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A modification to the empirical Olson-Cohen strain-induced austenite to martensite transformation ki-
netic model is proposed. The proposed kinetic model accounts for the stress state at the grain level and
the crystallography of the transformation mechanism. Two transformation mechanisms sensitive to the
local stress state are incorporated in the model. First, the resolved shear stress on a slip plane in the
direction perpendicular to the Burgers vector determines the stacking fault width (SFW) which in turn
determines the potential nucleation sites. Second, the stress triaxiality governs the probability of the
structural a0-martensite formation at a nucleation site. The kinetic model is implemented in the elasto-
plastic self-consistent (EPSC) crystal plasticity model to study the stress state and texture dependence of
the strain-induced a0-martensite transformation and the mechanical response of metastable austenitic
steels. The simulations are compared with experimental mechanical and phase fraction data from
different austenitic steels subjected to simple tension, plane strain tension, equibiaxial tension, simple
compression, and torsion. It is demonstrated that the appropriate modeling of a0-martensite phase
fractions allows capturing the experimentally measured mechanical response. The implementation and
insights from these predictions, including the role of texture evolution on martensite transformation, are
discussed in this paper.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The high uniform elongation and hardening, and hence good
formability of transformation-induced-plasticity (TRIP) steels with
sufficiently low stacking fault energy (SFE), results from the
deformation-induced austenite (face-centered cubic (fcc), g-
austenite) to martensite (body-centered tetragonal (bct), which is
usually approximated as body-centered cubic (bcc), a

0
-marteniste)

transformation. Martensite nucleation sites within austenite have
been shown to be shear band intersections [1e4] and arise from
stacking faults (SFs), ε-martensite (hexagonal close-packed (hcp)),
mechanical twins [3], and slip bands [5]. The austenite phase may
al Engineering, University of
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contain pre-existing nucleation sites which form during the ther-
momechanical processing of steels. These sites, which are the
nucleation sites of thermally-induced martensite when the mate-
rial is exposed to temperatures below the martensitic trans-
formation (Ms) temperature, can also be activated in the very early
stages of deformation. Transformation at pre-existing sites is
referred to as stress-assisted [1,6]. When the materials deform
plastically, new nucleation sites are introduced through the gen-
eration of new defects. The martensite forming at these sites is
referred to as strain-induced [2,7e9]. The material properties and
deformation conditions such as temperature, chemical composi-
tion, texture, load path and strain rate affect the rate of the strain-
induced martensitic transformation [10e18].

The effect of chemical composition and temperature on the rate
of the strain-induced martensitic transformation is linked to their
influence on the SFE determining the stacking fault width (SFW),
when a perfect dislocation dissociates into Shockley partials in fcc
materials [3,19]. Under the influence of external stress, the SFW can
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Table 1
The sources for experimental data used in the present study, nomenclature for
austenitic steel studied in this work, and their initial textures.

Source Label Initial texture

AS-1 This paper 304 Fig. 1b
AS-2 (Wang et al., 2016) 304 Fig. 2
AS-3 (Lebedev and Kosarchuk, 2000) 18Cr-10Ni Random
AS-4 (DeMania, 1995) 304L Rolling
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further increase resulting in the formation of shear bands. The
presence of a

0
-martensite and shear bands alters the mechanical

response of the materials due to the interaction of dislocations with
martensite and bands [16]. Since a

0
-martensite is a harder phase

than the austenite matrix, the onset of the transformation con-
tributes to additional work hardening.

In the classical strain-induced austenite-to-martensite trans-
formation kinetic model by Olson and Cohen [2], the evolution of
the volume fraction of a

0
-martensite is a sigmoidal function of the

macroscopic strain. This empirical model has served as a basis for
many recent developments of kinetic models. More recent de-
velopments introduced scalar variables characterizing the stress
state that affect the evolution of martensite: either just the stress
triaxiality [8,20,21], or the stress triaxiality and the Lode angle
parameter [11,12,14,22]. The effect of the stress triaxiality and Lode
angle parameters is interpreted through the contribution of the
mechanical driving force to the chemical driving force for the fcc to
bcc transformation [8,12]. In all the above models, the relationship
between martensite volume fraction and strain (or strain-rate) is
characterized using stress-dependent fitting parameters, such as
e.g. the aq and ah in Ref. [12] or the n-parameter in Ref. [22],
however, the obtained fits for these parameters have little physical
meaning. Additionally, the role of microstructural phenomena such
as the texture evolution and anisotropy, which affect the
martensitic transformation, is not captured by any of these models.

In the above models, the loading path is only taken into account
through the stress state parameters neglecting that the direction of
deformation influences the SFW [23] and hence the shear band
formation [3,24e27]. Recently, electron backscatter diffraction
(EBSD) and in-situ neutron diffraction experiments showed that
the suppression or facilitation of the martensitic transformation
during the deformation of 201 steels is related to the changes in the
SFW and the different resolved shear stresses experienced by the
leading and trailing partial dislocations [4]. A recent study [28]
implemented the classical kinetic model of Olson and Cohen in a
crystal plasticity model which predicts the micromechanical
response of polycrystalline materials. The combined model ac-
counts for the role of texture and anisotropy on plastic strain of
single crystals in a polycrystalline material, which furthermore
influences the martensite evolution in each grain. However, the
martensite evolution is purely dependent on the plastic strain and
is independent from the stress state and crystal orientation,
meaning that any two grains with similar plastic strain evolution
will have similar martensite fraction evolution, which is inconsis-
tent with experimental observations [4]. Therefore, the imple-
mentation is not capable of predicting the strain path dependence
of martensitic transformation.

The objective of this study is to extend the classical kinetic
model by Olson and Cohen [1] to (i) account for the effect of loading
path on the number of potential nucleation sites for the strain-
induced martensitic transformation, and (ii) to give it the appro-
priate physical basis required to use it at themicroscopic scale i.e. at
the grain-level. The proposed physics-based kinetic model is inte-
grated into the EPSC crystal plasticity model proposed by Ref. [29]
and further developed in Refs. [30e36]. The model explicitly ac-
counts for the effect of the stress state at the crystal level, and the
crystal orientation on the evolution of martensite fraction, making
it suitable for the investigation of martensitic transformations not
only under different stress states (e.g. equibiaxial tension vs. uni-
axial tension etc.), but also under strain path changes, although not
addressed in the examples of the present work. This is demon-
strated by fitting the model to in-situ neutron diffraction experi-
ments performed on a 304 stainless steel during multiaxial
deformation. The model is further validated using experimental
data for several austenitic steels subjected to monotonic
deformation tests with different stress states and temperatures
found in the literature.

The paper is organized in seven sections, including the intro-
duction. Section 2 provides information on materials, mechanical
tests and experimental procedures used in this study. The Olson-
Cohen kinetic model and the proposed extension are described in
section 3 and appendix A. Section 4 presents the coupling of the
kinetic model with the EPSC model and the determination of
a

0
-martensite crystal properties. The simulated evolution of the

stress, texture and a
0
-martensite volume fraction with strain is

compared with experiments in section 5. In section 6, modeling
assumptions are discussed in connection with: (i) the effect of the
load path and (ii) the crystal orientation on the strain-induced
a

0
-martensite transformation and (iii) the accuracy of simulated

mechanical response. The major conclusions from this work are
summarized in section 7. We use a convention where “,” and “5 ”

are the dot product and tensor product, respectively.

2. Material and experiments

The materials investigated in the present study include four
austenitic steels denoted as: AS-1, AS-2, AS-3 and AS-4. The
experimental data for AS-1 are provided in this study, while the rest
of the experimental data is taken from literature. A summary of the
literature source, materials, texture, chemical composition and
experiments is presented in Tables 1e3.

