = ̇ + ̇ ( )( )u Q V T u t Sand : d d 4i P
V

ij ij e p i p i
S

i i p,

where σij and σ( )e are the Cauchy stress tensor and the corresponding equivalent von Mises stress, respectively. Q is the
generalized effective stress, work conjugate to the plastic strain εp, while τi is the higher order stress conjugate to the
gradient of the effective plastic strain.

Ti is the classical traction acting at the continuum boundary while t is the higher-order traction at the boundary of the
plastically deforming part of the body. V and S serve as the domain volume and surface, respectively. In the absence of body
forces and using the Gauss theorem, the strong form of equilibrium, the consistency equation, incorporating higher order
effects as well as the higher-order boundary conditions can be recovered from Eq. (4), as extensively developed by Fleck and
Hutchinson (2001).

This leads to the equilibrium equation

σ⋅ = ( )0, 5ij j,

and to the generalized field consistency equation

σ τ⋅ = ⋅ − ⋅ ( )( ) Q 6e i i,

that defines the generalized effective stress.
In order to rewrite the principle of virtual work in the reference configuration, one can define the Kirchhoff stress

measures for each stress quantity defined above from the true and higher-order stress measures as:

ζ σ σ σ ρ τ= = = = ( )
ζ
( ) ( )J J q JQ J, , , 7ij ij e e i i

where J is the determinant of the deformation gradient tensor. As a consequence of applying the updated Lagrangian
scheme to Eq. (4), the reference frame is taken identical to the current frame ( =J 1). To ensure objectivity of the stress
measures, Jaumann and convected rates of the Kirchhoff stress and the higher-order stress measures are employed, re-
spectively, see Niordson and Redanz (2004). By straightforward manipulations, the incremental expression of the principle
of virtual work can be reformulated in the following form:
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( ) ( )∫ ∫( )ζ δε σ ε δε δ σ δε ρ δε δ δε̇ − ̇ ̇ − ̇ ̇ + ̇ − ̇ ̇ + ̇ = ̇ ̇ + ̇ ̇
( )

ζ
∇

( )
⋄⎛

⎝⎜
⎞
⎠⎟e e q dV T u t S2 d

8V
ij ij ij ik kj kj ki e p i p i

S
i i p0, 0 0

where the subscript ‘0′ stands for the reference coordinate system and ̇eij is the rate of the velocity gradient (∇u̇). Moreover,
the Jaumann (∇) and convected (⋄) rates of the corresponding stress measures are defined as

ζ ζ ω σ σ ω= ⋅ − ⋅ − ⋅ ( )
∇

, 9ij ij ik kj ik jk

ρ ρ ρ⋅ = ⋅ − ⋅ ( )e . 10i i ik k

The reason for choosing the convected rate of the higher-order stress is to benefit from the symmetry of stiffness matrix
in solving the discretized version of Eq. (4) (Niordson and Redanz, 2004). In Eq. (9) ωij denotes the skew-symmetric part of
the velocity-gradient tensor which defined in an incremental form as

( )ω⋅ = ⋅ − ⋅
( )e e

1
2

. 11ij ij ji

The constitutive equations used to update the stress measures in the finite strain framework are expressed as a function
of the total generalized plastic strain, the plastic strain rate and its spatial gradients according to Eqs. (12)–(14):

( )ζ ε ε= ̇ − ̇ ( )
∇

L m 12ij ijkl kl p kl

( )ε̇ = ̇ ( )q h E 13p p

( )ρ ε= * ̇ ( )
⋄

l h E 14i p p i
2

,

where Lijkl refers to the elastic stiffness tensor for an isotropic material, where the plastic tangent modulus h is the derivative
of the hardening law with respect to the plastic strain ( )σ∂ ( )∂E Ey p p , representing the effect of the accumulation of dis-
locations, and where mkl represents the direction of the plastic strain tensor. One of the key element of the Fleck and
Hutchinson theory is to evaluate both the hardening and its derivative at Ep (as the hardening parameter) instead of at εp in
the classical plasticity theory, to account for the effect of both geometrically necessary and statistically stored dislocations
on the hardening response.

