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ABSTRACT

A model describing the kinetics of the evolution of martensite volume fraction during the strain-induced
transformation of dispersed austenite in low-alloy TRIP steels has been developed. The model is based
on the modification of the nucleation site potency distribution by the applied stress and plastic strain for
the description of the stress-assisted and strain-induced transformation regimes respectively. The model
is fitted to available experimental data regarding the evolution of martensite as a function of plastic
strain for several steels containing austenitic dispersions. Besides chemical composition of retained
austenite and temperature, the model takes into account the effects of austenite particle size and stress
triaxiality. Austenite particle size refinement has a strong stabilizing influence by retarding the strain-
induced transformation kinetics. Stress triaxiality becomes important in stabilized austenite dispersions
(either chemically stabilized or by size refinement) by enhancing the kinetics of the strain-induced
transformation. The kinetic model can be used for the development of a constitutive model describing
the mechanical behavior of TRIP steels.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Low-alloy Transformation-Induced Plasticity (TRIP) steels possess a
multiphase microstructure, which consists typically of ferrite, bainite
and retained austenite. The retained austenite, with a typical volume
fraction of 10-15%, is in the form of a particle dispersion. The high
uniform elongation, and hence high formability, of these steels results
from the strain-induced martensitic transformation of retained auste-
nite. The control of the kinetics of the strain-induced transformation is
the most important prerequisite in order to design compositions and
processing routes for enhanced mechanical behavior in these steels.
Chemical composition, austenite particle size, neighboring phases, and
stress-triaxiality are the most important factors influencing the
stability of retained austenite and the strain-induced transformation
kinetics [1-6]. These factors are interrelated and it is difficult to
separate each individual effect. In an effort to gain a deeper under-
standing on the effects of these factors, several models have been
developed for the kinetics of strain-induced transformation of auste-
nite in TRIP steels. These models have been reviewed by Samek et al.
[7]. The model by Angel [8] and Ludwigson et al. [9] is empirical and
takes into account autocatalytic effects, ie., the acceleration of
transformation by the transformation-induced generation of new
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martensitic nuclei. The model by Matsumura et al. [10], which was
based on the work of Burke [11] and modified by Tsuchida et al. [12],
takes into account the stability of austenite and autocatalytic effects. In
the model proposed by Sugimoto et al. [13] the rate of transformation
is proportional to the fraction of untransformed austenite and
austenite stability. The model by Olson et al. [14] was the first to take
into account the physical mechanisms of martensitic nucleation
induced by plastic strain. In that model, shear band intersections were
considered as the potential nucleation sites for the transformation. The
rate of shear band formation is influenced by composition and
temperature through the stacking fault energy. All models described
above were developed for homogeneous austenitic alloys and do not
take into account that, in low-alloy multiphase TRIP steels, the
austenite phase is dispersed in the form of particles in the micro-
structure. Therefore, the effect of austenite particle size on transforma-
tion kinetics is not considered in the aforementioned models. Only
recently Zhang et al. [15] investigated the effect of particle size through
a modification of the Burke-Matsumura-Tsuchida model [10-12];
however, it was not possible to differentiate between the effects of
particle size and carbon partitioning in the austenite. There are also
experimental data showing that particle size and stress triaxiality have
important influence on strain-induced transformation and associated
mechanical behavior [16,17].

The aim of this work is to develop a kinetic model for the
description of the fraction of martensite formed as a function of
plastic strain in steels, where the austenite is present in the form
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of dispersed particles. The model is able to predict the effects of
austenite particle size, chemical composition of austenite particles,
temperature and stress-state triaxiality on the strain-induced
transformation kinetics. In Section 2.1 a literature review of the
basic elements of the martensite nucleation theory and the
potency distribution of nucleation sites is presented. The new
model is then described in Sections 2.2-2.4.