The austenitic steel labeled AS-1 is an annealed AISI 304 stain-
less steel in the form of 8mm thick plate. The as-received material
exhibits approximately random texture and average grain size of
35 mm as shown in Fig. 1. The geometry employed for the study has
been optimized by FE simulations and has been used in a previous
study of 316L steel [37]. In situ neutron diffraction tests were car-
ried out at the time-of-flight (ToF) instrument POLDI [38,39] of the
Swiss neutron spallation source, SINQ which is equipped with a
biaxial rig [37]. The in-plane strain was measured with a 2-camera
digital image correlation (DIC) system (GOM, Aramis 5M). Uniaxial
and equibiaxial tensile tests were performed on cruciform-shaped
samples with loading rate 40 N/s. The neutron diffraction mea-
surements were performed at regular intervals by interrupting the
loading and keeping the displacement fixed (allowing for some
gauge stress relaxation during 300s waiting time before initiating
the neutron measurements). The data was analyzed with the POLDI
standard single peak fitting procedure implemented in the Mantid
software [40]. The diffraction peaks are well described by Gaussian
functions, yielding information on peak position, width and inte-
grated intensity. The martensite intensity fraction, fm, is calculated
as follows:

fm ¼ IMint
IMint þ IAint

(1)

where IMint and IAint are the integrated intensities of all the martensite
and austenite reflections, respectively. The neutron diffraction
measurements showed that at room temperature (RT¼ 293 K)
under uniaxial tension no martensitic transformation occurs,



Table 2
Chemical composition (wt. %) of austenitic steels considered in the present study. Fe balances the provided compositions.

C Cr Ni Si Mo Mn Cu Ti V S P N

AS-1 <0.08 17.5e20 8e11 <1 <2 <0.03 <0.045
AS-2 0.08 19 9.25 0.75 0 2
AS-3 0.07 15.4 12.3 0.43 1.91 1.45 0.12 0.41 0.05
AS-4 0.022 18.37 9.31 0.42 0.35 1.39 0.39 0.002 0.021 0.042

Table 3
Applied deformation and temperature [K] for each material. The temperatures at which austenite-to-martensite transformation is observed are highlighted in bold and
underlined.

Simple tension (ST) Equibiaxial tension (EBT) Simple compression (SC) Plane strain tension (PST) Torsion

AS-1 293 293
AS-2 293 and 348
AS-3 77 and 293 77 77
AS-4 233 and 293 233 and 293

Fig. 1. (a) EBSD map and (b) stereographic pole figures showing the initial microstructure and texture in the austenitic steel 304, AS-1. The colors in the map in (a) indicate the
crystal direction relative to the sample ND. (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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Fig. 2. Measured initial texture for AS-2 steel, taken from (Wang et al., 2016).
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whereas martensite is formed under equibiaxial tension at RT. This
is highlighted in Table 3.

The Initial texture for AS-2 is shown in Fig. 2 [28], whereas AS-3
and AS-4 have a random and rolling texture respectively, as
mentioned in Table 1. AS-2, AS-3 and AS-4 were tested under
different stress states and temperatures, as listed in Table 3. Table 3
also indicates the temperatures at which strain-induced martensite
transformation occurs in these steels. Additional information on
AS-2, AS-3 and AS-4 steels can be found in the provided references.

3. Strain induced austenite-to-martensite transformation
kinetic model

3.1. The Olson-Cohen model

The strain-induced austenite to martensite transformation
model proposed in Ref. [2] relates the total martensite volume
fraction (f a

0 Þ to the macroscopic strain (ε):

f a
0
¼ 1� exp

�� b½1� expð�aεÞ�n� (2)

The parameter a represents the rate of shear-band formation
and it increases with decreasing SFE and increasing strain rate. The
parameter b is proportional to the probability that an intersection
of shear bands will result in the nucleation of a martensite embryo.
The parameter n is used to relate the number of shear band in-
tersections with the volume fraction of shear bands and depends
on the shear band geometry and orientation. Although the pa-
rameters ða; b; nÞ carry physically meaningful properties of the
material, they are usually fit to the experimentally obtained total
martensite fractions f a

0
and the macroscopic strain ε [2]. Thus, the

fitted parameters are averaged values of parameters dependent on
the material properties, temperature, strain rate etc. To apply a
kinetic model at the grain level, it needs to account for the micro-
structural aspects of the martensite formation and the mechanism
of the transformation. As we will show, this can be achieved by
modifying equation (2) of the model, applying the equation at the
single crystal level and embedding it in a crystal plasticity
framework.

3.2. Proposed extension of the Olson-Cohen model

The parameter set ða; b; nÞ varies not only with chemical
composition and temperature, but also, as it will be shown, with
the applied stress state and crystal orientation.
The general approach for introducing the load path, strain rate
and temperature effects to the kinetic models, is to express the
fitting parameters a and b as functions of load path, strain rate and
temperature [12,20,41e44]. Inspired by the linear dependence of
the fitting parameters with the triaxiality factor xb suggested in
Ref. [12], a is expressed as a linear function of the parameter xa ,
which is related to the SFW. The stress state dependence in the
Olson-Cohen model can then be written as:

a ¼ a0 þ Ka xaðsÞ (3)

b ¼ b0 þ Kb xbðsÞ (4)

where xa and xb are scalar parameters describing the stress state,
while a0, b0, Ka and Kb are fitting parameters. If a combination of
the fitting parameters and xa and xb produces a<0 and/or b<0, the
condition a ¼ 0 and/or b ¼ 0 is enforced. The restrictions are
coming from the definition of a and b parameters in the Olson-
Cohen model. If a<0, the strain increments will produce negative
increments of volume fraction of shear bands, which is physically
not meaningful during monotonic loading. If b<0, negative in-
crements of volume fraction of a

0
-martensite will appear, which

would imply reverse transformation from a
0
-martensite to

austenite. The relation (4) describes how the stress state affects the
probability that martensite will form at a shear band intersection.
Therefore, the variables xaðsÞ and xbðsÞ extract important infor-
mation from the stress state, relevant to the shear band formation
(the number of potential nucleation cites) and the subsequent
martensite nucleation (the actual structural transformation at
available nucleation cites). Since a and b are functions of the
chemical composition and temperature [2], a0, b0, Ka and Kb are
also dependent on the chemical composition and temperature. The
strain rate affects the phase transformation through temperature
increase originating from adiabatic heating [45]. Hence the strain
rate dependence of parameters a0, b0, Ka and Kb is included in their
temperature dependence, provided that adiabatic heating is
accounted for by the model. In the derivation of variables xaðsÞ and
xbðsÞ it is assumed that Ka >0 and Kb >0, while there is no re-
striction on the values of a0 and b0. The Ka >0 and Kb >0 as-
sumptions are arbitrary, stating that grains with higher xaðsÞ and
xbðsÞ should have higher a and b, and in turnmore shear bands and
more a

0
-martensite, respectively.