2.4. Numerical implementation of the SGP model

A 2D plane stress finite element formulation of the model has been implemented for the purpose of the present study.
6-noded triangular elements are used. The variations of the displacement and of the effective plastic strain fields are in-
terpolated through quadratic and linear shape functions respectively, with displacement degrees of freedom defined at all
nodes, and effective plastic strain degrees of freedom defined at corner nodes of the elements. The incremental principle of
virtual work is used within an explicit procedure; small time steps are therefore used for the loading discretization to avoid
major deviations from equilibrium. The resulting set of discretized equations is straightforwardly obtained by substitution of
the approximation in the incremental principle of virtual work, see Niordson and Redanz (2004). The presence of the plastic
strain increments as unknowns of the set of discretized equations requires the prescription of higher-order boundary
conditions at the plastic boundary of the continuum. These specific boundary conditions, to be applied at material interfaces
as a function of their response to dislocation glide, are classified in Fig. 3 together with their expression and mechanical
interpretation.

The higher-order boundary conditions, applied at external boundaries, are dependent on the problem configuration. At a
surface where dislocations can flow unimpeded, no restriction is set on the plastic strain. Likewise, the evolving elastic-
plastic boundary within a given phase of the continuum will here be kept ‘plastically unconstrained’ as proposed by
Mazzoni-Leduc et al. (2008). Note that at internal boundaries within a microstructure involving a continuously appearing
hard phase, the plastic flow should be assumed to vanish along the boundary of this phase upon transformation. In this
strain gradient plasticity formulation, the consistency condition is expressed using the generalized effective stress measure
(Q), instead of the classical von Mises stress in classical plasticity defined in the hardening model (σ( )e ). Within the incre-
mental procedure, an elastic unloading is considered upon appearance of a negative value for the plastic strain increments
delivered by the discretized system of equations.

A mesh consisting of more than 12,000 elements and 42,000 nodes generated with the open source software GMSH
(Geuzaine and Remacle, 2009) is used for the discretization of the model in the computations reported in the sequel.

2.5. Higher order boundary conditions and overall loading

As described in Sections 2.3–2.4, the plastic strain unknowns can be explicitly prescribed in a gradient plasticity for-
mulation. This key feature is useful to study size effects in an evolving TRIP microstructure since the interface between the



Fig. 3. Higher order boundary conditions associated with the strain gradient plasticity formulation: (left) austenitic inclusion with no interface impeding
dislocation glide, (right) hard martensitic inclusion boundary preventing dislocation glide, leading to dislocation pile-ups.
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austenite and the martensite phases act as a boundary impenetrable to dislocation. Hence, before transformation, there is no
constraint imposed inside the austenite grain while the plastic flow gets constrained along the elliptical martensite
boundary (ε ̇ = 0p ) as from the start of the phase transformation. Note that the moving elasto-plastic boundary within a given
phase is not constrained here, see Niordson and Hutchinson (2003) for more details. The values defining the magnitude of
the local transformation strain are kept constant for all cases.

Applying a stress-free transformation with prescribed loading conditions applied directly through the unit cell
boundary delivers two bounds of the average response: traction-controlled boundary conditions on the unit cell would
keep the overall stress, denoted as Σtsf

init cell, , constant during the application of the transformation eigenstrain in stage
2 defined in Section 2.2. Conversely, the displacement-controlled boundary conditions would have similar effects,
maintaining the cell average strain constant during the transformation, see Mazzoni-Leduc et al. (2008). In reality, the
phase transformation does not occur at constant levels of stress or strain locally. In order to avoid such a non-physical
effect of the unit cell mechanical control on the obtained average material response, the unit cell is embedded in a
surrounding medium as suggested in the literature, see Van Rompaey et al. (2006). The presence of this surrounding
medium allows controlling the overall macroscopic strain through a far field quantity Efar. This surrounding medium is
given material properties equivalent to the initial composite made of a ferritic matrix with austenitic inclusions. This
choice of surrounding properties was made here for simplicity. For unit cells transforming at large strain levels (i.e. ‘late’),
this introduces an approximation. Such cells are actually surrounded by a medium closer to the average TRIP response
that has to be deduced computationally. Constant properties for the medium surrounding unit cells will however be used
for the present approach, consistent with the simplifying assumptions of the averaging scheme described in Section 3.
This choice will be further discussed in the results sections. The size of the surrounding composite material region is
chosen such that the material response of the unit cell is independent of the selected size. In Fig. 4, the subscript “cell”
refers to the quantities associated with the unit cell, while “far” denotes the quantities applied along the boundaries of the
entire model, including the surrounding composite. The value of the aspect ratio L

L
cell was chosen larger than 1

5
, see (Dong

and Schmauder, 1996). In order to represent a tensile loading, the complete model is subjected to a uniform horizontal
displacement Ufar . The transformation within the unit cell now occurs under constant Ufar (or Efar), i.e. only the far field
boundary is temporarily fixed during the eigenstrain transformation, which means that no a priori assumption is made on
the evolution of Σcell or Εcell during the transformation. Knowing the properties of the surrounding medium, a direct link
can be determined between the far field applied strain, and the corresponding average strain in the unit cell.