2. Model description

2.1. Martensitic nucleation and potency distribution of nucleation
sites

The model is developed for a steel containing retained austenite
in the form of dispersed particles of average volume v, per particle
(for the list of symbols refer to Table 1). Martensitic transformation
can be mechanically-induced in these dispersed austenite particles
by two distinct mechanisms: stress-assisted and strain-induced
nucleation [18]. In the stress-assisted regime, martensite nucleates
on pre-existing nucleation sites. Those are the same sites which
operate during the traditional transformation on cooling. In the
strain-induced regime, new and more potent nucleation sites are
created by plastic deformation of the austenitic phase. As the
steel is stressed and deformed plastically, retained austenite will
transform to martensite by the simultaneous operation of both
mechanisms. The stress-assisted mechanism prevails at stresses
lower than the yield-strength of austenite, whereas the strain-
induced mechanism prevails after the yield-strength has been
surpassed. The volume fraction of martensite forming as a result
of the mechanically-induced transformation is denoted by f. This is
the relative volume fraction with respect to the initial volume
fraction of austenite and has values between 0 and 1.

Table 1
List of symbols.

Symbol Definition Unit

n Potency of nucleation site (number of crystal planes) -

n Critical value of n for martensitic nucleation -

Eger Elastic strain energy J/mol

7s Fault/matrix interfacial energy J/m?

¥f Energy of martensitic embryo per unit area J/m?

P Density of atoms in the fault plane mol/
m2

AGep Chemical driving force for martensitic transformation J/mol

AG, Mechanical contribution to driving force J/mol

Wy Frictional work of interface motion J/mol

N? Number of nucleation sites of all potencies m~3

N, Number of nucleation sites with sufficient potency to nucleate m—3

martensite (operational sites)

N3° Pre-existing nucleation sites m~3

N; Operational sites under applied stress o m~3

N;U Additional sites produced by plastic strain e m—3

N Maximum number of sites that can be produced by plastic m—3

strain

N;, Operational nucleation sites at plastic strain e m~3

a Shape factor of potency distribution -

a, Shape factor of stress-modified potency distribution -

a, Shape factor of strain-modified potency distribution -

vp Average volume of austenite particles m3

Ve Austenite volume m?

vm Martensite volume m’

Vv Total volume (austenite + martensite) m3

f Volume fraction of mechanically-induced martensite -

fsa Fraction of martensite by stress-assisted transformation

a, m, k Constants -

The model is based on the Olson-Cohen theory of heteroge-
neous martensitic nucleation [19-21]. According to this theory, the
formation of a martensitic nucleus takes place by the dissociation
of an existing defect, which serves as a nucleation site for the
transformation. Dissociation of such a defect creates a fault
structure or martensitic embryo, the growth of which is deter-
mined by the energy change accompanying the dissociation. The
energy per unit area of an embryo with a thickness of n crystal
planes is denoted by () and is given by

yp(M) = np(AGe, + Eser -+ Wp) + 2y, (1)

where AG., is the chemical driving force for martensitic transfor-
mation (energy/mole), y, is the fault/matrix interfacial energy, p is
the density of atoms in the fault plane (moles/unit area on a
crystal plane), Eg, is the elastic strain energy associated with
distortions in the fault interface plane (energy/mole), and Wy is
the frictional work of interfacial motion (energy/mole), which
occurs during the dissociation process. Spontaneous martensitic
nucleation occurs when y¢(n) <0. In this case, the dissociation is
barrierless and occurs at a critical value of the driving force, i.e.,
when y¢ = 0. The potency of a nucleation site can be defined by the
thickness n (number of crystal planes) of the nucleus that can be
produced from the defect by barrierless dissociation. The critical
value n* for nucleation follows from Eq. (1) and the condition
rp=0as

2y
=5 2
P(AGep +Eser +Wrp) @)

The critical n* for martensitic nucleation is temperature-
dependent through the term AG.. We will show later that it
could also be stress-dependent, through the addition of a stress-
dependent mechanical driving force AG, in the denominator of
(2). The critical value n* also depends on the chemical composition
of the austenite through the compositional dependence of AG.,
and Wy.

Let N9 be the total number of nucleation sites of all potencies
per unit austenite volume and N, the number of sites of sufficient
potency to nucleate martensite (operational sites) per unit
austenite volume. Cohen and Olson [22] derived the cumulative
defect-potency distribution dN, from the Cech and Turnbull small-
particle experiments in Fe-30% Ni alloys [23] as

dN, = dN%e ", 3)

where a is a shape factor.

