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A B S T R A C T

An inverse-problem approach is proposed wherein a computational model of the stress–strain (SS) curve of a two- 
phase composite material is fitted to experimental data on the SS curve of metastable austenitic stainless steel for 
estimating the SS curves of individual phases of fcc-γ and deformation-induced bcc-α’, as well as the change in 
the volume fraction of the α’ phase (f (αʹ)) with increasing strain. The proposed method was applied to the SS 
curves of two types of TRIP steels: Fe–18Cr–8Ni–0.1C (mass%) alloy (0.1C steel) and Fe–18Cr–8Ni–0.1 N (mass 
%) alloy (0.1 N steel). The SS curves of individual phases (γ and α’) were estimated to reproduce the overall SS 
curve of TRIP steel reported in a literature. The estimated flow stress of the α’ phase for 0.1C steel significantly 
exceeded that for 0.1 N steel, indicating that carbon addition is more effective than nitrogen addition in 
strengthening the deformation-induced α’ phase. Additionally, the proposed method allowed us to examine the 
phase stress (stress partitioning between the γ and α’ phases) during tensile deformation. Further, the change in 
f (αʹ) during tensile deformation was estimated, and the results closely matched the experimental data from the 
literature. The increase rate of f (αʹ) in 0.1C steel is lower than that in 0.1 N steel, which is essential information 
for optimizing the strength–ductility balance of TRIP steel.

1. Introduction

Applying deformation to a metastable austenitic stainless steel, such 
as type 304 steel, induces martensitic transformation of the austenite 
(fcc-γ) phase [1]. The deformation-induced martensitic transformation 
(DIMT) contributes to the strengthening of austenitic stainless steel 
because the strength of the deformation-induced martensite (bcc-α’) 
phase exceeds that of the γ phase. Furthermore, the 
transformation-induced plasticity (TRIP) effect caused by the DIMT 
provides metastable austenitic stainless steel with an excellent 
strength–ductility balance [2,3]. Several researchers have investigated 
the effects of interstitial alloying elements on the mechanical properties 
of austenitic stainless steel [4–9]. The addition of carbon or nitrogen to a 
stable austenitic stainless steel increases the work-hardening rate in the 
low-strain region (true strain < 0.25) [4]. In metastable austenitic 
stainless steel, the addition of carbon or nitrogen, which are γ-stabilizing 
elements, suppresses DIMT, increases the work-hardening rate, and 
strengthens the deformation-induced α’ phase [5]. Thus, when 
designing the mechanical properties of metastable austenitic stainless 

steel through microstructure control, it is necessary to quantify the 
change in the volume fraction of the deformation-induced α’ phase (f (αʹ)) 
during deformation, along with the deformation behavior of the indi
vidual constituent phases (γ and α’).

The change in f (αʹ) during deformation or tensile testing of meta
stable austenitic stainless steel has been evaluated using X-ray diffrac
tion [2,3,10,11], saturation magnetization [5,12–15], and neutron 
diffraction measurements [16–18]. The volume fraction of the retained γ 
phase (f (γ)) in multiphase TRIP steel has also been evaluated using 
electron backscatter diffraction measurement [19,20], but this method 
tends to underestimate f (γ) compared to X-ray or neutron diffraction 
measurements [21]. Additionally, the deformation behavior of the γ and 
α’ phases has been investigated by measuring the hardness of each phase 
in cold-rolled metastable austenitic stainless steel [5] or measuring the 
stress partitioning between the two phases during tensile deformation of 
metastable austenitic stainless steel via in situ neutron diffraction ex
periments [16–18]. Although in situ neutron diffraction measurements 
are effective for evaluating both f (αʹ) and the stress partitioning between 
the γ and α’ phases of metastable austenitic stainless steel, the available 
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experimental facilities are limited. Therefore, to systematically investi
gate the effects of alloying elements on the mechanical properties of 
metastable austenitic stainless steel, a more practical method that does 
not require specialized experimental equipment is needed.

Combining experiments and computational modeling of the 
stress–strain (SS) behavior (macroscopic SS curve) of a multiphase ma
terial is a promising approach to understanding the relationship be
tween the mechanical properties and microstructure. TRIP in steel has 
been simulated using a phase-field model, clarifying the microstructure 
evolution (formation of a multivariant structure in the α’ phase) under 
external loading [22]. However, owing to the limited size of the 
computational domain, it is difficult to predict the macroscopic SS 
curve. The macroscopic deformation behavior of TRIP steel has been 
predicted via constituent equations that consider the dependence of 
DIMT on the strain rate, temperature, and applied stress. The constitu
tive models can reproduce both the SS curve and the change in f (αʹ) with 
increasing strain, making them useful for numerical analysis of 
boundary-value problems [23,24]. Meanwhile, the SS curve of TRIP 
steel has been predicted using Weng’s secant method [25], assuming 
spherical inclusions and focusing on the effects of the mechanical 
properties of the individual constituent phases (γ and α’) on the flow 
stress of TRIP steel [5,26]. Further, a modified secant method has been 
proposed for predicting the SS curve of a two-phase composite material 
containing an inclusion of arbitrary shape, revealing that the mechanical 
properties of the material depend not only on the volume fraction of the 
inclusion but also on its shape [27,28].

In the present study, we propose an inverse-problem approach that 
integrates experimental data on the SS curve of TRIP steel with a 
computational model (CM) based on the secant method, simultaneously 

estimating the flow stresses of individual phases (γ and α’) and the 
change in f (αʹ) with increasing strain. The remainder of this paper is 
organized as follows. Section 2.1 explains the problem setting. The CM 
(forward model) that predicts the SS curve of TRIP steel given the SS 
curves of the individual phases (γ and α’) as well as the change in f (αʹ)

with increasing strain is presented in Appendixes A.1–A.3. Section 2.2
describes an optimization method for fitting the forward model to 
experimental data on the SS curve of TRIP steel, and Section 2.3 presents 
the calculation conditions. In Section 3, the proposed method is applied 
to experimental data from the literature for validation, and the predic
tion results for the phase stress (stress partitioning between the γ and α’ 
phases) during tensile deformation are presented. Section 4.1 discusses 
the initial-value dependence of parameter estimation, and Section 4.2
discusses the effect of the shape or selection of the inclusion phase on the 
SS curve of TRIP steel. Section 5 presents the main conclusions.