In practice, a fictitious generalized thermal strain is applied to the martensite region in order to represent the trans-
formation strain using Eq. (2). The components of the transformation strain (containing off-diagonal terms unlike ‘classical’
thermal strains) are parametrized using an artificial dependency to a field uncoupled from the displacement field (similar to
the application of a ‘classical’ temperature field). All the components of the transformation strain are proportionally in-
creased by imposing an artificial temperature field inside the transforming martensitic region only.



Fig. 4. Embedded cell model for applying the far field loading to the embedded unit cell.
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2.6. Typical single unit cell response

The typical responses of the unit cells is depicted in Fig. 5, in which each curve represents the response of a single cell
which has its specific level of strain at the start of the martensitic transformation. The methodology for recombining these
curves in order to compute the overall response will be explained in Section 3. As can be noted, the effect of the eigenstrain
is visible in the curves: upon the start of the transformation, the eigenstrain dilatation induces a drop in the average stress
level. This stress drop is followed by an increase of the stress level when the martensitic region is fully formed and the
application of the eigenstrain is completed. Conforming with the description in Section 2.5, this subsequent stress increase
is significantly affected by the development of strong plastic strain gradients. These gradients result from the combined
effect of the accommodation of the transformation strain and of the new higher order plastic conditions ε ̇ = 0p at the
impenetrable interphase. To illustrate this, the local distribution of effective plastic strain corresponding to three levels of
deformation of a transforming unit cell are given in Fig. 5. These plastic strain distributions correspond to the unit cell
responses depicted in bold in Fig. 5, and to the master set of material parameters used in the sequel of the paper.
3. Homogenization procedure

This section describes the methodology used for combining the results obtained from different unit cells representing
different local material behaviors in order to capture the global response of the TRIP steel with an heterogeneous trans-
formation kinetics. The fact that some γ islands transform at larger strains than others, can be due to several factors such as
the dispersion in carbon content and the local environment (i.e. variations of the shape of the austenite islands, the presence
of bainite next to the austenite, the orientation of the grain; which all affect the stress transfer in the austenite grain while
not being taken into account in the simplified description of the elementary unit cell). The martensitic transformation
process involves nucleation and growth of martensite variants within retained austenite grains. However, the key physical
point here is that one variant of α′ transforms very fast (which is what is simulated with the approach explained in Section
2.2) and not progressively with respect to the overall macroscopic loading, but that different austenite grains transform at
different deformation levels.

The main focus is first set on the development of a numerical technique able to capture the experimental trends for the
TRIP steels and the various transformation kinetics reported by Lacroix (2007) in order to assess its potential or validity.
However, the method is not restricted to this case and can be extended for other types of TRIP steels or transforming
materials as well as to perform parametric studies such as the one proposed at the end of the paper. This “homogenization”
approach is inspired from the work by Ognedal et al. (2014), originally defined in a different context to simulate hetero-
geneous damage evolution. Since the phase transformation occurs locally in the course of deformation, the overall material
is assumed to be divided into several unit cells, assuming that each of them can be simulated independently from the others,
i.e. no effect of neighboring transforming inclusions on the kinetics of the local transformation of a given inclusion is taken
into account. This allows initiating the transformation process at different unit cell average strain levels for different unit
cells. The stepwise description of the procedure is presented herafter.