The model developed in this work is based on a modification of
the potency distribution of Eq. (3); the modification is based on
Kuroda's [24] suggestion that the overall potency distribution is
the sum of the stress-modified and strain-modified distributions
of nucleation sites: dN, = dNj + dNj. This accounts for the effects of
stress ¢ and plastic strain ¢ on the evolution of the number
of operational sites N, in a uniaxial tension test. The modification
of the potency distribution by stress and strain is described in
Sections 2.2 and 2.3 respectively, while the overall potency
distribution is described in Section 2.4.

2.2. Potency distribution for stress-assisted transformation
Application of a uniaxial stress ¢ that causes only elastic strains

can trigger martensitic nucleation through a mechanical contribu-
tion AG,(s) to the chemical driving force AG.,

2y
PIAGh + AG,(0)+Eser + Wf].

n* (o) =

“
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The potency distribution of Eq. (3) becomes
dN2(c) = dNPe — 4" (@) 5)

where a, is the shape factor in the stress-modified distribution.

If we make the assumption that the variation of AG, with ¢ is
insignificant, then n* is constant to first approximation and the last
equation can be integrated to yield

N7 = N2° exp(—a,n*) (6)

2.3. Potency distribution for strain-induced transformation

Plastic strain in the austenite phase generates new nucleation
sites and the factor dNS in Eq. (3) depends on plastic strain. Let N
be the maximum number of sites per unit austenite volume and
NY the total number of nucleation sites of all potencies per unit
austenite volume. In a uniaxial tension test an increment of plastic
strain de causes a change dNiO, which is proportional to the
number of available nucleation sites N—NY; it is also assumed
that dNiO is proportional to the value of plastic strain e raised to a
power, say m—1, i.e., we write

dN:® = (N—N:)ae™ 1 de, %)
where « is a proportionality constant. Then
dN¢ = dN*(e)exp[ — a.n*(o)], n*(o)= — 275

Y o PIAGeh+AGy(0) +Estr + WiT

®

where a, is the shape factor in the strain-modified distribution. Eq.
(7) can be integrated to yield

N%(e) = N[1 —exp(—ke™)], k= % )

where the initial condition NiO(O) =0 has been used.

Again, if we make the assumption that the variation of AG,
with ¢ been insignificant, then n* is constant to first approxima-
tion and Eq. (8) can be integrated to yield

Ni(e) = Ny (e)exp(—a.n®), (10)
where N2(¢) is defined by Eq. (9) above.

2.4. Overall potency distribution and transformation fraction

Let V¢ the austenite volume, V" the martensite volume, and
V=V*+V™ the total volume, so that the volume fraction of
martensite is f =V™/V. If N, changes to N, +dN,, the martensite
volume created per unit austenite volume is v, dN,, where v, is
the average volume of the austenite particles (here we assume
that the martensite volume equals the austenite volume; a
correction that accounts for volume change is possible). The total
change in martensite volume dV™ due to dN, is

dV™ = (v, AN)V® = (V —V™)v, dN,. (11

If we divide the last equation by the total volume V, we find
that

m m
d%: (1—V7)vp dNy or df =(1—f)vp dNy, (12)
which is integrated to yield
f(Ny)=1—exp(—vpNy) with N, =Nj+Ny, (13)

where we took into account that f vanishes for N, =0.

If we now make the assumption that the variation of AG, with
o is insignificant, then Egs. (6) and (10) can be used for the
evaluation of Nj and Nj; in that case the above expression (13) for
the martensite volume fraction f can be written in the following

form:

f(e)=1—exp[—VpNy(e)], (14)
where

Ny(e) = N +Ni(e), (15)
N7 = N2° exp(—a,n™), (16)
Ni(e) = Ni2(e)exp(— a,n¥), Ni’(e) = N[1—exp(—ke™)]. 17)

When the plastic strain ¢ vanishes, f takes on the stress-
assisted portion of the transformation fg,. According to Eq. (14)
we have

fsa=F(0)=1—exp(—vpNy). (18)

It is interesting to note that the amount of transformation
depends on the size of the austenite particles through v, in (14)
and (18). In fact, the volume fraction f increases with the particle
size vp.