2. Calculation method

2.1. Problem setting

We consider a CM (forward model) that predicts the overall SS curve 
of the two-phase composite material consisting of the γ and α’ phases. It 
is assumed that the elastic constants of each phase, the SS curves of 
individual phases, and the change in f (αʹ) with increasing strain are 
given. Fig. 1(a,b) and (c,d) show the forward and inverse problems, 
respectively, assumed in the present study. The forward problem in
volves predicting the overall SS curve of TRIP steel (dashed line in Fig. 1
(a)) based on the SS curves of the γ and α’ phases (solid lines in Fig. 1(a)) 
as well as the change in f (αʹ) (solid line in Fig. 1(b)). Meanwhile, the 

Fig. 1. Forward problem (a,b) and inverse problem (c,d) assumed in the present study. In the forward problem, the SS curve of TRIP steel (dashed line in (a)) is 
predicted based on the SS curves of the γ and α’ phases (solid lines in (a)) as well as the change in the volume fraction of the α’ phase (f (αʹ)) (solid line in (b)). In the 
inverse problem, the SS curves of the γ and α’ phases (dashed lines in (c)) as well as the change in f (αʹ) (dashed line in (d)) are estimated from the SS curve of TRIP 
steel (solid line in (c)).
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inverse problem involves fitting the forward model to the overall SS 
curve of TRIP steel (solid line in Fig. 1(c)) for estimating the SS curves of 
the γ and α’ phases (dashed lines in Fig. 1(c)) as well as the change in f (αʹ)

(dashed line in Fig. 1(d)).
The CM for predicting the overall SS curve of a two-phase composite 

material consisting of matrix and inclusion phases is based on the secant 
method, and its details are presented in Appendixes A.1–A.3 [27–29]. 
The SS curves of individual phases are approximated by the Swift 
equation [30]: 

σ(r) = a(r)(b(r) + εp(r))
N(r)

(1) 

where σ(r) and εp(r) represent the stress and plastic strain, respectively, 
and a(r), b(r), and N(r) are material constants, with r = 0 for the matrix 
phase and r = 1 for the inclusion phase. Hereinafter, the γ and α’ phases 
are considered the matrix and inclusion phases, respectively. To 
consider the DIMT during tensile testing of TRIP steel, the change in the 
volume fraction of the inclusion (f(1)) is expressed as a function of the 
overall plastic strain via Matsumura’s equation [31]: 

f (1) = f (αʹ) = 1 −

(

1 +
k
q
[
εp(C)]q

)− 1

(2) 

where k and q are material constants, and εp(C) represents the plastic 
strain of the two-phase composite material. In the forward problem 
shown in Fig. 1(a,b), the overall SS curve of TRIP steel during tensile 

deformation is calculated when the parameter x =

(
a(0), b(0),N(0), a(1), b(1),N(1), k, q

)T 
is given.

2.2. Solving inverse problem

The CM for calculating the SS curve of metastable austenitic stainless 
steel accompanied by DIMT is fitted to experimental data on the SS curve 
of TRIP steel for estimating the SS curves of the γ and α’ phases, as well 
as the change in f (αʹ). Specifically, we consider estimating the parameter 

x =
(

a(0), b(0),N(0), a(1), b(1),N(1), k, q
)T

, which consists of material pa

rameters of the Swift equation and Matsumura’s equation (Eqs. (1) and 
(2)). A cost function is defined as 

J(x) =
1
M

∑M

i=1

(
σexpt,i − σcalc,i(x)

)2 (3) 

where σexpt,j and σcalc,j represent the overall stress of TRIP steel obtained 
via experiment and calculation, respectively, at an identical strain of εi 
(with i = 1, ⋅⋅⋅, M denoting measurement points). The optimum x that 
minimizes J is determined using SciPy [32] via the Nelder–Mead method 
[33], without imposing any constraints on the range of values of x.

2.3. Calculation conditions

The proposed method was applied to the experimental data on the SS 
curves of metastable austenitic stainless steels: Fe–18Cr–8Ni–0.1C (mass 
%) and Fe–18Cr–8Ni–0.1 N (mass%) alloys (hereinafter referred to as 
0.1C steel and 0.1 N steel, respectively) [5]. The experimental data on 
flow stress were extracted at strain intervals of 0.01 from the SS curves 
of each steel in the literature [5]. As a result, the number of measure
ment points was M = 58 for 0.1C steel and M = 51 for 0.1 N steel. For 
simplicity, both steels were assumed to be isotropic elastic bodies, and 
the α’ phase was assumed to be spherical. The Young’s modulus and 
Poisson’s ratio were set as E(0) = E(1) = 200 GPa and ν(0) = ν(1) = 0.3 , 
respectively [5]. The estimation of x was started using the 81 (=34) sets 
of initial parameter values presented in Table 1. These initial parameter 
values were determined through trial and error as follows. First, the 
initial parameter values of the Swift equation for the γ phase were 

determined so that the calculated overall SS curve of TRIP steel roughly 
matched the experimental data in the low-strain region where the value 
of f (αʹ) was negligibly small. Afterwards, the initial parameter values of 
the Swift equation for the α’ phase and the Matsumura’s equation for 
f (αʹ) were determined so that the calculated overall SS curve of TRIP steel 
approximately matched the experimental data. As listed in Table 1, three 
initial values were employed for each of a(1), N(1), k, and q, as they were 
found to significantly affect the SS curves of both steels in the pre
liminary analysis. The optimum x satisfied J(x) < 5 MPa2.

3. Results

Table 2 presents the estimated values of x, corresponding to the 
average values of each parameter when the estimation was successful 
(J(x) < 5 MPa2) out of 81 parameter estimations. Fig. 2 shows the 
estimated SS curves of individual phases (γ and α’) for (a) 0.1C steel and 
(c) 0.1 N steel, along with the estimated change in f (αʹ) for (b) 0.1C steel 
and (d) 0.1 N steel, all calculated using the parameters listed in Table 2. 
In Fig. 2(a,c), the black and gray dashed lines represent the estimated SS 
curves of the α’ and γ phases, respectively. The calculated overall SS 
curve of TRIP steel indicated by the black solid line in Fig. 2(a,c) closely 
reproduces the experimental data (open circles) [5], demonstrating that 
the CM described in Appendixes A.1–A.3 can be applied to analyze the 
SS curve of metastable austenitic stainless steel accompanied by DIMT. 
The estimated flow stress of the α’ phase differs significantly between 
0.1C steel and 0.1 N steel, whereas that of the γ phase does not differ 
significantly between the two steels. This indicates that the effect of 
carbon addition on the strengthening of the deformation-induced α’ 
phase is greater than that of nitrogen addition, which is consistent with 
the findings reported in the literature [5].

The dashed line shown in Fig. 2(b,d) represents the estimated change 
in f (αʹ), closely reproducing the experimental data (open circles) from the 
literature [5]. Clearly, the increase rate of f (αʹ) during tensile testing is 
lower for 0.1C steel than for 0.1 N steel. Several studies have pointed out 
that suppressing the DIMT rate is important to improve the uniform 
elongation of TRIP steel [18,34]. In fact, due to the gradual increase in 
the α’ phase, 0.1C steel has higher tensile strength and greater uniform 
elongation than 0.1 N steel, thus exhibiting an excellent 
strength–ductility balance, as reported in the literature [5]. Note that 
our inverse-problem approach uses only the experimental data on the 
overall SS curve of TRIP steel (open circles in Fig. 2(a,c)) and does not 
use the experimental data on f (αʹ) (open circles in Fig. 2(b,d)). In other 
words, the proposed inverse-problem approach allows us to obtain in
formation on the change in f (αʹ) from the overall SS curve of TRIP steel. 

Table 1 
Initial values in parameter estimation for 0.1C steel and 0.1 N steel. A total of 81 
(=34) sets of initial parameter values are used for each steel.