The shear band formation process per slip system is related to
the separation distance between the leading and trailing partial
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dislocations of that slip system, i.e. the SFW [3,26]. The SFW de-
pends on the applied forces acting on the partial dislocations, the
SFE and the elastic properties of the material. Such stacking faults
including only one (111) plane are called intrinsic. However,
dissociation on one (111) plane can trigger dissociation on neigh-
boring (111) planes, causing thickening of the fault [46]. The pres-
ence of intrinsic SFs on every second (111) plane results in
ε-martensite formation, while in the case of mechanical twin for-
mation, the SFs are present on every (111). Both ε-martensite and
mechanical twins can be treated as thick faults. The derived
expression for the SFW of a thick fault on an active slip system is:

d ¼ c
�
m; n; q; bp

�
N2

.h
2gN � Nbp

��bbl � bbr

�
sc

�
,bni (5)

where sc is the stress tensor of a grain, m is the shear modulus, n is
the Poisson's ratio, q is the angle between the dislocation line and
the Burgers vector, gN is the fault energy, N is the number of
intrinsic SFs in the fault i.e. number of the partial dislocations
bounding the fault, bbl;

bbr are unit vectors in the Burgers direction of
the left and right partial (see Appendix A for the terms left/right
partial dislocation), bn is the slip plane normal, bp ¼ affiffiffi

6
p is the

magnitude of the Burgers vector of the partial dislocation, and cðm;
n; q; bpÞ is a constant defined in Appendix Awith Eq. (A8) in terms of
elastic properties (m and n), dislocation character (q) andmagnitude
of the Burgers vector of the partial dislocation (bp). The derivation
of the expression for the SFW and the determination of partials for
each slip system is also presented in appendix A. From Eq. (5), the
SFW of intrinsic SFs can be retrieved by setting: N ¼ 1 and gN ¼ g,
where g is the intrinsic SFE. The fault energy, gN , consists of the
volume and surface components. The surface component of the
fault energy is the free energy per unit area of the austenite/
martensite interface [19]. If the intrinsic SFE is lower than the
surface energy, the volume energy is negative and the formation of
ε-martensite is favored [3]. In this case, gN decreases with
increasing the number of intrinsic SFs in the fault, N. On the other
hand, if the intrinsic SFE is higher than the surface energy, the
formation of a mechanical twin is favored and the volume energy
disappears since the mechanical twin has the same structure as
austenite [3]. In this case, gN is constant and equal to two times the
surface energy. From Eq. (5) it is apparent that increasing the fault
thickness, N, results in widening of the SFW.

It is assumed that a shear band nucleates when the SFW tends to
infinity [3,26]. According to Eq. (5), this happens when the de-
nominator tends to zero. Therefore, the condition for the formation
of a shear band on a slip system s is:

2
gN
N

� bp
��bbs

l � bbs
r

�
sc

�
,bns ¼ 0 (6)

The stress state affects the process of shear band formation
through the term: ððbbs

l � bbs
rÞscÞ,bns. The expression for the scalar

variable xaðsÞ, extracting only the stress state effect on the shear
band formation from a stress tensor, is:

xa ¼
X
s

��bbs
l � bbs

r

�
sc

�
,bns

jsc,msjnact (7)

where the sum goes over all the active slip systems, nact is the
number of all the active slip systems, and ms is the Schmid tensor.
Equation (7) defines a scalar parameter xa that is large for stress
states that promote shear band formation, and low for stress states
that inhibit shear band formation. The greater the ððbbs

l � bbs
rÞscÞ,bns

term, the greater the SFW, which can be related to the formation of
extended shear bands acting as potential nucleation sites. To
exclude the stress magnitude effect from the parameter xa, the
expression is normalized with the resolved shear stress, jsc,msj.
The average value of the ratio ððbbs

l�bbs

rÞscÞ,bns

jsc,ms j is taken over the active

slip systems within a grain. For a given stress state described with
the stress tensor,sc, the set of active slip systems and the directions

of the Burgers vectors of the partial dislocations, bbs
l and

bbs
r , and the

slip plane normal, bns, depend on the crystal orientation. Therefore,
the xa parameter accounts for the crystallographic effects.

The probability of nucleation of martensite at a shear band
intersection is proportional to the stress triaxiality via the depen-
dence of the potency distribution function to the stress state [8,20].
In their original model, Olson and Cohen have assumed that each
nucleation site has its own critical driving force, i.e. potency. The
transformation at a given nucleation site occurs once the summa-
tion of the chemical and the mechanical driving forces reaches this
critical value. The chemical driving force is the difference in Gibbs
free energies between austenite and a

0
-martensite and it depends

on temperature [47], while the critical driving force is the differ-
ence in Gibbs free energies between austenite and a

0
-martensite at

the temperature at which the thermal transformation occurs
spontaneously (i.e. without application of external mechanical
force). The mechanical driving force is the work density performed
by or on the transformed volume [48]. Physically, the mechanical
contribution to the thermodynamic driving force, is perceived as
the interaction of the stress state with the strain of the trans-
formation, to increase or decrease the potency (hence the proba-
bility) for nucleation at a given nucleation site [48]. The shear part
of transformation strain is accommodated by shear bands forming
the nucleation site. Consequently, the stress state is only interacting
with the volumetric strain of the transformation. The scalar vari-
able xbðsÞ, which is related to the probability of martensite
nucleation, is therefore:

xb ¼ � p
seq

(8)

where p ¼ �1
3 tr s is the hydrostatic pressure and seq is the von

Mises equivalent stress. For a given stress state, sc, of a crystal, the
stress triaxiality is defined without any dependence to the crystal
orientation. Hence, the parameter xb is considered independent to
the crystal orientation.
4. Implementing the kinetic model in the EPSC model

4.1. Formation and evolution of martensitic phase

The transformation starts when the stress reaches a critical
value that causes the SFW to expand to infinity [26], as shown in Eq.
(6). Evidently, the key variables for the onset of the transformation
are the stress magnitude and the SFE.

The evolution of martensite is suppressed in the model until the
condition of Eq. (6) is fulfilled for at least one grain in the poly-
crystal. The EPSC model predicts only the average stress value per
crystal and does not account for the intragranular stress distribu-
tion inside the grains, while in reality the condition of Eq. (6) can be
fulfilled locally even if the average stress in the grain does not fulfill
the condition. Nevertheless, the onset of the transformation is the
same for all grains, while the propensity of transformation will be
different for each grain depending on its stress state and orienta-
tion. Once the condition is fulfilled, the martensite evolution is
governed by the Olson-Cohen kinetic model at the single crystal
level in the incremental form. The incremental form of Eq. (2) is:
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df a
0
¼

�
1� f a

0�
bn

�
f sb

�n�1
df sb (9a)

df sb ¼ a
�
1� f sb

�
dε (9b)

where f sb is the volume fraction of shear bands. The incremental
form is necessary since parameters a and b now vary during the
evolution of shear strain and analytical integration of Eqs. (9a) and
(9b) is no longer possible. The single crystal analogue of Eq. (9) is:

dwc;m ¼ �
wc

0 �wc;m�bn�f c;sb�n�1
df c;sb (10a)

df c;sb ¼ a
�
1� f c;sb

�X
s
dgs (10b)

wherewc
0 is the initial volume fraction of the parent austenite grain,

wc;m is the volume fraction of the product, martensite, grain. The
use of sum of shear strains on slip systems,

P
s
dgs, in the single

crystal version of the Olson-Cohen law has been suggested in
Ref. [28].

Using Eqs. (6) and (10) for all crystals, it is assumed that
potentially each crystal can undergo strain-induced martensitic
transformation. In the materials studied here the transformation
becomes apparent during plastic deformation, hence the strain-
induced transformation is the dominant mechanism [7]. Any
transformation mechanism other than the theory presented in
Ref. [2] is not considered in the present study.