3. Fitting the model to available experimental data
3.1. Experimental steels

The result described by Eq. (14) was fitted to available experi-
mental data by Samek et al. [7] and Itami et al. [25]. The chemical
composition of the steels used from these works is shown in
Table 2.

Steels 1 and 4 are typical CMnSi steels, Steel 2 is a CMnSiAl steel
with partial replacement of Si with Al, and Steel 3 is a CMnSiAIP
steel with partial replacement of Si with Al and P. In all steels
under consideration the TRIP microstructures were obtained by a
two-step heat treatment consisting of intercritical annealing
followed by holding at the bainitic isothermal transformation
temperature. The resulting microstructures in all cases consisted
of ferrite, bainite and retained austenite. Steels 1-3 have received
identical heat treatment. Steel 4 has three variants corresponding
to three holding times (10, 60 and 480 s) at the bainite transfor-
mation temperature of 400 °C. These variants are listed as Steel 4/
10, Steel 4/60 and Steel 4/480 respectively. The transformation
fraction f was determined as a function of plastic strain e by
measuring the saturation magnetization interrupted tensile test-
ing. In Steels 1-3 the measurements were performed for tem-
peratures in the range of 10-100 °C whereas in Steel 4 the
measurements were performed at room temperature. Details on
retained austenite volume fraction and particle size as well as
chemical composition of austenite are given in [1,16].

In order to apply the model to the steels of Table 2, various
components entering Eqs. (15)-(17) have to be calculated as
described in the following.

3.2. Chemical driving force

The chemical driving force AG, for martensitic transformation
of austenite particles is a function of chemical composition
(primarily carbon and manganese in the austenite) and tempera-
ture. The chemical driving force for martensitic transformation is
defined as

AG, = G(bee) — G(fcc) (19)

where G(bcc) and G(fcc) are the free energies of bcc and fcc phases
of the same composition. These free energies were calculated with
the Thermo-Calc software system by employing the TCFE6 data-
base [26]. The results for Steels 1-3 are given as a function of
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Table 2
Chemical composition (mass%) of the steels considered in this study.

Steels C Mn Si Al P Reference

Steel 1 024 1.61 1.45 0.03 0.006 [7]

Steel 2 0.25 1.70 0.55 0.69 0.007 [7]

Steel 3 019 1.68 0.48 0.84 0.066 7]

Steel 4 0.14 1.66 1.94 0.025 0.008 [25]
temperature as follows:
Steel 1: AG(T)= —5071.56+7.12T (J/mol) (20)
Steel 2 : AG(T)= —4755.31+6.95T (J/mol) 21
Steel 3: AG.(T)= —4470.02+6.79T (J/mol) (22)

where T is the temperature in K.

Regarding chemical stabilization, retained austenite in Steel
1 has the lowest stability whereas the retained austenite in Steel
3 has the highest stability. The retained austenite in Steel 2 pos-
sesses an intermediate stability between the other two steels.
These observations are in accordance with the carbon content of
retained austenite as determined in [7]. For Steel 4 the AG., term
was calculated at 20 °C, since the fraction martensite vs strain data
were obtained at room temperature. The calculations were carried
out for the three variants and the results are —2546, —2341 and
—2091 J/mol for the 4/10, 4/60 and 4/480 variants respectively.

3.3. Mechanical driving force

The mechanical driving force contribution AG, is proportional
to the applied stress o