Swift equation Matsumura’s equation

​ ​ a (MPa) b N k q
0.1C steel α’ 3000 ± 1000 0.03 0.3 ± 0.1 10 ± 5 3 ± 1

γ 1200 0.08 0.65
0.1 N steel α’ 1600 ± 100 0.03 0.4 ± 0.1 200 ± 100 4 ± 0.5

γ 1200 0.05 0.45

Table 2 
Estimated parameter values of the Swift equation and Matsumura’s equation for 
0.1C steel and 0.1 N steel.

Swift equation Matsumura’s equation

​ ​ a (MPa) b N k q
0.1C steel α’ 2103 0.030 0.13 13.4 2.83

γ 1382 0.102 0.72
0.1 N steel α’ 1528 0.029 0.31 238.7 4.28

γ 1139 0.055 0.41
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This is a simpler and more practical approach for estimating the change 
in f (αʹ) during tensile testing than X-ray diffraction measurement [2,3,10,
11], saturation magnetization measurement [5,12–15], and neutron 
diffraction measurement [16–18].

For further validation, the proposed method was also applied to the 

experimental data on the SS curves of SUS301L metastable austenitic 
stainless steel under various temperature and strain rate conditions re
ported in the literature [3]. The estimation results are summarized in 
Appendix A.4. The SS curves of the individual α’ and γ phases could be 
estimated to reproduce the overall SS curve reported in the literature 

Fig. 2. Estimation results for the flow stresses of individual constituent phases (γ and α’) during tensile testing of (a) 0.1C steel and (c) 0.1 N steel, along with the 
estimated change in the volume fraction of the deformation-induced α’ phase (f (α')) for (b) 0.1C steel and (d) 0.1 N steel. The solid lines in (a,c) represent the 
calculated overall SS curves of TRIP steels, the dashed lines in (a–d) represent the estimation results, and the open symbols in (a–d) represent experimental data from 
the literature [5].

Fig. 3. Calculation results for the phase stress (stress partitioning between the γ and α’ phases) during tensile deformation for (a) 0.1C steel and (b) 0.1 N steel. The 
solid symbols represent the calculated stress of the γ and α’ phases. The solid line represents the calculated overall SS curve of TRIP steel, and the dashed lines 
represent the estimated SS curves of individual phases (γ and α’).
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[3]. Further, the estimated change in f (αʹ) generally matched experi
mental data from the literature [3], indicating that the proposed method 
is widely applicable to metastable austenitic stainless steels. It should be 
noted that since the experimental data of the overall SS curve of 
SUS301L steel vary with temperature and strain rate, the estimated SS 
curves (Swift parameters) of the individual γ and α’ phases also changed 
accordingly (refer to Appendix A.4 for details).

One advantage of the proposed method that fits the CM to the 
experimental data on the SS curve of TRIP steel is that it allows the 
calculation of σ∗(0) and σ∗(1) during tensile testing (see Eqs. (A.24) and 
(A.25) in Appendix A.3), enabling analysis of the phase stress (stress 
partitioning between the γ and α’ phases) during tensile deformation. 
The calculated σ∗(0) and σ∗(1) are represented by solid squares in Fig. 3
for (a) 0.1C steel and (b) 0.1 N steel. Further, the calculated overall SS 
curve of TRIP steel is indicated by a solid line, and the estimated SS 
curves of the individual phases (γ and α’) are indicated by dashed lines. 
Note that σ∗(0) and σ∗(1) do not necessarily lie on the estimated SS curves 
of the individual γ and α’ phases, respectively. The stress partitioning 
between the γ and α’ phases can be visually interpreted by connecting 
σ∗(0) , σ∗(1) , and the overall stress σ (open squares) with a straight line, as 
shown in Fig. 3. The stress of the α’ phase significantly exceeds that of 
the γ phase in 0.1C steel, but such a trend is not observed in 0.1 N steel, 

which is consistent with the findings from the aforementioned study [5]. 
The difference in stress partitioning had a significantly effect on the 
work-hardening behavior of TRIP steel, as reported in the literature [5].

4. Discussion

4.1. Initial-value dependence of parameter estimation

In the inverse-problem approach, the parameter x =

(
a(0), b(0),N(0), a(1), b(1),N(1), k, q

)T 
was estimated by fitting the CM 

described in Appendixes A.1–A.3 to experimental data on the SS curve of 
TRIP steel. The estimation was started using 81 sets of initial parameter 
values, and it was assumed that the parameter estimation was successful 
when J(x) < 5 MPa2, based on the reproducibility of the experimental 
data on the overall SS curve. The success rate of parameter estimation 
was 42% (=31/81) for 0.1C steel and 90% (=73/81) for 0.1 N steel. The 
low success rate of parameter estimation for 0.1C steel is attributed to 
the initial parameter values (initial estimates) listed in Table 1 being less 
valid than those for 0.1 N steel. Through the inverse-problem approach, 
it became possible to simultaneously estimate SS curves of individual 
phases (γ and α’), as well as the change in f (αʹ). The relationship between 

Fig. 4. Plots of the prediction error of the volume fraction of the deformation-induced α’ phase against the estimated parameter values: (a) 0.1C steel and (b) 0.1 N 
steel. Only the results where the parameter estimation was successful, that is, where the overall SS curve of TRIP steel was reproduced, are plotted.
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the estimated parameters (x̂) and the prediction error of f (αʹ) was 
examined. The prediction error of f (αʹ) was defined as 

Jf (k̂, q̂) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
L
∑L

j=1

(
f (α

ʹ)
expt,j − f (α

ʹ)
est,j(k̂, q̂)

)2

√
√
√
√ (4) 

where f (α
ʹ)

expt,j and f (α
ʹ)

est,j represent the volume fraction of the α’ phase ob
tained via experiment and estimation, respectively, at an identical strain 
of εj; k̂ and q̂ are the estimated parameters of Eq. (2). Further, L rep
resents the number of experimental data points, taken from the litera
ture [5]; L = 7 for both 0.1C steel and 0.1 N steel. Fig. 4 plots Jf against x̂ 
for (a) 0.1C steel and (b) 0.1 N steel when the parameter estimation is 
successful (J(x) < 5 MPa2). Although the values of x̂ vary depending on 
the set of initial parameter values, the value of Jf is at most 0.12. This 
indicates that if the overall SS curve of TRIP steel is reproduced, the 
change in f (αʹ) can be estimated within an error margin of 10%. Mean
while, because the success rate of parameter estimation depends 
significantly on the validity of the initial estimates, parameter estima
tion should be started from multiple sets of initial parameter values. 
Then, by using the average of the estimated parameters as the final es
timate, it is possible to obtain calculation results that reproduce exper
imental data, as shown in Fig. 2.

