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Abstract: Quenching and partitioning (QP) steel has attracted much focus due to the effect of phase
transformation induced plasticity (TRIP). However, the TRIP behavior makes it difficult to accurately
predict the strain and stress distribution as well as the phase transformation behavior of QP steel.
Scanning electron microscope (SEM) images of the QP980 microstructure were produced in this
study, characterized by a combination of lath martensite, polygonal ferrite and retained austenite.
The volume fraction evolution of retained austenite with equivalent plastic strain (EPS) of uniaxial
tension was obtained by electron-backscatter diffraction. The phase transformation kinetics equations
of QP980 were deduced based on the phase transformation model proposed by Olson and Cohen
(simplified as O-C theory), considering the effects of strain rate, deformation temperature and stress
state. A constitutive model on the dependence of the phase transformation was proposed to reveal the
relation between metallographic characteristics and mechanical performance of QP980 steel during
deformation. The User subroutine VUMAT in ABAQUS/Explicit was implemented to describe the
volume fraction of retained austenite (VFRA) under different stress states. The established phase
transformation and constitutive model were applied to three kinds of complex path loading tests.
The variation in the retained austenite under complex strain paths was obtained and compared with
the experimental results.

Keywords: QP steel; constitutive model; transformation kinetics; complex loading

1. Introduction

With the rapid growth of the automotive industry, lightweight high-strength steels
(HSSs) are getting more and more important for automobile body manufacturing. Ad-
vanced high strength steels (AHSSs) are widely adopted at present to reduce vehicle weight
and improve crashworthiness [1]. As early as 1960, Matlock et al. [2] noticed that the carbon
atoms in the martensite phase would be enriched into the retained austenite phase. It was
not until 2003 that Speer et al. [3] developed the quenching and partitioning process, which
led to the third generation of ultra-high strength steel (UHSS) with a strength-plasticity
product of 30 GPa%, known as QP steel. Overcoming the difficulties in the application of
QP steel can effectively promote the lightweight process of automobiles, realize energy
saving and emission reduction, and improve the safety of automobiles [4,5]. The excel-
lent mechanical performance of QP steels is owing to the transformation of the internal
carbon-rich residual austenite (RA) into martensite (RA→M) during deformation, which
induces plasticity by phase transformation and effectively enhances the plasticity of the
steel [6–8]. In multiphase steels, the hard and soft phases may benefit the overall strength
and plasticity, respectively, through an effective partitioning of stress/flow strain among
the constituent phases during deformation [9,10]. QP steels are widely used in various
structural components of the vehicle body, thanks to their excellent combination of strength
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and ductility. They are also commonly employed as reinforcing beams in the roof to pro-
vide improved stiffness and strength, enhancing the rollover protection performance of
the vehicle.

The TRIP effect is responsible for QP steel’s high ductility and high strength. The
phase transition dynamics model can be mainly divided into two aspects. One is the em-
pirical model without physical meaning. Representative scholars include Angel et al. [11],
Ludwigsen et al. [12], Sugimoto et al. [13,14], Shin et al. [15] and Beese et al. [16]. The other
is the phase transition dynamics model with physical meaning based on the shear band
interweaving theory. Representative scholars include Olson and Cohen [17,18], Stringfellow
et al. [19] and Tomita et al. [20–22]. A key improvement regarding TRIP effect is the kinetic
model of martensitic phase transformation, which first appeared in the phase transforma-
tion model proposed by Olson and Cohen (simplified as O-C theory) [17,18], which only
considered the effect of temperature and was incapable of describing the complex phase
transformation behavior. A phase transformation behavior can be accurately described by
Li et al. [23] based upon temperature and stress state, but not on strain rates. The model
developed by Kim et al. [24], likewise, considers only the influence of temperature and
stress state, resulting in the quasi-static applications.

In order to study the mechanism of martensitic transformation of QP steels, three
factors were analyzed: temperature, strain rate, and stress state [25,26]. Both Hauser
and Huang [27,28] assumed that raising the temperature would prevent the martensitic
transformation from being induced by strain-induced transformation. Moor et al. [29]
found that the yield strength of QP steels was correlated with temperature, and the strain-
induced martensitic transformation temperature was above 10 ◦C. Feng et al. [30] designed
a tensile test at −40~60 ◦C and found that the mechanical behavior of QP steel sheets was
directly related to the ambient temperature. Since the temperature range of the test did
not cover the temperature range during the stamping process, the research had certain
limitations. According to the research of Hecker et al. [31], martensitic transformations
occur more quickly under high strain rate uniaxial tension (~103/s) than under low strain
rate uniaxial tension (~10−3/s) at low strain levels. However, when the strain is larger than
0.25, the adiabatic temperature rise lowers the driving force for RA→M, which leads to a
significantly lower rate of martensitic transformations at high strain rates.