3.1. Averaging of experimentally determined transformation kinetics

The experimental transformation kinetics is employed to identify the distribution of macroscopic strain levels at which
the transformation initiates. A polynomial fitting is used to represent the experimental variation of γV with the macroscopic



Fig. 5. Unit cell responses and local plastic strain gradients development as a result of the transformation strain. The color bar is adapted to the plastic
strain levels present in each of the deformed state of the cell. (Top) set of unit cell averaged true stress – true strain responses, (bottom) plastic strain
distribution corresponding to three stages of deformation during the unit cell computation corresponding to the bold curve (markers on the curve denote
the states at which plastic strains are plotted in the contour plots). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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strain Ecell. Accordingly, the initiation unit cell strain values corresponding to the transformation of each of the successive

volume fractions (e.g. Etsf
init cell

1
, for γV 1 and Etsf

init cell
2
, for γV 2 see Fig. 6) can be calculated. The variation of γV is “discretized”, and for

each discretized interval, the mean value of the strain levels is recorded as the value at which the transformation initiates for

a given unit cell (Em
cell in Fig. 6). In practice, the transformation kinetics domain is completely discretized using this approach,

thereby providing the set of macroscopic strain levels at which transformation starts. Each of these strain levels indicates
the value at which transformation occurs in a unit cell that represents the collective effect of the local responses of all the
austenitic grains transforming during that strain interval. All the unit cells are computed independently (without exchange
of information), and the transformation strain occurs with an evolution of the average strain in the cell. As already men-
tioned, the unit cell is surrounded by a medium with material properties that correspond to the average behavior of a non-
transforming cell. The effect of this assumption is discussed in the sequel. For a given transformation kinetics, a set of unit
cells thus predicts the local behavior for different starts of transformation.1 Here, the variation of γV presented by Lacroix

(2007) or Delannay et al. (2008) is considered. Isothermal tests for the temperatures �30 °C, 20 °C and 80 °C (Lacroix, 2007)
1 The set of strain levels selected to initiate the transformation in the different cells, corresponds to the macroscopic unit cell strain and not to the far
field strain.



Fig. 6. Discretization of the deformation domain with respect to the transformation kinetics to identify the set of strain at which the transformation is
activated in each unit cell.
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are considered first, while two complementary non-isothermal transformation tests, with temperature variations �30 °C/
20 °C and 80 °C/20 °C, are addressed next. The experimental γV evolution is reported until detection of the onset of necking.
The experimental kinetics are extrapolated by a few percent beyond the point of deformation at which necking is detected
experimentally (indicated by a dashed line in Fig. 1(a)). This allows computing unit cell responses beyond this deformation
level, thereby avoiding introducing any a priori knowledge of the experimental necking detection in the input data of the
simulation and in the averaging scheme. The total number of unit cells varies from case to case, between 18 and 30. This
fitting of the experimental transformation kinetics could obviously be replaced by a physical transformation model such as
proposed by Fischer et al. (1998), which is left for future works. Here, the idea is to validate the constitutive model and the
homogenization scheme alone independently of the additional approximations and errors that would be associated to a
phase transformation model.

3.2. Control of the loading and transformation

Since the loading conditions are actually imposed through the far field at the external boundary of the model, see Fig. 4,
it is necessary to connect the unit cell macroscopic true strain at which transformation starts (Etsf

init cell, set by the experi-
mentally observed kinetics) to the far field nominal strain (Efar

nom). To this end, the tensile response of the complete model
(cellþsurrounding) without phase transformation is determined; see Fig. 7a. Based on the result of this simulation, the unit
cell averaged true strain can be computed from relationship (1) for all Efar

nom levels, and the link between Efar
nom and an

embedded unit cell macroscopic true strain (Ecell
true) is defined as illustrated in Fig. 7b. Combined with the discretization of the

austenite volume fraction evolution, this procedure allows computing many unit cell responses (Σcell-Ecell) for different levels
of deformation at which transformation initiates Etsf

init cell, . These responses are next recombined using the averaging scheme
described in Section 3.3.

3.3. Averaging scheme

After computing individual unit cell material responses (Σcell-Ecell) corresponding to different transformation initiation
strains through relationship (1), they are recombined by means of a weighted sum of the unit cell calculations, in order to
evaluate the global material behavior. An equal weighting factor ωcell is imposed here on each unit cell based on

∑Σ ω Σ
Σ

( ) = × ( ) =
∑ ( )
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E E

E

N
, ,

,
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cell Cell

Cells Cell

where N is the total number of cells in the set of computations for a given transformation kinetics. As a result of the incorporation of
a finite number of cell models by means of weighting factors, the global material response exhibits an oscillatory pattern with
sudden drops corresponding to the transient response of each unit cell during a transformation event. As an example, a set of
individual cell responses and their weighted sum corresponding to the transformation kinetics at 80 °C is depicted in Fig. 8a and b,
respectively. In order to remove these oscillations from the results, a cubic spline smoothing is then performed as illustrated in