The volume fraction of martensite for each austenite crystal
evolves as a function of shear strain and stress state per crystal
using Eq. (10). Once the volume fraction of martensite reaches 1% of
parent austenite grain, a new grain is created and added to the
polycrystalline aggregate. Due to the presence of cubic symmetry,
24 possible martensite variants can be nucleated from one grain of
austenite. Each variant has a specific crystallographic relationship
with its parent austenite grain and corresponding phase trans-
formation strain, see Refs. [28,43]. Only one martensite variant is
assumed to nucleate from one austenite grain, which agrees with
experimental observations for the majority of the investigated
grains by EBSD [5]. More details on the orientation determination
procedure and calculation of phase transformation strain is pre-
sented in appendix B.

After an increment in time, dt, the strain increment of the
transformed volume dwc;m is εpt;i (Fig. 3) and in Ref. [28] the phase
transformation strain is added only to the austenite parent grain. In
the present study the phase transformation strain of the trans-
forming volume, dwc;m, is averaged over the volume of austenite
and martensite grains and assigned as a transformation strain for
both austenite and martensite grains:
Fig. 3. An austenite grain represented with a sphere before and after martensitic
transformation of volume.dwc;m
_εpt;a ¼ _εpt;m ¼ _wc;m
ε
pt;i

wc;a þwc;m (11)

where _εpt;a, _εpt;m,wc;m andwc;a are the rate of phase transformation
strain in the austenite and martensite grains and the volume frac-
tions of austenite and martensite grains, respectively.

The stress and strain of the transformed martensite volume
increment, dwc;m, need to be defined. The first increment in
martensite volume fraction is assigned the stress of the austenite
matrix. Due to the very small initial volume fraction of martensite,
this initial assumption for the stress of martensite is not critical for
the predictions of the mechanical response. Since martensite has
higher slip resistance than austenite, martensite starts deforming
elastically and the stress increases with further straining. Upon
increasing the martensite fraction, each next increment in
martensite volume fraction is assigned the same stress as the
already formed martensite grain. This assumption was adopted in
an earlier study reported in Ref. [28], where a similar mean-field
model was used to simulate the lattice strains in martensite and
austenite phases. Since capturing the evolution of lattice strain, in
both phases, is outside the scope of the present work, this
assumption is sufficient for capturing the evolution of martensite
and the macroscopic mechanical behavior of the material.

The strain of the martensite volume increment is defined based
on the non-elastic strain in austenite and the stress of the product
martensite grain. The total shape change is described by the non-
elastic strain, while the deformation of the actual lattice is
described with the total elastic strain coming from the total stress.
The shape change due to the non-elastic deformation is not
reversible and has already happened in the region that is to become
martensite. Any transformation of the lattice does not change this
fact, nor does it remove the already present strain in this region.
Therefore, the total non-elastic strain of the currently transforming
volume is equal to that of the parent grain and the total strain is:

ε
dm ¼ ε

ne;a þ ε
el;dm (12)

where ε
dm is the total strain in the transformed martensite volume

increment, εne;a is the total non-elastic strain in the austenite grain
and ε

el;dm is the total elastic strain in the transformed volume
increment. The elastic strain of the transformed volume is calcu-
lated from the stress in themartensite grain. Therefore, the strain of
the updated martensite grain containing the transforming volume
increment is:

ε
mþdm ¼

�
ε
mwc;m þ ε

dmdwc;m
�

wc;m þ dwc;m : (13)

The initial slip resistance and the parameters governing the
evolution of slip resistance are fit parameters obtained by fitting
the experimental mechanical data.

4.2. EPSC equations accommodating the extended phase
transformation kinetic model

The description of the elasto-plastic self-consistent (EPSC)
modeling framework can be found in Refs. [29,30]. To model the
phase transformation, the phase transformation strain rate is
introduced into the single crystal constitutive relation:

bsc ¼ Cc
�
_εc � _εpl;c � _εpt;c

�
� sctrð _εcÞ (14)

where bsc is the Jaumann stress rate, Cc is the fourth rank elastic
stiffness tensor,_εc is the total strain rate, _εpl;c is the plastic strain rate
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and _εpt;c is the phase transformation strain rate. Note that the total
strain rate consists from the elastic, plastic and phase trans-
formation strain rate. The single crystal constitutive relation can be
expressed in the following form:

bsc ¼ Lc
�
_εc � _εpt;c

�
(15)

where Lc is the instantaneous elasto-plastic stiffness. Lc is formed
based on the adopted slip resistance evolutionwith the shear strain
on the slip systems i.e. the hardening law. The hardening law used
here is developed in Refs. [31,49]. The reader is referred to Ref. [31]
for detailed description of the hardening law and hardening pa-
rameters calibrated in this work. Note that the transformation-
induced back-stress is not simulated in this work as in Ref. [28]. A
similar relationship is adopted for the overall polycrystalline
aggregate:

bs ¼ L
�
_ε� _εpt

�
(16)

where bs, _ε and _εpt are the Jaumann stress rate, the total strain rate
and the phase transformation strain rate of the polycrystalline
aggregate, respectively. L is the instantaneous elasto-plastic stiff-
ness of the homogenized polycrystalline aggregate. Analogues to
single crystal, the total strain rate of the polycrystalline aggregate
consists from the elastic, plastic and phase transformation strain
rate. L and _εpt are unknown and are evaluated using the self-
consistent homogenization scheme [31,50]. The deviation of a
crystal stress rate from the stress rate of the polycrystalline
aggregate is proportional to the corresponding strain rate devia-
tion, through the interaction tensor,L*:

bsc � bs ¼ �L*ð_εc � _εÞ (17)

The interaction tensor is defined in terms of the Eshelby tensor,
Sc, as: L* ¼ LðSc�1 � IÞ. Combining Eqs. (15)e(17) produces:

Lc
�
_εc � _εpt;c

�� L
�
_ε� _εpt

� ¼ �L*ð_εc � _εÞ (18)

From Eq. (18), the single crystal strain rate can be expressed in
terms of the unknown reference strain rate [51]:

_εc ¼ Ac _εref þ ac (19)

with:

Ac ¼ �
Lc þ L*

��1�
L þ L*

�
(20)

ac ¼ �
Lc þ L*

��1�
Lc _εpt;c � L _εpt

�
(21)

where _εref is the reference strain rate. Equating the volume average
of the single crystal strain rates to the strain rate of the poly-
crystalline aggregate allows the evaluation of the reference strain
rate:

_εref ¼ hAci�1 _ε� hAci�1haci (22)

The condition that the volume average of the single crystal
stress rates is equal to the stress rate of the polycrystalline aggre-
gate yields:

bs ¼ hLcAcihAci�1 _ε� hLcAcihAci�1haci þ
D
Lc
�
ac � _εpt;c

�E
(23)

The macroscopic instantaneous elasto-plastic stiffness and the
phase transformation strain rate are identified by the comparison
of Eqs. (16) and (23):

L ¼ hLcAcihAci�1 (24)

_εpt ¼ haci � L�1
D
Lc
�
ac � _εpt;c

�E
: (25)

4.3. Simulation setups

The input for the EPSC model includes the starting texture, the
single crystal elastic constants, the set of all possible slip systems
and the initial grain shapes. In addition, the parameters of the
hardening law and of the kinetic model need to be calibrated by
comparing the simulated and measured mechanical responses and
the martensite fractions respectively, as described in the subse-
quent section.

The initial texture for the AS-1 material is shown in Fig. 1b. A
rolling texture, consisting of 500 weighted crystal orientations, is
generated using the MTEX software [52] and it is used as the
starting texture for the AS-2 material. The same texture is also used
for the AS-4 material since [53] reports an initial rolling texture. For
AS-3, the initial texture is assumed to be random.