4.2. Assumptions regarding the inclusion phase

In the calculation of the overall SS curve of TRIP steel consisting of 
the γ and α’ phases, the α’ phase was assumed to be spherical. Consid
ering the detailed process of DIMT [20,22,35], it may not be reasonable 
to assume a spherical α’ phase in the calculation. Thus, considering 
spheroidal α’ phases with different aspect ratios, we examined the effect 
of the shape of the α’ phase on the overall SS curve of the γ+α’ two-phase 
composite material. Fig. 5(a) shows the overall SS curves calculated by 
fixing the volume fraction of the α’ phase at 0.5 and using the material 
parameters of the Swift equation for 0.1 N steel listed in Table 2. The 
black, blue, and red plots present the calculation results obtained with 
the α’ phase aspect ratio (R) set to R = 1 (sphere), R = 0.1 (oblate 
spheroid), and R = 10 (prolate spheroid), respectively. Meanwhile, the 
orange and green dashed lines represent the SS curves of the individual γ 
and α’ phases, respectively. Fig. 5(b) shows a magnified view of the SS 
curves of Fig. 5(a) in the low-strain range. The shape of the α’ phase 

exhibits a slight effect on the overall SS curve in the strain range of 
0.001–0.003. However, it has little effect on the overall SS curve in the 
regions where the strain exceeds 0.003. It was found that the shape of 
the α’ phase affects the overall SS curve when the matrix phase (γ phase) 
undergoes plastic deformation while the inclusion phase (α’ phase) 
undergoes elastic deformation. Similar results have been obtained in 
previous studies [27,28].

Another important assumption regarding the inclusion phase in the 
calculation of the overall SS curve of TRIP steel was that the inclusion 
phase was the α’ phase instead of the γ phase. Using the CM described in 
Appendixes A.1–A.3, the overall SS curve of a two-phase composite 
material can be calculated regardless of which phase is considered as the 
inclusion phase [25,28]. Fig. 6(a) presents the overall SS curves of the 
γ+α’ two-phase composite material calculated considering either the α’ 
or γ phase as the inclusion phase. The volume fraction of the α’ phase 
was fixed at 0.5, the inclusion was assumed to be spherical, and the 
material parameters of the Swift equation for 0.1 N steel listed in Table 2
were used in the calculation. The red plots present the calculation results 
assuming the α’ phase as the inclusion phase, and the blue plots present 
the calculation results assuming the γ phase as the inclusion phase. Fig. 6
(b) shows a magnified view of the SS curves of Fig. 6(a) in the low-strain 
range. The calculated overall SS curves differ slightly between the two 
cases only in the strain range of 0.001–0.003, where the γ phase un
dergoes plastic deformation while the α’ phase undergoes elastic 
deformation.

The calculation results shown in Figs. 5 and 6 indicate that the shape 
and selection of the inclusion phase only slightly alter the overall SS 
curve of the γ+α’ two-phase composite material in the low-strain region. 
Note that the results shown in Figs. 5 and 6 are for the case where f (αʹ) is 
fixed at 0.5. The present study focuses on the calculation of the SS curve 
of TRIP steel, assuming that f (αʹ) increases from zero with the increase in 
the plastic strain according to Eq. (2). Therefore, in the low-strain region 
where the α’ phase deforms elastically and the γ phase deforms plasti
cally, the value of f (αʹ) is negligibly small. This ensures the effectiveness 
of the proposed method, which estimates the SS curves of the γ and α’ 
phases as well as the change in f (αʹ) from the overall SS curve of TRIP 
steel, regardless of the uncertainties in the assumptions regarding the 
shape or selection of the inclusion phase. On the other hand, the 
calculation results shown in Fig. 5 also indicate that it is difficult to 
discuss the effect of the shape of the α’ phase on the estimation results in 
the proposed method.

Fig. 5. (a) SS curves of a two-phase composite material consisting of the γ and α’ phases, calculated assuming that the α’ phase has a spheroidal shape with an aspect 
ratio of R = 1, R = 0.1, or R = 10. The volume fraction of the α’ phase is fixed at 0.5, and the SS curves of individual γ and α’ phases (dashed lines) for 0.1 N steel 
(material parameters of the Swift equation listed in Table 2) are used. (b) Magnified view of the SS curves of (a) in the low-strain range.
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5. Conclusions

A computational model of the SS curve of a two-phase composite 
material was fitted to experimental data on the SS curves of 
Fe–18Cr–8Ni–0.1C (0.1C steel) and Fe–18Cr–8Ni–0.1 N (0.1 N steel) 
alloys [5]. Thus, we estimated the SS curves of the γ and α’ phases and 
the change in the volume fraction of the deformation-induced α’ phase 
(f (αʹ)). The following conclusions are drawn. 

1 The estimated SS curves of individual constituent phases (γ and α’) 
closely reproduced the experimental data on the overall SS curves for 
0.1C steel and 0.1 N steel. Further, the estimated change in f (αʹ)

during tensile deformation closely reproduced experimental data 
from the literature [5]. The success rate of estimating model pa
rameters depended significantly on the validity of the initial esti
mates. Therefore, starting the estimation from multiple sets of initial 
parameter values and using the average of the estimated parameter 
values as the final estimate is effective for obtaining calculation re
sults that reproduce the experimental data.

2 The estimated flow stress of the α’ phase differs significantly between 
0.1C steel and 0.1 N steel, indicating that the effect of carbon addi
tion on the strengthening of the deformation-induced α’ phase is 
greater than that of nitrogen addition. Further, the increase rate of 
f (αʹ) for 0.1C steel was lower than that for 0.1 N steel, which is 
essential information for optimizing the strength–ductility balance of 
TRIP steel. These results were consistent with the findings reported 
in the literature [5].

3 The inverse-problem approach also allowed analysis of the phase 
stress (stress partitioning between the γ and α’ phases) during tensile 
deformation. The stress of the α’ phase was significantly higher than 

that of the γ phase in 0.1C steel, but such a trend was not confirmed 
in 0.1 N steel.

The proposed inverse-problem approach provides a practical way to 
extract information on the DIMT rate and the stress partitioning between 
the γ and α’ phases from experimental data on the SS curve of metastable 
austenitic stainless steel. Therefore, this method provides a deeper un
derstanding of the effects of alloying elements on the mechanical 
properties of TRIP steel, paving the way for optimizing the 
strength–ductility balance of TRIP steel.
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Appendix

A.1 Basic relations in the elastic regime
Let us consider a two-phase composite material consisting of matrix and inclusion phases. First, consider the case where both the matrix and the 

inclusion undergo elastic deformation. Let C(0), C(1), and C(C) be the elastic-modulus tensor, σ(0) and σ(1) be the stresses, and ε(0) and ε(1) be the strains, 
where 0, 1, and C inside the superscript parentheses indicate the matrix, inclusion, and two-phase composite material, respectively. Further, let σ and ε 
be the overall stress and strain, respectively, of the two-phase composite material. The stress–strain (SS) relation (Hooke’s law) is schematically shown 