Stringfellow et al. [19] updated the O-C theory model for the martensite volume
fraction evolution in a generalized rate form to consider the stress state as well as the
plastic strain and temperature. Jacques et al. [32] designed six specimens of different
stress states for TRIP steel and studied the law of phase transformation under different
stress states. It was demonstrated that for intermediate stress levels between uniaxial
tension and biaxial tension, the transformation rate approaches a maximum value. In the
instance of multiaxial loading paths at varying temperatures, Serri et al. [33] studied the
volume fraction of the martensite and confirmed the stress-strain relation. In the cup
drawing test, the effects of the stress state and the martensite phase transformation kinetics
were examined. Utilizing the real-time measuring device of phase transformation, Beese
et al. [16,34] came to the conclusion that the martensitic transformation was relevant to
the stress triaxiality and the Lode angle parameter which caused a monotonic rise in the
rate of martensite transformation. At ambient temperatures, Shan et al. [35] used uniaxial
tension, pure shear, plane strain, and biaxial tensile experiments to develop the phase
transformation kinetic model while taking into account how the multiaxial stress state
influences the rate of phase transformation. It demonstrated that the greater the stress
triaxiality, the more unstable the retained austenite, and the more quickly the martensitic
transformation is initiated. Based on Choi et al. [26], the martensitic transformation in
the retained austenite phase typically occurred first adjacent to the restricted sections
situated along the loading direction. This resulted from the local stress triaxiality being
comparatively high in these constrained areas. This complex deformation condition led to
different degrees of RA→M phase transformation in QP steel, which resulted in obvious
differences in its mechanical properties. When type 304 stainless steel was subjected
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to tension-compression loading, Ishimaru et al. [36] observed a stagnated martensitic
transformation behavior. They associated this occurrence with the Bauschinger effect and
the stress induced martensitic transformation mechanism. In their study [37], Zou et al.
concentrated on the QP steels’ martensitic transformation behavior under complicated
loads (linear and cyclic loads). The transition from uniaxial tension to uniaxial compression
caused a slowdown in martensitic transformation. However, the QP980 steel maintained a
steady transformation behavior throughout the procedure of cyclic shear loading while the
deformation mode remained unchanged.

When establishing the flow stress model of multiphase materials, the actual material
microstructure and microstructure evolution during deformation are usually considered.
Araki et al. [38] and Tomota et al. [39] proposed a mixed hardening criterion for the stress-
strain relation of dual-phase steel from different perspectives. They showed that variations
in the material’s phase volume fraction would lead to changes in the stress-strain relation-
ship. Tomita et al. [22] analyzed the effects of temperature, strain rate, and martensitic
transformation on the constitutive equation under cyclic loading. According to the mixed
hardening criterion, they derived the stress-strain curve of 304 austenitic stainless steel.
Tsuchida and Tomota [40] determined TRIP using a micromechanics model that integrated
the Mori–Tanaka mean field theory, the Eshelby inclusion theory, and the Weng’s secant
method [41,42]. They proposed a predictive model for calculating the relation between
stress and strain in austenitic stainless steel. The model took into account the interactions
between the phases within the material. A physics-based TRIP carbon steel model was
created by Perlade et al. [43] to anticipate the macroscopic mechanical behavior of multi-
constituent aggregates. It covered the impact of phase morphology and composition on
the hardening of flow stress. They simplified the multiphase TRIP steel into a dual-phase
material in which retained austenite was an inclusion phase, and thereby established a
stress-strain calculation model for TRIP steel. To represent the transformation plasticity that
accompanies with the strain and stress-induced martensitic transformation, Han et al. [44]
proposed a microstructure-based mathematical model. This model could better describe
the stress-strain curve of the steel sheet under different strain rates. A microstructure-based
FE model was created by Choi et al. [26] to forecast the complicated deformation behavior
under various loading scenarios for TRIP steels. They introduced the effect of martensitic
transformation kinetics into the model and successfully postulated the stress-strain curves
of TRIP800. Fu et al. [45] studied the phase transformation and stress-strain curves of TRIP
high-strength steel at different temperatures. The modified Gladman mixed hardening
criterion could express the stress-strain relation of TRIP steel at different temperatures.
Through experimentation and microstructure-based simulations, Srivastava et al. [46] ex-
amined the deformation micromechanics and phase transformation in QP980 steel. In order
to acquire stress-strain curves using nanoindentation with a flat-punch indenter, they iso-
lated specimens from the particular ferrite grains and martensite particles for micropillar
compression tests.