The single crystal elastic constants for austenite are C11 ¼
209 GPa, C12 ¼ 133 GPa and C44 ¼ 121 GPa, while the single crystal
elastic constants for martensite are C11 ¼ 234 GPa, C12 ¼ 135 GPa

and C44 ¼ 118 GPa [28]. The
n
111

o
h110i and the f110g

D
111

E
slip

systems are used for austenite and martensite respectively. Each
grain in the EPSC model is set to be a spherical inhomogeneity in
the effective medium at the beginning of deformation and evolves
into an ellipsoid during deformation.

Appropriate boundary conditions are used to simulate the
applied stress states: simple tension and compression, equibiaxial
tension, torsion and plane strain tension. The simple tension/
compression is simulated by imposing normal strain increments in
the tensile/compressive direction, while enforcing the normal
stresses in the lateral directions and all the shear strains to be zero.
The equibiaxial tension ofmaterial AS-1was simulated by imposing
the experimental strain history for the two normal strain compo-
nents along the in-plane loading directions (RD and TD). All the
shear strain components and the out-of-plane normal stress
component were enforced to be zero. To simulate the torsion
deformation of the AS-3 material, plane stress state in the plane
containing 1 and 2 directions is imposed, while imposing shear
strain increments, Dε12, and keeping normal strains in directions 1
and 2 at zero. The plane strain tension of the AS-4 material is
imposed by applying strain increments along RD, while enforcing
the normal strain along TD, and all the shear strains and normal
stress along ND, to be zero.

The non-elastic strain rate in the model is:

_εne ¼
	
ε
c
tþDt


� 	
SctþDts

c
tþDt


� �	
ε
c
t

� 	

Scts
c
t

 �

Dt
(26)

where Sc is the elastic compliance of crystal c. The equivalent non-

elastic strain is then defined as: ε
eq ¼

Z t

0
_εeq;nedt, with _εeq ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
3 _ε

ne,_εne
q

. The non-elastic strain contains both the plastic and the

transformation strain. It is comparable with the equivalent plastic
strain used to plot the experimental results for steels AS-3 and AS-4.

5. Results

The EPSC model, implemented with the proposed strain-
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induced austenite-to-martensite transformation kinetic model, is
applied to simulate the mechanical andmicrostructural response of
four austenitic steels, including their stress-strain response and
texture evolution. The stress state and the temperature are varied,
resulting in different measured stress-strain responses and
martensite fractions. The loading is quasi-static and therefore the
strain-rate effect on the phase transformation is not considered.

Figs. 4 and 5 show, respectively, for AS-1, AS-2, AS-3 and AS-4
the comparisons between the simulated and measured stress-
strain responses and the volume fractions of a

0
-martensite. The

calibration of austenite and martensite phase hardening parame-
ters and the kinetic model parameters is performed in three steps.
First, the austenite phase hardening parameters are obtained by
fitting the experimental stress-strain curves at loads/temperatures
wheremartensite does not form, i.e. simple tension at 293 K for AS-
1 (Fig. 4a), simple tension at 348 K for AS-2 (Fig. 4b), simple tension
at 293 K for AS-3 (Fig. 4c) and simple tension at 293 K for AS-4
(Fig. 4d). The calibrated hardening law parameters for the
austenite phase are shown in Table 4. The parameters related to slip
Fig. 4. Comparison of the simulated (dashed lines) and measured (full lines) mechanical res
ST stress-strain curves at 293 K and 348 K for AS-2, (c) ST stress-strain curves at 77 K and 29
curves at 233 K and 293 K for plane strain tension (PST) in RD for AS-4.
system interactions (Lss, Lss
0
, gss, gss

0
), the debris dislocation density

evolution (q), and the drag stress (D) were selected based on pre-
vious works and, thus, were not altered during the fitting proced-
ure. In contrast, the initial slip resistance (t0), the coefficient
governing the rate of generation of dislocations (k1), and the acti-
vation energy (g) were changed to fit the stress stain curves. The
initial slip resistance for austenite at other temperatures, where
martensite forms, is also reported in Table 4. The initial slip resis-
tance at these temperatures was calibrated by comparing the
simulated and measured yield stresses. Plastic deformation by slip
in austenite always precedes martensite formation and hence, the
yield stress is determined by austenite slip resistance only.

Second, the kinetic model parameters (shown in Table 6) are
obtained by fitting the measured values of the martensite volume
fraction shown in Fig. 5. For each material, the phase trans-
formation occurs only at one temperature: 293 K for AS-1 (Fig. 5a)
and AS-2 (Figs. 5b), 77 K for AS-3 (Figs. 5c), and 233 K for AS-4
(Fig. 5d). Note that the b0 parameter for AS-1 is set to negative in
order to suppress the phase transformation during simple tension
ponse for (a) simple tension (ST) stress-strain curves at room temperature for AS-1, (b)
3 K for AS-3, (d) ST stress-strain curves at 233 K and 293 K for AS-4 and (e) stress-strain



Fig. 5. Comparison of the simulated and measured martensite fraction for (a) equibiaxial tension (EBT) at room temperature (293 K) for AS-1, (b) ST at room temperature (293 K) for
AS-2, (c) ST, simple compression (SC) and torsion at 77 K for AS-3 and (d) ST and PST in RD at 233 K and 293 K for AS-4.

Table 4
Hardening law parameters for austenite.

Material Loading state/Temperature Lss Lss
0 gss gss

0 t0½MPa� k1½m�1� g D½MPa� q

AS-1 ST/293K 1 1 1 0 64 0.95� 108 0.09 100 8
AS-2 ST/348K 1 1 1 0 65 @ 348K

80 @ 293K
0.92� 108 0.24 100 8

AS-3 ST/293K 1 1 1 0 80 @ 293K
145 @ 77K

0.92� 108 0.15 100 8

AS-4 ST/293K 1 1 1 0 105 @ 293K
155 @ 233K

0.92� 108 0.16 100 8

Table 5
Hardening law parameters for martensite.

Material Loading state/Temperature Lss Lss
0 gss gss

0 t0 ½MPa� k1½m�1� g D½MPa� q

AS-1 Taken from AS-2 1 1 1 0 280 @ 293K 1� 108 0.25 100 8
AS-2 ST/293K 1 1 1 0 350 @ 293K 1� 108 0.25 100 8
AS-3 ST/77K 1 1 1 0 260 @ 77K 1� 108 0.25 100 8
AS-4 ST/233K 1 1 1 0 280 @ 233K 1� 108 0.25 100 8
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while fitting the measured a
0
-martensite fraction during equi-

biaxial tension. Suppressing the transformation for simple tension
reduces to condition: b0 þ KbxbðsST Þ � 0, while in order to get the
transformation during EBT, the condition: b0 þ KbxbðsEBT Þ>0 is
Table 6
Kinetic model parameters.