AG, = g% (23)
do
and is given as a function of the stress-state by Patel and Cohen
[27] as
944G _ _ 0.715-0.3206%" (J /mol MPa), (24)
do -
where o), = oy /3 is the hydrostatic stress and & is the von Misses
equivalent stress. The ratio ¢}, /5 is known as the “triaxiality” of the
stress state. In uniaxial tension, ¢,/6=1/3 and the mechanical
driving force contribution from Eq. (24) is —0.822 J/mol MPa. In
considering stress effects on the potency distribution of Eq. (3),
two limiting cases are considered. First, a fully-biased distribution
is considered, which is based on the assumption of Patel and
Cohen [27] that the operative nucleation sites have an optimum
orientation for maximum interaction with the applied stress. In
this case, the AG, term is given by Egs. (23) and (24) and is used in
Eq. (8) for the calculation of n*. Second, we consider the opposite
extreme of a fully-random distribution, which is based on the
assumption by Olson et al. [28] that the nucleation sites are
randomly oriented. In this case, AG, is approximately one third
(1/3) of that predicted by the fully-biased distribution. Therefore,
the AG, term is replaced by AG,/3 in Eq. (4), which describes the
potency distribution in the stress-assisted transformation regime.
The value of stress in Eq. (23) was taken equal to the yield strength
of retained austenite. A value of 550 MPa was adopted from the
work of Samek et al. [7] for Steels 1-3, while the values 382, 382
and 527 MPa were adopted for steel variants 4/10, 4/60 and 4/480
respectively from the work of Itami et al. [25].

3.4. Frictional work of interfacial motion

The frictional work of interfacial motion during martensitic
nucleation Wy is a function of chemical composition of retained
austenite. Taking into account the treatment of Labusch [29],
where the solution hardening effect is proportional to the 2/3
power of the alloying elements, and adopting the data of Kuroda
[24] for Fe-C-Mn alloys, we obtain the following 2/3 power-law
expression:

W, =1.893 x 10°X2/” +1.310 x 10*XZ> (J/mol) (25)

where Xy, and X are the mole fractions of Mn and C in the
austenite.

3.5. Shape parameters and other constants

For the Fe-30% Ni small particle experiments of Cech and Turnbull
[23], the shape parameter of the potency distribution of Eq. (3) has
been evaluated by Olson and Cohen [22] to be a = 0.866. For the less
stable retained austenite in the low alloy Fe-Mn-C steels considered in
this work, the shape parameter for the pre-existing nucleation sites
should have a much lower value. The value of a, = 0.1 was used in Eq.
(5) for the stress-modified distribution. Based on the assumption that
the nucleation sites created by plastic strain are more potent than
the pre-existing sites, a lower value of a. = 0.03 was adopted for the
strain-modified potency distribution in Eq. (8). The values of the
remaining parameters were taken from [30,31] as follows: Es; = 500 ]/
mol, y, =0.15]/m? p=3 x 107> mol/m? k=46, and n=3.45. The
measurements of austenite particle size by TEM in [7] suggest a mean
radius R = 1 pm, which corresponds to an average volume of austenite
particles of v, = (4/3)7R> =4.18 x 10~ ¥ m>. The values of the var-
ious parameters used in this work are summarized in Table 3.

3.6. Fitting parameters

Non-linear curve fitting was performed with fitting para-
meters: (i) the pre-existing nucleation sites N‘;O and (ii) the
maximum sites that can be produced by plastic deformation N
per unit volume. The calculated values of the fitting parameters for
all temperatures and steel compositions considered are quite
stable and of the order of 1.5-4 x 10" m~3 for N?° and 1.9-
5% 10 m~3 for N. The calculated values of N° are consistent
with that of 2 x 10" m~3 reported in [24] for Cu-Fe alloys and the
value of 10'® m~3 reported in [32] for ceramic systems.

3.7. Effect of austenite composition

The effect of chemical stabilization of retained austenite, arising
mainly from carbon partitioning, is shown in Fig. 1, where the
volume fraction of martensite f, as predicted by Eq. (14), is plotted
against axial plastic strain and compared to experimental data
from interrupted tensile testing. Fig. 1a, b and c corresponds to
testing temperatures of 10, 20 and 65 °C for Steels 1-3 of Table 2.
Fig. 1d corresponds to 20 °C for the three variants of Steel 4
(variants 4/10, 4/60, 4/480). The model predicts well the sigmoidal
shape of the strain-induced transformation, i.e., initially the rate of

Table 3
Values of various parameters used in this work.