Hou et al. [47] observed the strength differential (SD) effect of QP steel experimentally:
not only the initial yield stress is different in uniaxial tension and uniaxial compression,
but also the flow stress curves are also separate from each other (asymmetrical hardening).
The plastic behavior under complex loading significantly differs from that in conventional
mechanical testing [48]. Hou et al. [49] determined the difference in the hardening behavior
of QP980 steel under complex path loading conditions through biaxial non-proportional
loadings tests, and the difference is related to the dependence of martensitic transformation
on the stress state. Chakra et al. [50] investigated the relations between the microstruc-
tures and mechanical behaviors of austenitic stainless steel during deformation under
different loading paths and found that the phase transformation and crystallographic
texture development are strain and strain path dependent. Rittel et al. [51] developed a
specimen named shear-tension specimen (STS) and shear-compression (SCS) to investigate
the mechanical response of materials under dominant shear. Yang et al. [52] studied the
combined shear-compression mechanical behaviors of metal alloys and analyzed the failure
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mechanism under different states of stress. In recent years, a reversal loading is regarded
as a significant non-linear loading path in sheet metal forming [53,54]. In order to reveal
the deformation and strain responses of materials under different loading conditions, the
digital image correlation (DIC) technology with improved efficiency of strain measurement
can be used to measure the deformation and strain field of complex specimens under
different states [55].

In the paper, the influence of the stress state, deformation temperature, and strain
rate on the martensitic transformation behavior of QP steels, especially for the stress
state dependent martensitic transformation behavior under complex loading, was studied.
Based on Mohr et al. [56] flow stress-strain model related to martensitic transformation,
the modified plastic constitutive equation was deduced. The user subroutine VUMAT in
ABAQUS/Explicit was implemented to describe the content of residual austenite under
different stress states. The established strain-induced phase transformation model and
constitutive model were applied to three kinds of complex path-loading tests. The QP980
material and the experimental methodology is discussed in Section 2. The modeling of
the phase transformation taking strain rate, temperature, and stress state into account is
described in Section 3. In Section 4, stress-strain model considering phase transformation is
described. Finally, the verifications of martensitic phase transformation prediction under
complex loading paths are shown in Section 5.

2. Experimental Details and Results

The strain-induced austenite-to-martensite transformation behavior is affected by
many factors, such as temperature, strain rate, and stress state during deformation. In order
to clarify the influence of various factors on the martensitic transformation of QP980
steel, tensile tests at different temperatures, strain rates, and stress states were carried
out, and the microstructure of the interrupted tensile specimens under different strains
was characterized.

2.1. Microstructural Characterization

The cold-rolled QP980 steel sheets in their as-received condition from China Shandong
IRON&STEEL Group Rizhao Co., Ltd. (Rizhao, China) have multiphase microstructure
with 1.2 mm thickness. Their chemical compositions are summarized in Table 1.

Table 1. Chemical compositions of steel sheets used in the study (wt %).

Steel Thickness (mm) C Si Mn P S Al Fe

QP980 1.2 0.161 1.72 2.31 0.01 0.001 0.028 Bal.

The material’s microstructure was characterized using a DM2700M optical microscope
(Leica, Wetzlar, Germany). The specimens used for metallographic examinations were taken
from the middle part of the specimens with uniaxial tension strain of 0.03, 0.06, 0.09, and
0.11, respectively. The specimens were polished with slurries of 6, 3, and 1 mm diamonds.
The polished specimen was etched in 4% nitrate solution for 8–12 s to characterize the
microstructure and phases of the material.

Figure 1a witnesses the original microstructure of the QP980 steel sheet. It is observed
that ferrite and martensite make up QP980 steel’s structure. However, owing to the limited
magnification of metallographic observation, it is impossible to use an optical microscope
to analyze the content and morphology of each phase in QP980 steel sheet. The etching
step was performed as part of the overall microstructural characterization process, and the
grain boundaries can be clearly observed in the EBSD images in Figure 1b,c.