Material a0 Ka b0 Kb n gN
N

�
mJ
m�2

�
T ½K�

AS-1 0.28 0.0 �4.0 10.0 2.0 5.0 293K
AS-2 0.25 0.0 12.0 0.0 2.15 5.5 293K
AS-3 0.62 0.45 6.0 4.0 1.4 9.3 77K
AS-4 0.6 1.9 5.0 5.0 4.0 7.0 233K
valid. From the two conditions and using xbðsST Þ ¼ 1
3 and

xbðsEBT Þ ¼ 2
3 we get: � 1

3Kb � b0 > � 2
3Kb. Since we assume Kb >0, it

follows that b0 <0. Physically this can be interpreted as lack of
sufficient mechanical driving force to cause the transformation at
the nucleation sites during uniaxial tension (see section 3.2). The
exponent, n, for all materials in the present study is set as a fit
parameter, as opposed to the original work of Olson and Cohen, and
similar studies, where it is fixed to the value of 4.5 [2,45,54]. In the
present study, the obtained values of the exponent n are lower than
the established value of 4.5, that according to Ref. [2], represents a
low number of non-random distribution of shear bands that rapidly
increase by straining. The relatively small value of n, in the present
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study, has to be attributed to the fact that the transformation is
suppressed until the relation of Eq. (6) is fulfilled. Values close to 2
for the exponent n, have been used in TRIP-assisted steels and
represent a random orientation of shear band intersections [55,56].
Furthermore, Table 6 shows the obtained value of gN

N from Eq. (6),
i.e. the fault energy over the number of f111g faulted planes within
the SF for the corresponding temperatures and loading states. The
comparison between themeasured and simulated volume fractions
of martensite demonstrates that the proposed kinetic model is
capable of fitting the martensite volume fraction evolution for
different stress states.

Third, the martensite phase hardening law parameters are ob-
tained by fitting the stress-strain curves that exhibit hardening due
to phase transformation: simple tension at 293 K for AS-2 (Fig. 4b),
simple tension at 77 K for AS-3 (Fig. 4c), simple tension at 233 K for
AS-4 (Fig. 4d) and plane strain tension at 233 K for AS-4 (Fig. 4e).
Since cruciform-shaped samples are used for the equibiaxial ten-
sion measurements, it is not possible to analytically compute the
cruciform gauge stresses (due to the fact that cruciform samples do
not have a defined gauge section, see Refs. [37,57]). Hence, only
force and strain along the two loading directions are obtained from
the cruciform experiments. Since gauge stress information is not
available for the equibiaxial test on AS-1, the hardening law pa-
rameters of the martensite phase were set equal to the parameters
for AS-2 because these two steels have similar compositions. The
fitted hardening law parameters for martensite in all materials are
shown in Table 5. Similarly, the values for Lss, Lss

0
, gss, gss

0
, q, Dwere

set based on the literature, while t0, k1, and g were varied to fit the
response of the martensite phase. A single set of hardening pa-
rameters for the martensite phase was used for all simulated
materials.

By fitting the martensite volume fraction evolution with strain
on AS-1 and using the hardening law parameters for austenite and
martensite (see above) it is possible to predict the stress in the test
section of the cruciform sample. Fig. 6a shows the predicted
equivalent stress-equivalent nonelastic strain evolution for the
equibiaxial tension test. Similarly, the fitted kinetic model and
hardening law parameters for AS-3 allow the prediction of the
mechanical response under simple compression and torsion,
shown in Fig. 6b, for which no experimental data is available.

The EPSC model is capable of predicting the crystallographic
texture evolution, as mentioned earlier. The measured and simu-
lated initial textures for AS-2 are shown in Fig. 7a. The predicted
and measured deformation texture for AS-2 are compared in
Fig. 7b. The comparison is performed for simple tension at 293 K,
after 0.4 true strain. It is observed that the main trends in the
texture evolution of the austenite phase are correctly predicted by
themodel, i.e. increase of the<111> fiber intensity and formation of
Fig. 6. Predictions of mechanical response for (a) EBT at room tempe
a distinct “ring” pattern in the f002g and f022g pole figures. The
predicted martensite texture exhibits similar features as the
measured one. The starting crystallographic orientation of
martensite grains, once they nucleate, is selected based on the
identified T/2 and T/3 slip planes. The starting crystallographic
orientation will primarily evolve due to plastic deformation.
Therefore, both the martensite variant selection procedure and
crystal reorientation, contribute to the match between predicted
and measured textures.
6. Discussion

6.1. The effect of stress state on strain-induced a
0
-martensite

transformation

Previous phenomenological kinetic models account for the role
of the stress state as a function of macroscopic stress parameters
through the Lode angle and stress triaxiality [11,12,14,58]. These
models could not capture the influence of texture on the trans-
formation, however they are able to capture the dependence of the
martensite volume fraction for different macroscopic stress state.
This implies that there must be some correlation between the
macroscopic stress parameters and the parameters of the kinetic
model presented in equations (3) and (4).

To investigate the relationship of xa with the stress state, sim-
ulations are performed using the input for AS-3 material (Table 4)
at 293K. The phase transformation is suppressed during the sim-
ulations and the texture evolution is turned off. Fig. 8 shows the
predicted dependence of xa with different stress states as function
of the equivalent nonelastic strain. The xa parameter exhibits a
similar trend with stress state as the Lode angle since q¼ -1 for
equibiaxial tension or SC, q ¼ 0 for pure torsion and q ¼ 1 for simple
tension. As seen from Fig. 8, the proposed kinetic model predicts
that simple tension (with higher xa) leads to the formation of the
largest amount of shear bands and potential martensite nucleation
sites, followed by plane strain tension, torsion, simple compression
and equibiaxial tension.

The proposed kinetic model predicts that the probability of
martensite embryo nucleation at shear band intersections, which is
controlled by the parameter b (Eq. (5)), decreases with changing
the stress state in following order: equibiaxial tension, plane strain
tension, simple tension, torsion and simple compression.
6.2. The effect of texture on the formation of potential nucleation
sites

The extended Olson and Cohen kinetic model presented here
relates the martensite fraction with the shear strain on the slip
rature (293 K) for AS-1 and (b) SC and torsion at 77 K for AS-3.



Fig. 7. (a) Pole figures showing the initial texture for AS-2 (simulated and measured). (b) Comparison of the measured and simulated textures after simple tension at room
temperature to a true strain of 0.4 for austenite and martensite.

Fig. 8. The evolution of the volume average of the xa parameter with strain for
different stress states.
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systems in each grain, while the rate of evolution of the martensite
fraction is controlled by the parameter xa and the stress triaxiality.
The parameter xa depends on the crystal orientationwith respect to
the loading direction and the stress state in the crystal, while the
stress triaxiality (xb) depends only on the stress state. Therefore, the
effect of crystal orientation on the phase transformation is intrin-
sically accounted for by the parameter xa. In contrast, the Lode
angle parameter, although related to xa, is dependent only on the
macroscopic stress state and does not account for the effect of
crystal orientation on the strain-induced phase transformation.
To study the effect of crystal orientation on the creation of po-

tential nucleation sites, the stress state is fixed to simple tension or
equibiaxial tensionwhile the crystal orientationwith respect to the
tension axis is varied. The tension is enforced by imposing strain
increments in the tension direction, while keeping the lateral
normal stresses and all shear stresses at 0. The crystal orientation
does not evolve during the simulations. The model input for AS-3
material at 293 K in Table 4 is used and martensite formation is
suppressed. The parameter xa is defined with Eq. (7), where the
sum is over all the active slip systems. The predicted dependence of
xa on the direction of tension with respect to the crystal directions
is shown in Fig. 9a, where contours of xa are plotted on the inverse
pole figures (IPF). The parameter xa is calculated by applying simple
tension to 0.02 true strain to single crystals in the direction deter-
mined with the IPF. The case when xa >0 suggests more slip sys-
tems have preference to form wide SFWs, and vice versa for the
case when xa <0. Fig. 9a shows that xa has minimum value for the
case when h001i is parallel to the tension direction, while the
maximum value is observed when h011i and h111i are parallel to
the tension direction. Since the parameter a, is linearly proportional
to xa, the contours of xa correspond to contours of a. According to
the classical model of Olson and Cohen, the a parameter controls
the evolution of volume fraction of shear bands (in the form of
ε-martensite, twinning, SFs etc.). Therefore, more shear bands and
more potential nucleation sites are predicted for h011i and h111i
parallel to tension direction than for h001i parallel to tension di-
rection. The prediction is consistent with the observations from



Fig. 9. Contours of xa plotted on an IPF for (a) the tension direction and (b) the out-of-plane direction for in-plane equibiaxial tension.
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Refs. [59e62]. Furthermore, the dependence of xa on the SFW is in
agreement with the Schmid factor analysis for partial dislocations
presented in Ref. [4] where it is seen that under uniaxial loading,
<111> and <011> orientations cause increase of the SFW and the
formation of shear bands whereas <001> does not. It should be
noted that the model is unable to distinguish whether these planar
defects can be in the form of either ε-martensite, SFs (which are
precursors of a-martensite) [4] or mechanical twins [24,25] (which
can accommodate strain and even suppress the martensite for-
mation) [63]. Such a consideration and distinction is beyond the
scope of the present study.