Fig. 6. (a) SS curves of a two-phase composite material consisting of the γ and α’ phases, calculated assuming either the α’ or γ phase as the inclusion phase. The 
volume fraction of the α’ phase is fixed at 0.5, the inclusion phase is assumed to be spherical, and the SS curves of individual γ and α’ phases (dashed lines) for 0.1 N 
steel (material parameters of the Swift equation listed in Table 2) are used. (b) Magnified view of the SS curves of (a) in the low-strain range.
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in Fig. A.1 [25], where σpt ≡ σ(1) − σ(0), εpt ≡ ε(1) − ε(0), σ̃ ≡ σ(0) − σ, ε0 ≡
[
C(0)]− 1σ, and ε̃ ≡ ε(0) − ε0 [36,37]. The variables σ(0) and σ(1) can be 

expressed as follows: 

σ(0) = σ + σ̃ = C(0)ε(0) = C(0)( ε0 + ε̃
)

(A.1) 

σ(1) = σ + σ̃ + σpt = C(1)ε(1) = C(1)( ε0 + ε̃ + εpt) (A.2) 

Further, based on Eshelby’s equivalence principle, σ(1) can be expressed in terms of C(0) as 

σ(1) = C(1)( ε0 + ε̃ + εpt) = C(0)( ε0 + ε̃ + εpt − ε∗
)

(A.3) 

where ε∗ represents Eshelby’s equivalent transformation strain. Then, substituting Eqs. (A.1) and (A.2) into Eq. (A.3) yields 

σpt = C(0)(εpt − ε∗) (A.4) 

The variable εpt is related to ε∗ through Eshelby’s tensor S(0): 

εpt = S(0)ε∗ (A.5) 

As σ is equal to the weighted mean of σ(0) and σ(1), i.e., σ = f (0)σ(0) + f (1)σ(1), where f(0) and f(1) represent the volume fractions of the matrix and 
inclusion, respectively, we obtain 

σ̃ = − f (1)C(0)( S(0) − I
)
ε∗ (A.6) 

ε̃ = − f (1)
(
S(0) − I

)
ε∗ (A.7) 

Meanwhile, ε is determined from the weighted mean of ε(0) and ε(1): 

ε = f (0)ε(0) + f (1)ε(1) = f (0)
(
ε0 + ε̃

)
+ f (1)

(
ε0 + ε̃ + εpt) = ε0 + f (1)ε∗ (A.8) 

Substituting Eqs. (A.5) and (A.7) into Eq. (A.3) yields 

ε∗ = Aε0 (A.9) 

A ≡ − P− 1( C(1) − C(0))

P ≡
(
C(1) − C(0))( f (1)I+ f0S(0))+ C(0)

Fig. A.1. Schematic of the SS relation of a two-phase composite material in the elastic regime [25], where σ and ε represent the overall stress and strain of the 
two-phase composite material, respectively, and 0, 1, and C inside the superscript parentheses indicate the matrix, inclusion, and two-phase composite material, 
respectively.
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A.2 Basic relations in the plastic regime
Next, consider the case where the inclusion undergoes plastic deformation, while the matrix undergoes elastic deformation. Let εp(1) be the plastic 

strain of the inclusion. The basic relations can be derived from those in Section A.1. Eq. (A.3) is rewritten as 

σ(1) = C(1)( ε0 + ε̃+ εpt − εp(1)) = C(0)( ε0 + ε̃+ εpt − εp(1) − ε∗
)

(A.10) 

By replacing ε∗ with εp(1) + ε∗, Eqs. (A.5), (A.7), and (A.8) are rewritten as follows: 

εpt = S(0)( εp(1) + ε∗
)

(A.11) 

ε̃ = − f (1)
(
S(0) − I

)(
εp(1) + ε∗

)
(A.12) 

ε = ε0 + f (1)
(
εp(1) + ε∗

)
(A.13) 

Substituting Eqs. (A.11) and (A.12) into Eq. (A.10) yields 

εp(1) + ε∗ = Aε0 + P− 1C(1)εp(1) (A.14) 

Then, σ(0) and σ(1) are calculated using Eqs. (A.1) and (A.10), respectively: 

σ(0) =
{

I + f (1)C(0)( I − S(0))A
[
C(0)]− 1

}
σ + f (1)C(0)( I − S(0))P− 1C(1)εp(1) (A.15) 

σ(1) = C(1){I +
(
f (1)I + f (0)S(0))A

}[
C(0)]− 1σ − C(1){I −

(
f (1)I + f (0)S(0))P− 1C(1)}εp(1) (A.16) 

Further, εp(1) is calculated using the Lévy–Mises equation [38,39]: 

εp(1) = D(1)σ(1) (A.17) 

[
D(1)

ij

]
=

εp∗(1)

σ∗(1)

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

1 −
1
2

−
1
2

0 0 0

−
1
2

1 −
1
2

0 0 0

−
1
2

−
1
2

1 0 0 0

0 0 0 3 0 0

0 0 0 0 3 0

0 0 0 0 0 3

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

where σ∗(1) and εp∗(1) represent the equivalent stress and equivalent plastic strain, respectively, of the inclusion. Substituting Eq. (A.17) into Eqs. (A.15)
and (A.16) yields 

σ(1) = X(1)σ (A.18) 

X(1) ≡
[
I − B(1)D(1)]− 1A(1)

A(1) ≡ C(1){I+
(
f (1)I+ f (0)S(0))A

}[
C(0)]− 1 

B(1) ≡ − C(1){I −
(
f (1)I+ f (0)S(0))P− 1C(1)}

σ(0) = X(0)σ (A.19) 

X(0) ≡ A(0) + B(0)D(1)X(1)

A(0) ≡ I + f (1)C(0)( I − S(0))A
[
C(0)]− 1 

B(0) ≡ f (1)C(0)( I − S(0))P− 1C(1)

Then ε is calculated using Eq. (A.13): 

ε = Fσ (A.20) 
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F ≡
(
I+ f (1)A

)[
C(0)]− 1

+ f (1)P− 1C(1)D(1)X(1)

When the matrix undergoes plastic deformation, C(0) in the above equations is replaced by the secant elastic modulus CS(0) [25]. For an isotropic 
matrix, the secant Young’s modulus ES(0) and the secant Poisson’s ratio νS(0) are expressed as follows: 

ES(0) =

(
1

E(0) +
εp∗(0)

σ∗(0)

)− 1

(A.21) 

νS(0) =
1
2
−

(
1
2
− ν(0)

)
ES(0)

E(0) (A.22) 

where E(0) , ν(0) , σ∗(0), and εp∗(0) represent the Young’s modulus, Poisson’s ratio, equivalent stress, and equivalent plastic strain, respectively, of the 
matrix.