The specimens were repolished using 6, 3, 1 mm diamond slurries and 0.05 mm
alumina for EBSD analysis. Before EBSD, the last polishing process was carried out on a vi-
bratory polisher with colloidal silica of 0.05 mm [57]. Figure 1b,c shows the microstructural
composition of QP980 steel when the equivalent plastic strain (EPS) εeq= 0 and εeq= 0.11,
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in which red is retained austenite, blue is martensite, and green is ferrite. Ferrite, marten-
site, and retained austenite make up the morphology of the as-received QP980 steel sheets
as-received, as shown in Figure 1b. In the bulk materials, ferrite is distributed uniformly,
accompanied with lath-like martensite. At the grain boundaries of ferrite/ferrite and
ferrite/martensite, the preserved austenite particles can be detected. Table 2 provides a list
of the volume fractions for each phase in QP980 steel sheet. The distribution of preserved
austenite is evident from the EBSD investigation. The EBSD image for as-received QP980
shows that the area fraction of retained austenite found is 9.5% (as shown in Figure 1b) The
volume fraction drops to 4.2% during 11% uniaxial tensile deformation (as illustrated in
Figure 1c.

Metals 2023, 13, x FOR PEER REVIEW 5 of 32 
 

 

 
Figure 1. Microstructure of QP980 steel sheet: (a) martensite and ferrite are characterized by OM 
(1000×); (b) EBSD characterization of QP980 steel when 𝜀  = 0; (c) EBSD characterization of QP980 
steel when 𝜀  = 0.11. 

The specimens were repolished using 6, 3, 1 mm diamond slurries and 0.05 mm alu-
mina for EBSD analysis. Before EBSD, the last polishing process was carried out on a vi-
bratory polisher with colloidal silica of 0.05 mm [57]. Figure 1b,c shows the microstruc-
tural composition of QP980 steel when the equivalent plastic strain (EPS) 𝜀  = 0  and 𝜀  = 0.11, in which red is retained austenite, blue is martensite, and green is ferrite. Ferrite, 
martensite, and retained austenite make up the morphology of QP980 steel sheets as-re-
ceived, as shown in Figure 1b. In the bulk materials, ferrite is distributed uniformly, ac-
companied with lath-like martensite. At the grain boundaries of ferrite/ferrite and fer-
rite/martensite, the preserved austenite particles can be detected. Table 2 provides a list of 
the volume fractions for each phase in QP980 steel sheet. The distribution of preserved 
austenite is evident from the EBSD investigation. The EBSD image for as-received QP980 
shows that the area fraction of retained austenite found is 9.5% (as shown in Figure 1b) 
The volume fraction drops to 4.2% during 11% uniaxial tensile deformation (as illustrated 
in Figure 1c. 

Table 2. Fractions of phase volume (%) of the QP980 steels (𝜀  = 0 and 𝜀  = 0.11). 

Phase Volume Fraction 𝑽γ 𝑽𝐌 𝑽F 𝜀  = 0 9.5 57.8 32.7 𝜀  = 0.11 4.2 63.1 32.7 

To quantitatively analyze the phase transformation process, X-ray diffraction (XRD) 
utilizing Cr Kα radiation with a pure copper filter selected to measure the volume fraction 
evolution of retained austenite in QP980. The experiment used a D8-ADVANCE X-ray 

Figure 1. Microstructure of QP980 steel sheet: (a) martensite and ferrite are characterized by OM
(1000×); (b) EBSD characterization of QP980 steel when εeq= 0; (c) EBSD characterization of QP980
steel when εeq= 0.11.

Table 2. Fractions of phase volume (%) of the QP980 steels (εeq= 0 and εeq= 0.11 ).

Phase Volume Fraction Vγ VM VF

εeq= 0 9.5 57.8 32.7

εeq= 0.11 4.2 63.1 32.7

In order to quantitatively analyze the phase transformation process, X-ray diffraction
(XRD) utilizing Cr Kα radiation with a pure copper filter selected to measure the volume
fraction evolution of retained austenite in QP980. The experiment used a D8-ADVANCE
X-ray diffractometer (Bruker, Billerica, MA, USA) with a step size of 0.02◦ and a scanning
angle of 40◦–95◦ to obtain diffraction intensity data. Using the MDI Jade6.5 software,
the measured initial data were filtered to deduct the background, smoothed, and phase
retrieved [58]. The results show that the content of the austenite phase can be depicted by
Equation (1) as follows [59]:
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Vγ =

1
n ∑n

j=1
I j
γ

Rj
γ

1
n ∑n

j=1
I j
γ

Rj
γ

+ 1
n ∑n

j=1
I j
α

Rj
α

(1)

with Rj
γ was the theoretical intensity value of the “γ” phase (hkl) surface, I j

γ was the
cumulative intensity value, n represents the number of “γ” phase (hkl) surfaces [60].