Fig. 7. Determination of the unit cell loading conditions: (a) average response of the non-transforming austenite-ferrite cell under far field uniaxial tensile
loading with l*/DAus.¼3/4, (b) link between true strain in the cell and the corresponding far field nominal strain.
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Fig. 8c, see (MATLAB and Toolbox, 2013) for more details. Further post-processing analysis such as the detection of the onset of
necking based on the Considère criterion, is extracted from the smoothed material response in the sequel.
4. Simulation of isothermal tensile tests

4.1. Material properties

A Swift type hardening law has been used in the sequel to represent the plastic flow of the different phases

σ σ= ( + ) ( )k E1 16y p
n

0

where σy and σ0 are the current and initial yield stress, respectively, k is a hardening coefficient, while n is the strain hardening
exponent. The hardening law parameters are evaluated based on generalized effective plastic strain Ep defined by Eq. (3). The
material properties of the different phases are presented in Table 2. These parameters are based on an experimental elastic-plastic
material characterization of a given type of TRIP assisted multiple-phase steel, Lacroix (2007). In order to limit the number of
parameters to be identified, these properties are assumed temperature independent. The material properties of the region un-
dergoing the transformation are taken as a linear interpolation between the properties of austenite and martensite over the course
of transformation (stage 2 in Section 2.2). Furthermore, the material length parameter *l , normalized by the diameter of the initial
austenite inclusion l*/DAus, will be varied from 0 (classical plasticity) to 1.25. A typical austenitic inclusionwith a diameter of 2 mm is
considered in this work. For this austenitic inclusion size, the range of values for *l is centered around 1 mm,which is the usual value
found for the present class of SGP theory, see e.g. Fleck and Hutchinson (2001); Evans and Hutchinson (2009); Massart and Pardoen
(2010) and Brugger et al. (2010) for more details.



Fig. 8. Example of one application of the material behavior prediction by averaging many unit cell computations: (a) results of individual unit cells material
response for the case þ80 °C with l*/DAus.¼0.75 with increasing strain levels at the start of the transformation, (b) weighted sum of the individual unit cell
curves, (c) fitted curve to the oscillating recombined curves by means of cubic smoothing spline between 1% and 40% true strain.
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4.2. Identification on the isothermal tensile tests

Based on the experimental transformation kinetics, depicted in Fig. 1, isothermal tensile tests with martensitic trans-
formation kinetics corresponding to different temperatures are simulated using the procedure described in Sections 2 and 3.
In order to perform the computations with a physically meaningful set of material parameters, the material properties given
in Table 2 were adjusted to qualitatively reproduce the incremental strain hardening and the level of strain at the onset of
necking for the þ80 °C condition. Note that no quantitative fitting on the stress-strain curve was attempted because of the



Table 2
The material properties of the phases in the simulated TRIP steel.

Mart. Aus. Ferr. HOM.

E (GPa) 187 187 200 200
ν 0.3 0.3 0.3 0.3
s0 (MPa) 2000 700 500 515
k 800 50 23 26
n 0.05 0.3 0.37 0.37
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simplifying assumptions used in the model, i.e. the use of a finite number of cells to sample the transformation kinetics, the
effect of the assumed properties for the surrounding medium, the simplified microstructural morphology and the absence of
temperature dependency of the flow properties. These parameters are in the range of values used in earlier studies e.g.
(Delannay et al., 2008). The internal length parameter was selected as the one allowing the best agreement with the ex-
perimental strain at the onset necking given in Fig. 1. The stress-strain response obtained for different l*/DAus are reported in
Fig. 9 for the þ80 °C condition. The curves are presented up to the point at which the necking condition is attained in the
simulations based on the Considère criterion. Several sets of material properties of the phases can be identified, each with a
different internal length scale *l to reproduce the overall curve at þ80 °C. Among all these identified sets of parameters, the
one reproducing at best the trend on the strain at the onset of necking attained at other temperatures was selected as the
master set. Unless otherwise stated (in Section 6) the subsequent simulation results are obtained using this master set,
including the intrinsic length scale DAus (with DAus). In subsequent figures, * =l 0 refers to the results obtained with a
classical plasticity formulation which will be discussed later.