The plastic strain of the two-phase composite material is determined by subtracting the elastic strain from the total strain (ε): 

εp(C) = Fpσ (A.23) 

Fp ≡
(
I+ f (1)A

)[
CS(0)]− 1

+ f (1)P− 1C(1)D(1)X(1) −
(
I+ f (1)Ae)[C(0)]− 1 

where the superscript e indicates the quantity in the elastic regime.
A.3 Calculation of overall stress–strain curve
The SS curves of individual phases are approximated by the Swift equation (Eq. (1)). The yield criteria for the matrix and inclusion are given by 

σ∗(0) = Y(0) and σ∗(1) = Y(1), respectively, where the yield stress Y(r) is calculated by substituting εp(r) = 0 into Eq. (1). Hereinafter, the γ and α’ phases 
are considered the matrix and inclusion phases, respectively. To consider the DIMT during tensile testing of TRIP steel, the change in the volume 
fraction of the α’ phase (f(1)) is expressed via Matsumura’s equation (Eq. (2)). Fig. A.2 presents a flowchart for calculating the SS curve of metastable 
austenitic stainless steel accompanied by DIMT. The calculation proceeds in the order of Stages I, II, and III. In Stage I, both the matrix (γ) and inclusion 
(α’) undergo elastic deformation. In Stage II, the matrix (γ) undergoes plastic deformation while the inclusion (α’) undergoes elastic deformation. In 
Stage III, both the matrix (γ) and inclusion (α’) undergo plastic deformation. Under the uniaxial tensile stress σ, σ∗(0) and σ∗(1) are expressed as follows: 

σ∗(0) =

⎡

⎢
⎢
⎣

1
2

{(
X(0)

11 − X(0)
21
)2

+
(
X(0)

11 − X(0)
31
)2

+
(
X(0)

21 − X(0)
31
)2}

+3
{(

X(0)
41
)2

+
(
X(0)

51
)2

+
(
X(0)

61
)2}

⎤

⎥
⎥
⎦

1
2

σ (A.24) 

σ∗(1) =

⎡

⎢
⎢
⎣

1
2

{(
X(1)

11 − X(1)
21
)2

+
(
X(1)

11 − X(1)
31
)2

+
(
X(1)

21 − X(1)
31
)2}

+3
{(

X(1)
41
)2

+
(
X(1)

51
)2

+
(
X(1)

61
)2}

⎤

⎥
⎥
⎦

1
2

σ (A.25) 

Further, the equivalent strain and equivalent plastic strain are expressed as follows: 

ε∗ =

⎡

⎢
⎢
⎢
⎣

2
9
{
(F11 − F21)

2
+ (F11 − F31)

2
+ (F21 − F31)

2}

+
1
3
{
(F41)

2
+ (F51)

2
+ (F61)

2}

⎤

⎥
⎥
⎥
⎦

1
2

σ (A.26) 

εp∗(C) =

⎡

⎢
⎢
⎢
⎣

2
9

{
(Fp

11 − Fp
21)

2
+
(
Fp

11 − Fp
31
)2

+
(
Fp

21 − Fp
31
)2
}

+
1
3

{(
Fp

41
)2

+
(
Fp

51
)2

+
(
Fp

61
)2
}

⎤

⎥
⎥
⎥
⎦

1
2

σ (A.27) 

In Stage III, εp∗(1) is determined to satisfy the following equation: 

σ∗(1)

σ∗(0) =

[
1
2

{(
X(1)

11 − X(1)
21
)2

+
(
X(1)

11 − X(1)
31
)2

+
(
X(1)

21 − X(1)
31
)2}

+ 3
{(

X(1)
41
)2

+
(
X(1)

51
)2

+
(
X(1)

61
)2}

]1
2

[
1
2

{(
X(0)

11 − X(0)
21
)2

+
(
X(0)

11 − X(0)
31
)2

+
(
X(0)

21 − X(0)
31
)2}

+ 3
{(

X(0)
41
)2

+
(
X(0)

51
)2

+
(
X(0)

61
)2}

]1
2

(A.28) 

which is derived by dividing Eq. (A.25) by Eq. (A.24). 
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Fig. A.2. Flowchart for calculating the SS curve of metastable austenitic stainless steel accompanied by DIMT. Stage I: both the matrix (γ) and inclusion (α’) undergo 
elastic deformation; Stage II: the matrix (γ) undergoes plastic deformation while the inclusion (α’) undergoes elastic deformation; Stage III: both the matrix (γ) and 
inclusion (α’) undergo plastic deformation.

A.4 Applicability of the proposed method to SUS301L steel
The proposed method was applied to the experimental data on the stress–strain (SS) curves of SUS301L metastable austenitic stainless steels under 

various temperature and strain rate conditions reported in the literature [3]. The experimental data on flow stress were extracted at strain intervals of 
0.01 from the SS curves in the literature [3]. The estimation of x =

(
a(0), b(0),N(0), a(1), b(1),N(1), k, q

)T 
was started using the 81 (=34) sets of initial 

parameter values presented in Table A.1. Table A.2 presents the estimated values of x, corresponding to the average values of each parameter when the 
estimation was successful out of 81 parameter estimations.

Table A.1 
Initial values in parameter estimation for SUS301L steel. A total of 81 (=34) sets of initial parameter values are used for each temperature and strain rate condition of 
tensile tests [3].

Temperature 
(K)

Strain rate (s-1) Swift equation Matsumura’s equation

a (MPa) b N k q

296 3.3 × 10–4 α’ 2000 ± 500 0.03 0.4 ± 0.1 200 ±100 4 ± 0.5
γ 1400 0.05 0.5

243 3.3 × 10–4 α’ 3000 ± 500 0.03 0.5 ± 0.1 500 ± 100 3 ± 1
γ 800 0.03 0.18

323 3.3 × 10–4 α’ 2000 ± 500 0.03 0.4 ± 0.1 100 ± 50 3 ± 1
γ 1400 0.05 0.5

296 3.3 × 10–6 α’ 2000 ± 500 0.03 0.4 ± 0.1 200 ± 100 4 ± 0.5
γ 1400 0.05 0.5

296 10–2 α’ 2000 ± 500 0.03 0.4 ± 0.1 100 ± 50 3 ± 1
γ 1400 0.05 0.5
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Table A.2 
Estimated parameter values of the Swift equation and Matsumura’s equation for SUS301L steel.

Temperature (K) Strain rate (s-1) Swift equation Matsumura’s equation

a (MPa) b N k q

296 3.3 × 10–4 α’ 2038 0.033 0.30 208.0 4.53
γ 1301 0.041 0.42

243 3.3 × 10–4 α’ 3437 0.026 0.46 732.0 3.44
γ 859 0.028 0.18

323 3.3 × 10–4 α’ 1668 0.022 0.17 111.9 6.20
γ 1549 0.064 0.56

296 3.3 × 10–6 α’ 2053 0.036 0.25 122.0 4.54
γ 1412 0.049 0.50

296 10–2 α’ 1924 0.033 0.38 94.5 3.95
γ 1300 0.046 0.42

Fig. A.3 shows the estimation results of (a,c,e) the SS curves of individual γ and α’ phases and (b,d,f) the change in the volume fraction of the 
deformation-induced α’ phase (f (αʹ)) during tensile testing at a strain rate of 3.3 × 10–4 s-1 and temperatures of (a,b) 243 K, (c,d) 296 K, and (e,f) 323 K. 
The calculated overall SS curve of TRIP steel indicated by the black solid line in Fig. A.3(a,c,e) closely reproduces the experimental data (open circles) 
[3]. The results in Fig. A.3 suggest that as the temperature increases, the flow stress of the α’ phase decreases, whereas the flow stress of the γ phase 
increases. Meanwhile, Fig. A.4 shows the estimation results of (a,c,e) the SS curves of individual γ and α’ phases and (b,d,f) the change in f (αʹ) at a 
temperature of 296 K and strain rates of (a,b) 3.3 × 10–6 s-1, (c,d) 3.3 × 10–4 s-1, and (e,f) 10–2 s-1. The calculated overall SS curve of TRIP steel 
indicated by the black solid line in Fig. A.4(a,c,e) closely reproduces the experimental data (open circles) [3]. The results in Fig. A.4 suggest that as the 
strain rate increases, the flow stress of the α’ phase decreases, whereas the flow stress of the γ phase remains almost unchanged. The dashed line shown 
in Figs. A.3(b,d,f) and A.4(b,d,f) represents the estimated change in f (αʹ), generally matching the experimental data (open circles) from the literature 
[3]. The estimated values of f (αʹ) deviate systematically from the experimental values, which may be attributed to the fact that the phase fraction 
analysis using X-ray or neutron diffraction in multiphase TRIP steels depends on the orientation of the measured sample [21,40].