The martensite volume fraction under different strain conditions was obtained using
Equation (1). The VFRA detected in the XRD for as-received QP980 is 10.38%. VFRA
drops to 5.22% at the end of 13% uniaxial tensile deformation as shown in Figure 2. The
VFRA, which is lower than the XRD result, suggests that the VFRA measured by EBSD was
underestimated. This can be caused by the degradation of residual austenite during sample
preparation or by a significant portion of austenite films being too thin to be resolved by
EBSD [61,62]. For the investigation and modeling of martensitic transformation behavior,
we employed the XRD results in the study.
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2.2. Mechanical Tests
2.2.1. Tensile Tests at Different Temperature and Strain Rates

According to ASTM-E8 M, specimens for uniaxial tensile testing were cut from the
sheet along the direction of rolling to ascertain the macroscopic flow characteristics. Under
varied strain rates and six ambient temperatures (25, 50, 70, 110, 140, and 180 ◦C), speci-
mens were stretched under uniaxial tension. The digital image correlation (DIC) technique
was employed during tensile testing for strain measurements to evaluate the deformation
behavior of the samples under different temperature conditions. X-ray diffraction (XRD)
analysis was conducted on the interrupted tensile specimens after tensile testing to fur-
ther analyze the phase evolution in response to temperature impacts. In the case of low
strain rates (0.0002, 0.002, 0.02 and 0.1/s), the mini tensile specimen shown in Figure 3e
was selected, while in the case of high strain rates (1, 5, and 10/s), the medium tensile
specimen shown in Figure 3f was used. The specimen was kept in the resistance heating
furnace for 20 min before the tension was applied to guarantee thermal equilibrium at the
desired temperature. Then, in the furnace with a PID temperature control unit, tensile tests
were implemented. In order to produce specimens with various degrees of plastic strain,
interrupted tensile tests were also conducted. Next, it was possible to acquire the retained
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austenite evolution with plastic strain. Table 3 shows the velocity of the crosshead of the
specimens under different strain rates.

1 
 

 Figure 3. Shape and size of specimens: (a) notched; (b) shear; (c) central hole; (d) Nakajima specimen;
(e) mini tensile specimen; (f) medium tensile specimen.

Table 3. The crosshead’s velocity for various tensile specimens (mm/min).

Strain Rates (/s)

Specimen Type
0.0002 0.002 0.02 0.1 1 5 10

Central hole 0.1

Notched 0.2

Shear 0.2

Nakajima 18

Mini tensile specimen 0.36 3.6 36 180

Medium tensile specimen 300 1500 3000

This study employed DIC technology to record strain evolution. On one side the
specimens’ surface, a random pattern was meticulously sprayed. A GOM ARAMIS 2017
(GOM GmbH, Braunschweig, Germany) adjustable 6 M tracked the motion of the dispersed
points and as a result, recorded the displacements. Five images with a resolution of
2750 × 2200 were taken every second by the left and right ARAMIS 2017 cameras. The
spatial resolution for the test was set at 15 pixels per millimeter. The load cell and the
acquisition of the signals from the distorted pattern were both activated simultaneously
and evaluated at the same sample frequency. The use of narrow-band blue light technology
allows for the rapid digital recording of the surface geometry of physical objects by filtering
away interfering ambient light during image acquisition. The strain field on the surface of
the specimen was then obtained by computing the displacement field of the speckle using
professional software called ARAMIS 2017.
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2.2.2. Tensile Tests under Different Stress States

Four different types of tensile specimens, including uniaxial tension, pure shear, plane
strain tension, and biaxial tension, were created as illustrated in Figure 3a–d to explore the
deformation-induced martensitic transformation of QP980 steel sheet under various stress
states. The biaxial tension deformation mode was realized by Nakajima hemispherical
punch bulging experiment, and the experimental platform was EC600 (Genbon, Jiading
District, Shanghai, China) hydraulic sheet forming machine. The other three deformation
modes were realized by an electronic universal testing machine. In order to fully understand
how retained austenite transformed into martensite under various deformation processes,
X-ray diffraction was selected. The experimental temperature and strain rate were set to
25 ◦C and 0.0002/s, respectively. The crosshead’s velocity for various tensile specimens is
shown in Table 3. The designation of ‘mm/min’ units for the crosshead’s velocity in Table 3
refers to the velocity at which the tensile specimens are deformed during the tensile testing
process, which is consistent with the tensile speed of the specimens being tested.