From Eq. (7) it is seen that xa depends only on the shear stresses
resolved on the slip plane, and therefore xca depends only on the
deviatoric part of the stress tensor. Since the compressive devia-
toric stress tensor is equal to the negative tensile deviatoric stress
tensor, it follows that: ðxaÞSC ¼ � ðxaÞST . Furthermore, the devia-
toric stress for the simple compression along one direction has the
same ratio between its components as the deviatoric stress for the
equibiaxial tension along the other two directions. This implies that
ðxaÞSC ¼ ðxaÞEBT ¼ � ðxaÞST . To verify this, equibiaxial tension is
applied to a set of crystal orientations with the same set up that was
used to generate Fig. 9a. The equibiaxial tension boundary condi-
tions are applied by imposing equal increments in normal stresses
along directions 2 and 3, while the normal stress in the direction 1
and all shear stresses are maintained at 0. The parameter xa is
evaluated at 0.02 equivalent plastic strain. The model predicts that
crystals with the <001> orientation parallel to the out-of-plane
direction during in-plane equibiaxial tension possess the ideal
conditions for shear band formation. The prediction is consistent
with experimental observation reported in Ref. [4]. Since xa is the
same for simple compression and the equibiaxial tension, Fig. 9b is
showing its dependence on the orientation of the compression
direction with respect to the crystal directions. The model predicts
that crystals with <001> parallel to the compression direction are
favorably oriented for transformation, while the crystals com-
pressed along <011> or <111> suppress the formation of shear
bands. These prediction are in good agreement with the observa-
tions of Ref. [61].

6.3. The effect of a
0
-martensite on the mechanical response of

austenitic steel

The model is used to simulate the mechanical response of
austenitic steels while accounting for the contribution of the strain-
induce a

0
-martensite to the strain hardening. The comparison be-

tween themeasured and the simulatedmechanical response shows
that the model is capable of capturing the overall trends with the
introduction of a

0
-martensite phase. However, several features of

the response are not captured by the current model. For instance,
the change in hardening rate after the yield point as seen in Fig. 4c
and d, is not modeled accurately. The mechanical response before
a

0
-martensite transformation is most likely governed by shear

bands containing SFs, ε-martensite or twins, interacting with dis-
locations [16]. The effect of those shear bands on the mechanical
response is not included in the current model.

The experimental stress-strain response of AS-4 steel during
simple tension at 233 K (Fig. 4d) shows a drop of the hardening rate
after the onset of the transformation. It has been observed with
electron microscopy that, at low temperatures, the shear band in-
tersections with a

0
-martensite do not hinder the motion of dislo-

cations but they rather act as a “window” to let dislocations to pass
through [64]. The model is however not able to capture such details
inmicrostructural phenomena that cause softening. In addition, the
transformation strain related to the formation of a

0
-martensite af-

fects the intragranular stress fields both in the formed martensite
and the parent austenite grain. The transformation strain in the
model is assumed to be uniform over both the parent austenite and
product martensite grain, while the stress of transforming
martensite volume is assumed to be equal to the stress of the
already nucleated martensite grain. The simplifying assumptions
are likely contributing to the mismatch between the measured and
the simulated stress-strain curves during the a

0
-martensite for-

mation shown in Fig. 4d.

7. Conclusion

A crystallography-based extension to the classical Olson-Cohen
kinetic model is presented. The extended phase transformation
kinetic model sensitive to the magnitude of stress, stress state and
crystal orientation is coupled with the EPSC crystal plasticity
model. The combined model is applied to study the role of stress
state and crystallographic orientation on the strain-induced
austenite to a

0
-martensite transformation while simulating the

mechanical response of metastable austenitic steels. The main
conclusions are:

1. The proposedmodifications account for the physics-based effect
of the stress state on the strain-induced a

0
-marteniste trans-

formation in the following manner: (i) The resolved shear stress
in the direction perpendicular to the Burgers vector changes the
SFWof the dislocations. The SFW controls the formation of shear
bands, i.e. ε-martensite, twins and SFs, and affects the number of
potential nucleation sites for a

0
-martensite. (ii) The stress

triaxiality affects the probability of a
0
-martensite formation at

an existing nucleation site, as proposed in older modifications of
the model.

2. Consistent with previous experimental observations, the model
predicts that more nucleation sites for a

0
-martensite are
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generated for crystal orientations which have h011i and h111i
parallel to the uniaxial tension. The trend is reversed for simple
compression. In analogue, the crystal orientation with the
<001> parallel to the out-of-plane direction during in-plane
equibiaxial tension, is the most favorable orientation for the
formation of nucleation sites for a

0
-martensite.

3. The introduction of a
0
-martensite in the model captures the

overall work hardening response. Mismatches between the
modeled and experimental mechanical response are due to
simplifying model assumptions related to the state of trans-
forming martensite volume and the effect of shear bands (i.e.
either SFs, ε-martensite or mechanical twins), which will be
considered in future works.
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Appendix A. SFW

The dissociation of a perfect dislocation into Shockley partials
on all the f111g110 slip systems is considered. The configuration in
Fig. A1a shows one out of the 12 slip systems within a crystal,
containing 2 partial dislocations. Definitions of the unit Burgers
vector direction of the perfect dislocation, bb, the unit slip plane
normal, bn, and the unit dislocation line direction, bl, are consistent
with the conventions from Ref. [65]. In the derivation presented
here, we do not use the terms leading and trailing partial since their
definition requires knowledge of the sense of the dislocation ve-
locity and changes with the change of the sense of velocity. Instead,
we define the left and right partial dislocations and derive the
expression for the SFW which is independent of the sense of the
dislocation velocity. We can determine the left and right partial for
each slip system using the Thompson tetrahedron and axiom 10-1
from Ref. [65]:
ing to the left on a slip system determined with burgers direction, bb, and normal di-
011�ð111Þ and direction, bbl � bbr , in the slip plane related to increase of the SFW.
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“Viewing the perfect dislocation from outside the tetrahedron
and along the positive sense of the line, the intrinsic stacking-fault
arrangement is achieved by placing the Greek-Roman partial on the
viewer's left and the Roman-Greek partial on the right; viewed in
the positive sense from inside the tetrahedron, the intrinsic
arrangement is achieved by placing the Roman-Greek partial on the
left and Greek-Roman partial on the right.”
To find the SFW, the force equilibrium of the partial dislocations
in the direction of motion is considered [26,65]. Fig A1a shows the
case when dislocations move to the left under the action of applied
stress. However, the sense of the direction of motion is not assumed
in the derivation of the separation between the partial dislocations.
Therefore, the derived expressions work for both cases when the
left partial is leading and when the left partial is trailing. The force
balance in the direction of motion is:h
Fl$