Fig. A.3. Estimation results for (a,c,e) the flow stresses of individual γ and α’ phases and (b,d,f) the change in the volume fraction of the deformation-induced α’ 
phase during tensile testing of SUS301L steel at a strain rate of 3.3 × 10–4 s-1 and temperatures of (a,b) 243 K, (c,d) 296 K, and (e,f) 323 K. The solid lines in (a,c,e) 
represent the calculated overall SS curves of SUS301L steel, the dashed lines in (a–f) represent the estimation results, and the open symbols in (a–f) represent 
experimental data from the literature [3].
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Fig. A.4. Estimation results for (a,c,e) the flow stresses of individual γ and α’ phases and (b,d,f) the change in the volume fraction of the deformation-induced α’ 
phase during tensile testing of SUS301L steel at a temperature of 296 K and strain rates of (a,b) 3.3 × 10–6 s-1, (c,d) 3.3 × 10–4 s-1, and (e,f) 10–2 s-1. The solid lines in 
(a,c,e) represent the calculated overall SS curves of SUS301L steel, the dashed lines in (a–f) represent the estimation results, and the open symbols in (a–f) represent 
experimental data from the literature [3].

Data availability

Data will be made available on request.

References

[1] Tamura I. Deformation-induced martensitic transformation and transformation- 
induced plasticity in steels. Met Sci 1982;16:245–53. https://doi.org/10.1179/ 
030634582790427316.

[2] Tsuchida N, Morimoto Y, Tonan T, Shibata Y, Fukaura K, Ueji R. Stress-induced 
martensitic transformation behaviors at various temperatures and their TRIP 
effects in SUS304 metastable austenitic stainless steel. ISIJ Int 2011;51:124–9. 
https://doi.org/10.2355/isijinternational.51.124.

[3] Tsuchida N, Yamaguchi Y, Morimoto Y, Tonan T, Takagi Y, Ueji R. Effects of 
temperature and strain rate on TRIP effect in SUS301L metastable austenitic 
stainless steel. ISIJ Int 2013;53:1881–7. https://doi.org/10.2355/ 
isijinternational.53.1881.

[4] Yoshitake M, Tsuchiyama T, Takaki S. Effect of carbon and nitrogen on work 
hardening and deformation microstructure in stable austenitic stainless steels. 
Tetsu-To-Hagane 2012;98:223–8. https://doi.org/10.2355/tetsutohagane.98.223.

[5] Masumura T, Tsuchiyama T. Effect of carbon and nitrogen on work-hardening 
behavior in metastable austenitic stainless steel. ISIJ Int 2021;61:617–24. https:// 
doi.org/10.2355/isijinternational.ISIJINT-2020-535.

[6] Kawahara Y, Kobatake S, Kaneko K, Sasaki T, Ohkubo T, Takushima C, Hamada J. 
Combined effect of interstitial-substitutional elements on dislocation dynamics in 
nitrogen-added austenitic stainless steels. Sci Rep 2024;13:4360. https://doi.org/ 
10.1038/s41598-024-54852-w.

[7] Masumura T, Itabashi N, Yamasaki S, Osuki T, Tsuchiyama T. Transition in 
strengthening mechanisms due to increased solute interstitial nitrogen at elevated 
temperatures in austenitic stainless steel. ISIJ Int 2025;65:1973–82. https://doi. 
org/10.2355/isijinternational.ISIJINT-2025-198.

[8] Su T, Blankenau BJ, Kim N, Krogstad JA, Ertekin E. Nitrogen-related short-range 
order in Fe-Ni-Cr austenitic stainless steels: first principles and cluster expansion 
study. Comput Mater Sci 2025;260:114218. https://doi.org/10.1016/j. 
commatsci.2025.114218.

[9] Lee S-Y, Takushima C, Hamada J, Nakada N. Effects of grain size and interstitial 
elements on the Portevin–Le Chatelier effect in austenitic stainless steels. J Mater 
Res Technol 2026;40:2071–9. https://doi.org/10.1016/j.jmrt.2025.12.304.

[10] De AK, Murdock DC, Mataya MC, Speer JG, Matlock DK. Quantitative 
measurement of deformation-induced martensite in 304 stainless steel by X-ray 
diffraction. Scr Mater 2004;50:1445–9. https://doi.org/10.1016/j. 
scriptamat.2004.03.011.

[11] Li R, Tan Q, Wang Y, Yan Z, Ma Z, Wang YD. Grain-orientation-dependent phase 
transformation kinetics in austenitic stainless steel under low-temperature uniaxial 

loading. Materialia 2021;15:101030. https://doi.org/10.1016/j. 
mtla.2021.101030.

[12] Mumtaz K, Takahashi S, Echigoya J, Kamada Y, Zhang LF, Kikuchi H, Ara K, 
Sato M. Magnetic measurements of martensitic transformation in austenitic 
stainless steel after room temperature rolling. J Mater Sci 2004;39:85–97. https:// 
doi.org/10.1023/B:JMSC.0000007731.38154.e1.

[13] Beese AM, Mohr D. Identification of the direction-dependency of the martensitic 
transformation in stainless steel using in situ magnetic permeability measurements. 
Exp Mech 2011;51:667–76. https://doi.org/10.1007/s11340-010-9374-y.

[14] Onuki Y, Masumura T, Tsuchiyama T, Sato S, Tomida T, Takaki S. Mutual 
verification of phase fraction analysis techniques for steels comprising deformation 
induced martensite phases: neutron-diffraction-based rietveld texture analysis and 
saturation magnetization measurement. Tetsu-To-Hagane 2020;106:457–64. 
https://doi.org/10.2355/tetsutohagane.TETSU-2019-103.

[15] Janeiro I, Hubert O, Schmitt JH. In-situ strain induced martensitic transformation 
measurement and consequences for the modeling of medium Mn stainless steels 
mechanical behavior. Int J Plast 2022;154:103248. https://doi.org/10.1016/j. 
ijplas.2022.103248.

[16] Harjo S, Tsuchida N, Abe J, Gong W. Martensite phase stress and the strengthening 
mechanism in TRIP steel by neutron diffraction. Sci Rep 2017;7:15149. https:// 
doi.org/10.1038/s41598-017-15252-5.