In Fig. 10a, the macroscopic tensile true stress (Σ) is plotted as a function of the macroscopic true strain (E) along the
loading direction for isothermal tensile tests at �30 °C, þ20 °C and þ80 °C, respectively. These macroscopic stress-strain
curves are normalized and are limited to the strain range prior to necking as detected based on the obtained stress-strain
responses using Considère plots, see Fig. 10b. The different temperatures and corresponding transformation kinetics lead to
a drop of true strain at the onset of necking from 0.38 for the test at þ80 °C down to 0.27 at þ20 °C and 0.21 at �30 °C. This
drop agrees with the experimental trend, where the corresponding strains at the onset of necking are of 0.38 at þ80 °C, 0.25
at þ20 °C and 0.16 at �30 °C. It is noted that a perfect match is not obtained, mainly because of the above mentioned
simplifying assumptions and the absence of temperature dependency in the hardening law of the ferrite phase. Even though
no perfect fitting was attempted on the stress-strain curve for the same reasons, a substantial effect on the stress levels at
lower temperatures is captured. These results show that the strain gradient plasticity formulation is an essential ingredient
needed to capture the hardening rate. In particular, reproducing the trend with classical plasticity, using mean field theory
approaches, requires an adjustment of the phase parameters to artificially generate a harder ferrite-based matrix close to the
martensite region (Delannay et al., 2008). In order to further illustrate the need to use the SGP formulation, the same
procedure was followed based on classical (non-size sensitive) J2 plasticity to analyze the influence of the kinetics in a size
independent plasticity framework. In Fig. 10, the material responses obtained using classical plasticity are presented with
dashed lines. Fig. 10 proves that without SGP, the effect from the TRIP mechanism does not significantly modify the
hardening rate. Without strain gradient plasticity effects, the results show that the material hardening rates in the different
isothermal tensile tests are almost equivalent, with a much lower variation of the strain level at the onset of necking than in
the experiments, ranging from 0.32 to 0.34 only. The responses for cases in which the grain is assumed to be either fully γ
Fig. 9. Predicted material response (normalized by the yield stress of ferrite) corresponding to the isothermal tensile tests at þ80 °C using the strain
gradient plasticity formulation with different values of l*/DAus ( * =l 0 refers to the results obtained with classical plasticity without size effect).



Fig. 10. Computational simulation of isothermal uniaxial tensile response using a classical plasticity formulation (dashed line) and the SGP formulation
with l*/DAus.¼0.75 at different temperatures corresponding to the austenite volume fraction evolution rate reported in Fig. 1. (a) True stress-strain curve,
normalized with respect to the initial yield of the “α” phase, (b) corresponding considère plot for the detection of the strain at the onset of necking;
(c) extreme cases in which no transformation occurs, in one case the grain is assumed to be fully austenite while in the other one is fully martensite as from
the loading initiation.
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(i.e. no transformation, duplex steel) or fully α′ (i.e. dual-phase steel) are shown in Fig. 10c, showing that all the results with
a TRIP effect remain bounded by these two extreme cases in terms of strength levels. What is truly remarkable is that the
TRIP steels outperform the full γ steel in terms of ductility at 80 °C.

As mentioned in Section 2.5, the selection of the properties of the surrounding medium as a (non-evolving) ferri-
teþaustenite composite introduces an approximation for the unit cells with transformation at large deformation levels.
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Such cells are in reality embedded in a medium with properties closer to the resulting TRIP steel behavior, that should be
ideally obtained as an output of the averaging procedure. To avoid this approximation, the best approach would consist in
recomputing new responses of the unit cells with a surrounding medium characterized by the curves depicted in Fig. 10a for
each of the kinetics in a self-consistent manner. It would also require recomputing curves in Fig. 7b for these new sur-
rounding properties. Recombining the unit cell responses obtained with these new surrounding properties would allow
deducing a corrected set of results. The procedure should then be repeated until convergence of the results.

In order to check the impact of the surrounding medium properties on the predictions, a second round of unit cell
computations was run using the stress-strain response from Fig. 10a for the surrounding properties. The main results re-
garding the strain at the onset of necking were unchanged, involving the strong variation of the strain at the onset of
necking between the transformation kinetics associated with the three temperatures. Nevertheless, some moderate dif-
ferences in the stress levels obtained at the different temperatures were found showing that a truly quantitative prediction
of the experimental results would indeed require to systematize this more sophisticated self-consistent procedure.
5. Simulation of non-isothermal tensile test