Parameter Value Parameter Value

a, 0.1 » 3 x 10~° mol/m?
a. 0.03 k 46

Egr 500 J/mol m 3.45

7s 0.15J/m? vp 418 x 10~ ¥ m?
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(d) 20 °C for Steels 4/10, 4/60, 4/480.

transformation increases with strain, reaches a fairly constant rate
df /de and then the rate decreases at higher strains as saturation is
approached. Regarding Steels 1-3, the model predicts higher
transformation fractions for Steel 1, lower for Steel 3, and inter-
mediate fractions for Steel 2 at the three temperatures and for the
strain range considered, reflecting the effect of chemical stabiliza-
tion of retained austenite, in accordance with the discussion in
Section 3.2. The same holds for the three variants of Steel 4 in
Fig. 1d, where in Steel 4/10 the retained austenite possesses the
lowest stability, Steel 4/480 the highest and Steel 4/60 an inter-
mediate stability, in accordance with the chemical driving force
calculations presented in the previous section.

In Fig. 1a-d, the value f at zero plastic strain (¢=0) is the
aforementioned stress-assisted portion of the transformation fg,
and agrees well with the experimental data. In the stress-assisted
case, the transformation is exclusively triggered by the pre-
existing nucleation sites. The value of f, increases as the chemical
stability of retained austenite decreases.

Other important aspects are the constant transformation rate
df /de and the saturation level at high strains. The rate df /de and
the saturation level follow the chemical stabilization of retained
austenite, i.e., df /de increases as the chemical stability of retained
austenite decreases. The difference between the saturation levels
of Steels 1-3 is high at 65 °C and almost diminishes at 10 °C. It is
important to note that, for the temperatures considered,
the saturation level does not reach the value of 1 (complete
transformation).

3.8. Effect of temperature

The effect of temperature on the kinetics of strain-induced
transformation is shown in Fig. 2 for Steels 1-3. The transforma-
tion fraction increases with decreasing temperature due to the
increase of the chemical driving force AG,. The rate df /de and the
saturation level also increase with decreasing temperature due to
the temperature dependence of the driving force.

4. Implications of the model

The model presented above predicts the evolution of marten-
site during strain-induced transformation taking into account the
effects of the chemical composition of austenite, temperature,
average size of austenite particles and stress triaxiality. In this
section the effect of temperature on the stress-assisted portion of
the transformation is discussed together with the effects of
austenite particle size and stress triaxiality.

4.1. Stress-assisted transformation

It was shown in the previous section that both the transformation
fraction and the transformation rate increase with decreasing tem-
perature. The same holds for the stress-assisted portion of transforma-
tion f,, which is plotted against temperature in Fig. 3. It is clear that
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Fig. 2. Variation of martensite volume fraction f with axial plastic strain e.
Comparison of model with experimental data for (a) Steel 1, (b) Steel 2 and
(c) Steel 3.

the lower the temperature, the higher the contribution of stress-
assisted transformation relative to the strain-induced transformation.

4.2. Effect of austenite particle size

In order to investigate the effect of the austenite particle size,
the model was applied to an austenite-containing steel for the
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Fig. 3. Volume fraction of martensite formed through stress-assisted transforma-
tion (fsa) as a function of testing temperature T for Steels 1-3.
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Fig. 4. Effect of particle size on the f—e& curve for a steel with 0.8 mass% C
(T=20"°C). R is the radius of the spherical austenite particles.

following conditions: carbon content of retained austenite
0.8 mass%, tensile testing temperature 20 °C, N°°=2 x 10" m—3
and N=2 x 10" m~3. The yield strength of retained austenite was
taken equal to 550 MPa. According to Eq. (14), the particles size
affects the transformation through v, the average volume of the
austenite particles. The austenite particles are assumed to be
spherical with radius R, so that vp:(4/3):rR3. The results are
shown in Fig. 4 where the transformation fraction f is plotted as a
function of plastic strain e for spherical austenite particles with
0.1-1.0 um average radius. The stabilizing effect of austenite
particle size refinement is evident. For example, at ¢ = 0.2, while
the transformation in the steel containing 1 um-sized particles has
been completed, the transformation for the steel with 0.1 pm-sized
austenite particles has barely started. In addition the transforma-
tion rate df /de increases with the size of the austenite particles
and the transformation is completed (f =1) only for steels con-
taining large particles.