�bl � bn�i�bl � bn�þ g
�bl � bn�� Fint

�bl � bn�� f0bv ¼ 0 (A1)

h
Fr$

�bl � bn�i�bl � bn�� g
�bl � bn�þ Fint

�bl � bn�� f0bv ¼ 0 (A2)

where Fl, Fr are the forces on the left and right partial due to applied
stress, g is the force equal to intrinsic SFE, trying to constrict the
partials, Fint is the interaction force between the partials, repulsing
them, f0 is a friction force acting in the direction opposite to the
velocity of the dislocations and bv is the normalized velocity of the
dislocations. The forces on the left and the right partial due to the
applied stress are [65]:

Fl ¼ ðbl scÞ �bl (A3)

Fr ¼ ðbr scÞ �bl (A4)

where bl and br are the Burgers vectors of the left and right partial,
respectively. Projecting the forces on the dislocations in the direc-
tion of motion gives:
Fl$
�bl � bn� ¼ �ðbl scÞ$bn ¼ �bptl (A5)

Fr$
�bl � bn� ¼ �ðbr scÞ$bn ¼ �bptr (A6)

where tl and tr are the resolved shear stresses on the left and right
partial, respectively, and bp is the magnitude of the Burgers vector
of the partial dislocations. The interaction force between the par-
tials is [65]:

Fint ¼
c
�
q;m; n; bp

�
2d

(A7)

with:

c
�
q;m; n; bp

� ¼ mb2p
p

��bbl$
bl��bbr$bl�þ 1

1� n

�bbl �bl�$�bbr �bl��
(A8)

and d is the SFW. Subtracting (A2) from (A1) and using (A5), (A6),
and (A7) allows expressing the SFW as:

d ¼ c
�
q;m; n; bp

�
2gþ ðbrscÞ$bn � ðblscÞ$bn : (A9)

From Eq. (A9), it follows that the SFW is proportional to the
shear stress resolved on the slip plane in the direction perpendic-
ular to the burgers vector of the perfect dislocation:

d ¼ c =
h
2g� bp

��bbl � bbr

�
sc

�
$bni: (A10)

Fig. A1b shows the situation for the ð111Þ½011� slip system. From
Fig. A1b, it can be seen that the shear stress in the direction bbl � bbr

causes positive resolved shear stress on the left partial and negative
resolved shear stress on the right partial. Therefore, the left partial
will move to the left under the action of stress, while the right
partial will move to the right i.e. the SFW will increase. The pres-
ence of shear stress in the direction �ðbbl � bbrÞ will have the
opposite effect i.e. the SFW will decrease [66].

In the derivation of Eq. (A10), the SF is assumed to include one
(111) plane, i.e. an intrinsic SF. It has been experimentally observed
that occurrence of one wide SF triggers dissociation on neighboring
(111) planes, leading to thickening of the fault [46]. Such thick fault
can be treated as a SF bounded with partial superdislocations [19].
If the thick fault includes N intrinsic SFs on N (111) planes, the
partial superdislocation burgers vector isNbp. Therefore, the SFWof
the thick fault is:

d ¼ cN2 =
h
2gN � Nbp

��bbl � bbr

�
sc

�
$bni (A11)

where gN is the fault energy. The fault energy is related to intrinsic
SFE and the surface energy of the fault and can either be constant in
the case of a mechanical twin, or decrease with increasing N in the
case of ε-martensite formation [3,19].

Appendix B. Crystal lattice reorientation during the strain-
induced martensitic transformation and the associated phase
transformation strain

To consistently derive the crystal orientation of the martensite
grains and the associated phase transformation strain, we follow
the mechanisms of strain-induced transformations as described in
Refs. [1,67,68]. In the strain-induced transformation, martensite
forms at the intersection of two shear bands. The atoms in one
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shear band have positions corresponding to T/2 shear, where T
refers to twinning shear. The twinning shear is T ¼ bp

d111
, where d111

is the spacing between the f111gg planes. The T/2 shear structure
can be formed from ε-martensite by shuffles on every 2nd f0001g

ε

plane for ag
12 112g. The shuffle transforms the f1101g

ε
planes into

uniformly distorted f111gg planes. Next, the partial dislocations in
austenite, averaging one on every three f111gg planes, pass
through the uniformly distorted f111gg planes in the T/2 structure.
These partial dislocations are part of the other shear band causing
the T/3 shear in the T/2 shear band. The intersection of the T/2 and
T/3 shear bands has a bcc structure. Additionally, there is a volume
increase of 2.59%, determined by the lattice parameters of
austenite, ag ¼ 0.3589 nm, and martensite, aa0 ¼ 0.2873 nm [28].
The orientation relationship between austenite, ε-martensite and
a

0
-martensite has been reported to be [67]:

f111gg k f0001g
ε
k f110ga0 (B1)

110g k 2110ε k 111a0 : (B2)

In the model, we first identify the two slip systems that will
form T/2 and T/3 shear bands. We assume that the slip systemwith
the highest SFW will create the T/2 shear band. In fact, we assume
that this slip systemwill form ε-martensite, which is converted toT/
2 structure by shuffles during the passage of the partial dislocations
from the T/3 shear band. Depending on the direction of the shuffle
in the ε-martensite, the product structure will be identical to the
structure created by uniform shearing of austenite for T/2 in the
shearing direction and sense of one of the possible leading partials
on T/2 plane. In general, the shearing direction and sense of the
leading partial is in bbl, if the resolved shear stress (RSS) on
011f111gg slip systems listed in appendix B is greater than zero,
and in�bbr if RSS is lower than zero. Using these rules and checking
all possibilities, we can determine all possible leading partial di-
rections and senses on T/2 plane. Next, we choose the plane with
the highest RSS on the leading partial to be the T/3 plane, with
certain constraints originating from the relationship between T/2
and T/3 shears shown in Ref. [68]. In their paper, Bogers and Bur-
gers show that there is a specific relationship between T/2 and T/3
shear planes and directions to produce the bcc structure. By
examining a tetrahedron made from four f111g planes, they
concluded that if T/3 shear is applied in leading partial shearing
direction, only two f111g planes change their shape and only one
110 direction gets longer. The T/2 shear needs to be on one of the
deformed f111g planes and perpendicular to the longer 110 di-
rection. If there are no active planes which satisfy these relation-
ships with T/2 plane, the search is expanded to include all slip
planes in a crystal. Oncewe have determined the T/3 and T/2 planes
and the directions, we can define the martensite orientation, which
satisfies (B1) and (B2) relations.

The deformation gradient related to the austenite to
a

0
-martensite transformation can be written as:

Fpt ¼ FvolFT=3FT=2; (B3)

where FT=2 is the deformation gradient describing the shearing on
the T/2 plane, FT=3 is the deformation gradient describing the
shearing on the T/3 plane and Fvol is the deformation gradient
describing the volume change, defined as the volumetric part of the
Bain deformation gradient. The Olson-Cohen model assumes that
shear bands constitute a fraction of plastic deformation. The vol-
ume fraction of shear bands is calculated from plastic strain with
Eqs. (9b) and (10b). Therefore, at any instant in simulation plastic
strain contains FT=2 and FT=3 deformation. Since the shear part of
the phase transformation is already accounted for by the plastic
strain, the phase transformation strain is simply calculated as:

ε
pt ¼

�
Fvol

�T
Fvol � I

2
: (B4)
Appendix C. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.actamat.2018.12.060.
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