Although it was shown in the previous section that a SGP model is absolutely necessary to capture the effect of the
transformation kinetics on the TRIP response, additional comparison with experimental data can be used for further as-
sessment. New experimental results involving sharp temperature changes in the course of the deformation are now ad-
dressed for this purpose. Two sets of experiments are therefore considered involving a first deformation at either �30 °C or
80 °C followed by room temperature traction, referred as �30/20 and 80/20 cases, accompanied with the measured
transformation kinetics. The experimental responses are shown in Fig. 11a–c. The experimental kinetics in Fig. 11a is used as
input for the simulations of �30/20 and 80/20 conditions. According to Fig. 11, for the case “80/20”, the transition occurs at
a strain between 0.10 and 0.21, while in the case “�30/20”, the transition starts at 0.025. Similar to the isothermal case, the
numerical investigation is continued to a strain level larger than the onset of necking detected experimentally. The number
of unit cells used in non-isothermal simulations is generally larger than in the isothermal cases in order to finely capture the
transition between the kinetics associated with the initial and final temperatures. Finally, a similar procedure is applied to
the combined curves to deduce the global material behavior. Fig. 12 presents the simulated material response for the “�30/
20” and “80/20” cases, together with the corresponding Considère plots. The numerical results show that the case �30/20
has a higher hardening rate compared to the case 80/20, in agreement with the corresponding experimental result. The
macroscopic overall strain (E1) at the onset of necking in the case “80/20” is equal to 0.30, while it drops to 0.23 in the case
“�30/20”. This trend agrees with the experiments in which the strain at the onset of necking in the case “80/20” is 0.08
larger than for the case “�30/20”. Furthermore, a comparison between the iso- and non-isothermal analysis reveals that the
onset of necking in the case “�30/20” is delayed by only 0.015 compared to the isothermal case at �30 °C. Conversely,
necking occurs much earlier in the case “80/20” in comparison with the isothermal case at 80 °C (by 0.08 strain).
6. Towards transformation kinetics optimization

The objective is now to investigate additional fictitious transformation kinetics with a view on the strength/ductility
balance optimization. For this purpose, the fictitious kinetics TK1, TK2 and OPTIM are considered as depicted in Fig. 13. TK1
represents a linear and extremely low rate of transformation, i.e. an additional isothermal case potentially matching a high
temperature condition (higher than þ80 °C). On the other hand, TK2 represents a variable transformation rate which would
be caused by successively increasing and decreasing the temperature during the tensile test around room temperature or by
a distribution of two retained austenite families with different stabilities. Finally, the OPTIM kinetics assumes a low rate of
transformation until a strain of 0.3 followed by a fast transformation in order to postpone necking.

In order to better understand the effect of *l , the “fictitious” kinetics TK1 is used, focusing on the predicted onset of necking, see
Fig. 14 for different values of *l D/ Aus. ranging from 0 to 1.25. Once again, Fig. 14 shows that a classical plasticity model ( * =l 0) is not
able to capture any evolution of the uniform elongation for different transformation kinetics. When considering the gradient
plasticity based simulations, an effect of the transformation kinetics on the necking strain shows up for all isothermal cases. Fig. 14
shows that in the case of a fast transformation (�30 °C and 20 °C kinetics), smaller sizes of the austenite grain (DAus.) lead to smaller
ductility. For the slow transformation (80 °C and TK1), there is a minimum ductility attained at an intermediate size, while, with a
smaller microstructure size, the ductility keeps increasing with decreasing microstructural length. This is an important result which
shows the high potential for improvement by microstructure refinement.

The fictitious kinetics denoted “OPTIM” involves an increase of the transformation kinetics at a strain of 0.3 in order to
boost the strain hardening capacity when it is needed, i.e. near the Considère point. The results provided in Fig. 15 show that
a very large ductility can be attained. These effects are further rationalized in Fig. 16 depicting the variation of the strain at
the onset of necking as a function of an average rate of transformation combining all kinetics addressed in this study and the
experimental data. This figure shows again that the experimental trend is very well captured. The OPTIM kinetics leads to a
ductility that escapes from the general trend. Non monotonous transformation kinetics evolution appears thus to be very



Fig. 11. Experimental results of non-isothermal uniaxial tensile tests with temperature variations bounded by the isothermal tests: (a) rate of austenitic
volume fraction evolution, (b) true stress – true strain response, (c) considère plot for the determination of the strain at the onset of necking.
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efficient to reach extreme ductility without loss of strength. The best performance can be attained with small micro-
structural sizes (to enhance the SGP effects) and a slow rate of transformation followed by an increased rate at large strains.
From a metallurgical viewpoint this is certainly an interesting and meaningful option as the reduction of microstructure is
usually accompanied by a slower transformation rate,2 as for instance shown by Xiong et al. (2013) in the case of a new
2 This also means that a fully predictive model involving a theoretical transformation law should involve, in the estimation of the mechanical driving
force and accommodation terms, SGP effects in the formulation which goes far beyond the scope of this work.