4.3. Effect of stress triaxiality

Stress triaxiality (stress state) influences the transformation
kinetics through the interaction with the transformation dilata-
tion. The effect is complex and to a first approximation can be
taken into account through the mechanical driving force contribu-
tion, as described by Eqgs. (23) and (24). In order to investigate the
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Fig. 5. Effect of stress triaxiality on the f—e curve for a steel with 1 mass% C
(T=20°C, R=1pm and R=0.3 pm).

effect of stress triaxiality, the model was applied to a steel
containing dispersed austenite of higher carbon content (1 mass
%), which reduces the chemical driving force AG,. This leads to an
increased relative contribution of the mechanical driving force AG,
to the total driving force and emphasizes the effect of stress
triaxiality. The temperature was set to 20°C and two cases
regarding the average austenite particle size were considered:
1 and 0.3 pm radius. The same N7° and N values as in the case of
Section 4.2 were adopted. The results are shown in Fig. 5, where
the transformation fraction is plotted as a function of plastic strain
for three values of the triaxiality factor ¢, /5: —1/3 corresponding
to uniaxial compression, 1/3 corresponding to uniaxial tension,
and 3, which is a relatively high triaxiality factor representing a
stress state ahead of a plastically deforming plane-strain mode-I
crack tip. Relative to the case of uniaxial tension, uniaxial com-
pression results in a lower transformation fraction, whereas the
high-triaxiality crack-tip stress state results in a higher fraction of
transformation. The effect of stress triaxiality changes with the
average austenite particle size. In the less stable 1 pm particle
dispersion, stress triaxiality affects the stress-assisted transforma-
tion and the strain-induced transformation at low strains, whereas
in the more stable 0.3 pm particle dispersion the stress triaxiality
effect is stronger at higher plastic strains. As shown in Fig. 5, the
stress triaxiality effect is not as strong as the particle size effect
(Fig. 4); however, as stated above, it could become important in
austenitic dispersions with high chemical stability.

4.4. Applications of the model

The model can be used for the development of a constitutive
model for the mechanical behavior of TRIP steels containing austenite
dispersions. Such constitutive models have been developed, e.g., in
[33]; however, at present, they are based on kinetic models for the
strain-induced transformation which apply to fully-austenitic steels
and do not take into account the particle size effect of the austenitic
dispersion. The aforementioned constitutive models are three-
dimensional and can be used in connection with the finite element
method to predict, not only the tensile behavior, but the more
complex stress states encountered in forming operations as well. It
is also evident that the model presented above could be used for the
microstructural design of these steels in order to achieve the desired
mechanical behavior.

It is also worthy of note that whereas all traditional mechanical
constitutive equations do not have a “length scale”, the present
model introduces through v, an intrinsic “material length”, which

is the austenite particle size that can be defined as f:v},/ 3 or

R=(3vp/4n)'>.

5. Conclusions

A model that describes the kinetics of the evolution of
martensite volume fraction during the strain-induced transforma-
tion of dispersed austenite in low-alloy TRIP steels has been
developed. The model is based on the modification of the nuclea-
tion site potency distribution by the applied stress and plastic
strain for the description of the stress-assisted and strain-induced
transformation regimes respectively. The model has been fitted to
available experimental data regarding the evolution of martensite
as a function of plastic strain for several steels containing auste-
nitic dispersions. The model predicts the sigmoidal shape of the
transformation fraction with plastic strain and responds well to
the effects of temperature and chemical composition of austenite
for all steels considered in this work.

Besides chemical composition of retained austenite and tem-
perature, the model takes into account the effects of austenite
particle size and stress triaxiality. Austenite particle size refinement
has a strong stabilizing influence by retarding the strain-induced
transformation kinetics. Stress triaxiality becomes important in
stabilized austenite dispersions (either chemically stabilized or by
size refinement) by enhancing the kinetics of the strain-induced
transformation.

The kinetic model can be used for the development of a
constitutive model describing the three-dimensional mechanical
behavior of TRIP steels.
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