[17] Mao W, Gao S, Gong W, Bai Y, Harjo S, Park MH, Shibata A, Tsuji N. Quantitatively 
evaluating respective contribution of austenite and deformation-induced 
martensite to flow stress, plastic strain, and strain hardening rate in tensile 
deformed TRIP steel. Acta Mater 2023;256:119139. https://doi.org/10.1016/j. 
actamat.2023.119139.

[18] Mao W, Gong W, Harjo S, Morooka S, Gao S, Kawasaki T, Tsuji N. In situ neutron 
diffraction revealing the achievement of excellent combination of strength and 
ductility in metastable austenitic steel by grain refinement. J Mater Sci Technol 
2024;176:69–82. https://doi.org/10.1016/j.jmst.2023.07.036.

[19] Jacques PJ, Allain S, Bouaziz O, De A, Gourgues A-F, Hance BM, Houbaert Y, 
Huang J, Iza-Mendia A, Kruger SE, Radu M, Samek L, Speer J, Zhao L, Van Der 
Zwaag S. On measurement of retained austenite in multiphase TRIP steels — 
Results of blind round robin test involving six different techniques. Mater Sci 
Technol 2009;25:567–74. https://doi.org/10.1179/174328408X353723.

[20] Herrera C, Ponge D, Raabe D. Design of a novel Mn-based 1 GPa duplex stainless 
TRIP steel with 60% ductility by a reduction of austenite stability. Acta Mater 
2011;59:4653–64. https://doi.org/10.1016/j.actamat.2011.04.011.

[21] Tomota Y, Sekido N, Xu P, Kawasaki T, Harjo S, Tanaka M, Shinohara T, Su Y, 
Taniyama A. Comparison of the measurements of austenite volume fraction by 
various methods for Mn-Si-C steel. Tetsu-To-Hagane 2017;103:570–8. https://doi. 
org/10.2355/tetsutohagane.TETSU-2017-045.

[22] Yeddu HK, Borgenstam A, Ågren J. Stress-assisted martensitic transformations in 
steels: a 3-D phase-field study. Acta Mater 2013;61:2595–606. https://doi.org/ 
10.1016/j.actamat.2013.01.039.

R. Kawamoto et al.                                                                                                                                                                                                                             International Journal of Mechanical Sciences 318 (2026) 111528 

13 

https://doi.org/10.1179/030634582790427316
https://doi.org/10.1179/030634582790427316
https://doi.org/10.2355/isijinternational.51.124
https://doi.org/10.2355/isijinternational.53.1881
https://doi.org/10.2355/isijinternational.53.1881
https://doi.org/10.2355/tetsutohagane.98.223
https://doi.org/10.2355/isijinternational.ISIJINT-2025-198
https://doi.org/10.2355/isijinternational.ISIJINT-2025-198
https://doi.org/10.1038/s41598-024-54852-w
https://doi.org/10.1038/s41598-024-54852-w
https://doi.org/10.2355/isijinternational.ISIJINT-2025-198
https://doi.org/10.2355/isijinternational.ISIJINT-2025-198
https://doi.org/10.1016/j.commatsci.2025.114218
https://doi.org/10.1016/j.commatsci.2025.114218
https://doi.org/10.1016/j.jmrt.2025.12.304
https://doi.org/10.1016/j.scriptamat.2004.03.011
https://doi.org/10.1016/j.scriptamat.2004.03.011
https://doi.org/10.1016/j.mtla.2021.101030
https://doi.org/10.1016/j.mtla.2021.101030
https://doi.org/10.1023/B:JMSC.0000007731.38154.e1
https://doi.org/10.1023/B:JMSC.0000007731.38154.e1
https://doi.org/10.1007/s11340-010-9374-y
https://doi.org/10.2355/tetsutohagane.TETSU-2019-103
https://doi.org/10.1016/j.ijplas.2022.103248
https://doi.org/10.1016/j.ijplas.2022.103248
https://doi.org/10.1038/s41598-017-15252-5
https://doi.org/10.1038/s41598-017-15252-5
https://doi.org/10.1016/j.actamat.2023.119139
https://doi.org/10.1016/j.actamat.2023.119139
https://doi.org/10.1016/j.jmst.2023.07.036
https://doi.org/10.1179/174328408X353723
https://doi.org/10.1016/j.actamat.2011.04.011
https://doi.org/10.2355/tetsutohagane.TETSU-2017-045
https://doi.org/10.2355/tetsutohagane.TETSU-2017-045
https://doi.org/10.1016/j.actamat.2013.01.039
https://doi.org/10.1016/j.actamat.2013.01.039


[23] Stringfellow RG, Parks DM, Olson GB. A constitutive model for transformation 
plasticity accompanying strain-induced martensitic transformations in metastable 
austenitic steels. Acta Metall Mater 1992;40:1703–16. https://doi.org/10.1016/ 
0956-7151(92)90114-T.

[24] Tomita Y, Iwamoto T. Computational prediction of deformation behavior of TRIP 
steels under cyclic loading. Int J Mech Sci 2001;43:2017–34. https://doi.org/ 
10.1016/S0020-7403(01)00026-1.

[25] Weng GJ. The overall elastoplastic stress–strain relations of dual-phase metals. 
J Mech Phys Solids 1990;38:419–41. https://doi.org/10.1016/0022-5096(90) 
90007-Q.

[26] Tsuchida N, Tomota Y. A micromechanic modeling for transformation induced 
plasticity in steels. Mater Sci Eng A 2000;285:346–52. https://doi.org/10.1016/ 
S0921-5093(00)00688-2.

[27] Koyama T. Calculation of stress–strain curve of the two-phase mixture including 
ellipsoidal inclusion on the basis of the modified secant method. Tetsu-To-Hagane 
2011;97:212–20. https://doi.org/10.2355/tetsutohagane.97.212.

[28] Koyama T. Image-based calculation of stress–strain curve of the two-phase 
microstructure on the basis of the modified secant method. ISIJ Int 2012;52:723–8. 
https://doi.org/10.2355/isijinternational.52.723.

[29] Rudiono Tomota Y. Application of the secant method to prediction of flow curves 
in multi-microstructure steels. Acta Mater 1997;45:1923–9. https://doi.org/ 
10.1016/S1359-6454(96)00313-8.

[30] Swift HW. Plastic instability under plane stress. J Mech Phys Solids 1952;1:1–18. 
https://doi.org/10.1016/0022-5096(52)90002-1.

[31] Matsumura O, Sakuma Y, Takechi H. Trip and its kinetic aspects in austempered 
0.4C-1.5Si-0.8Mn steel. Scr Metall 1987;21:1301–6. https://doi.org/10.1016/ 
0036-9748(87)90103-7.

[32] Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, 
Burovski E, Peterson P, Weckesser W, Bright J, van der Walt SJ, Brett M, Wilson J, 

Millman KJ, Mayorov N, Nelson ARJ, Jones E, Kern R, Larson E, Carey CJ, Polat İ, 
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