Fig. 12. Simulation of non-isothermal tensile tests with l*/DAus.¼0.75, at different temperature variations corresponding to the rate of evolution of the
austenite volume fraction reported in Fig. 9. (a) true stress – true strain response, normalized with respect to the initial yield of the “α” phase, (b) considère
plot for the determination of the strain at the onset of necking.

Fig. 13. Additional theoretical transformation kinetics.
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generation of high strength steels.3 Hence, in 3rd generation high strength steels, the presence of retained austenite, which
is already beneficial for ductility by allowing plastic flow between martensite laths (Maresca et al., 2014), can best contribute
to strain hardening by TRIP effect if its size is very small (Raabe et al., 2009) and (Wang et al., 2014). Even though the
3 Note that Wang et al. (2014) have shown contradictory results in which smaller austenite layers are not necessarily more stable due to the occurrence
of twinning when the size is sufficiently large.



Fig. 14. (a) Variation of the volume fraction of retained austenite as a function of deformation for the isothermal experimental kinetics and the fictitious
kinetics proposed to further analyze the TRIP effect (b) corresponding variation of the ductility as a function of the ratio *l

DAus.
( * =l 0 refers to the results

obtained from classical plasticity formulation).

Fig. 15. Computational simulation of theoretical tensile tests with l*/DAus.¼0.75, (a) true stress – true strain response, normalized with respect to the initial
yield of the “α” phase, (b) considère plot for detection of the strain at the onset of necking.
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behavior of interlath austenite involves several additional elements of complexity related to the dislocation/interface me-
chanisms and easy shear along the habit plane (Maresca et al., 2014), it can deliver a TRIP effect at moderate to large strains.
One option to produce a transformation kinetics resembling OPTIM would be to combine both equiaxed retained austenite



Fig. 16. Effect of the variation of the (practical and theoretically predicted) phase transformation kinetics on the onset of necking (necking with no
transformation occurs at 0.32 true strain).
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grains (with moderate transformation rates at intermediate strains) and sub-micron interlath austenite with delayed
transformation in the same microstructure owing to proper heat treatments.

7. Conclusions

The macroscopic plastic response of TRIP assisted multiphase steels has been investigated, based on the homogenization
of the behavior of elementary unit cells representing the microstructural local behavior of single austenite islands linked to
the overall martensitic transformation kinetics. Size dependent plasticity was considered as key ingredient of the model
suggested by many direct or indirect experiments or earlier modeling works. The Fleck and Hutchinson (2001) strain
gradient plasticity theory has been used for this purpose within a finite strain setting.

The main conclusions of this study are the following:

� A comparison of the size dependent results with the trends obtained with a classical plasticity show that a size dependent
framework is an essential feature in order to capture the effect of the transformation kinetics on the overall material
behavior of TRIP assisted steels.

� For the identified set of material parameters, the computational results are in good agreement with the experiments in
terms of the prediction of the ductility as a function of the transformation kinetics. This conclusion holds both for the
isothermal and non-isothermal conditions, even using a rather simplified microstructural geometry representation. This
is the first validation involving direct comparison with experimental data of the absolute need for a SGP type model to
capture the TRIP effect in this class of steels.

� Parametric studies have been performed to investigate potential routes for further ductility optimization. A fictitious
optimized kinetics assumes a transformation rate evolution able to provide strain hardening capacity when most needed
in the deformation process. The combination of a refined microstructure with a transformation kinetics starting with a
slow rate followed by a high rate at large strains results in a dramatic increase of the strain at the onset of necking.

Future works motivated by the present contribution should be focused on the means to generate practically refined
microstructures, on the practical generation of microstructures exhibiting tailored transformation kinetics towards opti-
mized ductility of TRIP assisted steels in the context of 3rd generation of high strength steels. From a modeling viewpoint,
future works should investigate the possibility to incorporate more complex microstructural geometries (Sonon et al., 2012)
and a SGP based transformation kinetics criterion.
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