3. Modeling of the Phase Transformation

The martensitic phase transformation kinetic model is used to describe the factors
related to the transformation of retained austenite to martensite, which is very important
for the study of phase transformation behavior and subsequent mechanical behavior of
high-strength steel. This section follows the principle from simplicity to complexity and
describes the step-by-step introduction of three phase transformation-related variables:
temperature, strain rate, and stress state. Finally, a phase transformation kinetic model
suitable for considering the actual forming process is proposed, which is used to describe
and predict the strain-induced martensitic transformation behavior of QP980 steel.

3.1. Temperature-Dependent Phase Transformation Kinetic Model

The stress state and carbon content are presumptively constant throughout the investi-
gation. A simplified kinetics model based upon the pioneering work of Sherif et al. [63] is
presented to consider the impact of ambient temperature and the temperature rise caused
during deformation. The amount of transformable retained austenite, the magnitude of the
plastic strain, and the austenite stability parameter K all contribute to the definition of the
martensitic transformation rate, i.e., the differential of the VFRA versus the macroscopic
plastic strain. First, it was reasonable to suppose that the temperature of the specimen
would remain constant at a static strain rate of 0.0002/s. The retained austenite stability
parameter K is simplified to be a function of ambient temperature in order to consider the
effect of increased temperature on martensitic transformation:

K(T) =
1

g(T)
=

1
k1T0 + k2

(2)

d fγ
dεeq

=
1

k1T0 + k2
fγ0 εα

eq (3)

where g(T) is the temperature dependent function. k1, k2 are constants. εeq is the EPS.
α is a parameter that relies on the material property and is regarded to be dependent on
the strain partitioning in the multiphase steel. K is a parameter for retained austenite
stability. The value of K depends on the variables that affect the TRIP effect, such as the
stress state, strain rate, temperature, carbon composition, etc. The initial VFRA, denoted
as fγ0 , is considered to be a constant value of 10.38%. T0 is the ambient temperature. The
kinetics model under isothermal conditions can be derived by integrating Equation (3)
with the boundary condition of a preliminary VFRA of 10.38%. The resulting equation is
as follows:

fγ = fγ0 exp

[
−

εα+1
eq

(k1T0 + k2)(α + 1)

]
(4)
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In order to determine the fitting value of α using the least-squares approach, a tension
test at a strain rate of 0.0002/s and 25 ◦C is used as a reference [64]. Then, using six sets
of experimental data, i.e., 25, 50, 70, 110, 140, and 180 ◦C, k1 and k2 are computed. The
fluctuation of the retained austenite volume fraction with EPS at different temperatures
is shown in Figure 4. With growing plastic strain, it can be seen that the VFRA declines.
As the ambient temperature increases, the growth rate of martensitic transformation slows
down. There is a strong agreement between the experimental data and the presented
analytical model in Equation (4) across a wide range of temperatures.
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3.2. Kinetic Model for the Phase Change That Depends on Temperature and Strain Rate

Since the analytical model obtained in Section 3.1 is only suitable for isothermal
conditions, a strain-induced phase transformation model depending on temperature and
strain rate will be established. As the strain rate rises up, the heat exchange between
the plastic work generated during the deformation of the material and the surrounding
environment will become shorter, and the heat of the material itself will be too late to
dissipate and cause temperature changes, so it is no longer an isothermal process. The
macroscopic temperature rise expression of the specimen is shown in Equation (5), with
h denotes the coefficient of equivalent heat transfer, A and v represents the surface area
and the gauge section volume of the standard tensile specimen, respectively. ∆ε and

.
ε

is the increment and strain rate. C represents the material specific heat capacity, ρ is the
material density, σ is the true stress, and β is the Quinney-Taylor coefficient. The detailed
parameters are shown in Table 4. The macroscopic temperature rise considering strain and
strain rate effect is expressed by the following formula [65]:

∆T =
β
∫ ε

0 σdε

Cρ + hA∆ε
v

.
ε

(5)

where ∆T stands for the macroscopic temperature rise detected by an infrared thermogra-
phy system, which may also be easily addressed by a polynomial formula that includes
strain and strain rate. Thus, the macroscopic temperature rise is obtained by fitting the
experimental data with the expression shown in Equation (5). The martensitic transforma-
tion kinetics taking into account temperature evolution throughout plastic deformation at
quasi-static strain rate is presented in Equation (6), which is derived upon the formula of
transformation kinetics model at isothermal condition.

fγ = fγ0 exp
{
−
∫ εeq

0

εα
eq

k1(T0 + ∆T) + k2
dεeq

}
(6)
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Table 4. Parameters used in the temperature rise formula.

C Specific Heat 485 J/kgK

ρ Density 7850 kg/cm3

β Coefficient of Quinney-Taylor 0.9
v Volume of the gauge section 2.52 × 10−7 m3

A Area of the gauge section 2.1 × 10−4 m3

The scattered data shown in Figure 5a,b illustrate the evolution of VFRA with EPS.
It demonstrates that the distribution of the retained austenite is significantly influenced
by the strain rate. The predictions of retained austenite vs. plastic strain at different strain
rates are illustrated in Figure 5a, and the solid lines demonstrate that merely taking into
account macroscopic temperature rise is insufficient to capture the apparent variation
in transformation behavior induced by strain rate effect. In order to enhance this model,
we thus considered the influence of microscopic temperature rise. As previously mentioned,
a high strain rate causes a temperature gradient (i.e., microscopic temperature increase) in
the material. The actual temperature at which the martensitic transformation occurs may be
underestimated. Therefore, to take account of this martensitic transformation temperature
induced by strain rates, retained austenite stability parameter K considers strain rate by
introducing the strain rate dependent expression of h

( .
ε
)

in Equation (7):

h
( .
ε
)
= 1 + k3 ln

( .
ε/

.
ε0
)

(7)

with k3 is a constant, the reference strain rate is defined as
.
ε0, whereas

.
ε/

.
ε0 is the dimen-

sionless strain rate.
It is assumed that the reference strain rate of 0.0002/s is a static strain rate. The

model’s parameters, which are presented in Table 5, were optimized using the least-squares
approach. The QP980 transformation kinetic model was then enhanced and shown in
Equation (8) for quasi-static strain rate and non-isothermal conditions.

fγ = fγ0 exp

{
− 1

1 + k3 ln
( .
ε/

.
ε0
) ∫ εeq

0

εα
eq

k1(T0 + ∆T) + k2
dεeq

}
(8)

Table 5. Normalized stress triaxiality and Lode angle parameter.

Stress State η
¯
θ

Uniaxial tension 0.3343 0.9602
Shear 0.0344 0.0394

Plane stain 0.5391 −0.1731
Biaxial tension 0.6653 −0.9492

The evolution of retained austenite vs. EPS as anticipated by Equation (8) is depicted
in Figure 5b by the solid lines. The reliability of the improvements is demonstrated by
comparisons of experimental data and predicted outputs. Our prior research shows that
during the deformation with quasi-static strain rate, the enhanced thermal effect with
rising strain rate prevails, leading to lower retained austenite transformation. However,
the thermal influence would practically remain constant attributed to identical mechanical
work while the strain rate is larger than 0.1/s. Meanwhile, the positive influence of strain
rate on martensitic transformation predominates. Accordingly, we take the temperature
gradient function h1

( .
ε
)

to be constant at 0.1/s strain rate under adiabatic conditions.
By introducing another function, h1

( .
ε
)
, we are able to alter the standard temperature

gradient function as below:
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h1
( .
ε
)
= 1 + k3H1

( .
ε
)

ln
( .
ε/

.
ε0
)

(9)

H1
( .
ε
)
=


0

1
ln(0.1/0.0002)
ln(

.
ε/0.0002)

.
ε ≤ 0.0002/s

0.0002/s <
.
ε < 0.1/s

0.1/s ≤ .
ε

(10)

where H1
( .
ε
)

is expressed in parametric form. The range of strain rate
.
ε ≤ 0.0002/s and

.
ε > 0.1/s is used to define the limits of isothermal and adiabatic conditions, respectively.
An equation was presented to consider the positive strain rate influence during plastic
deformation with high strain rates. The austenite stability function K is improved by
introducing a solely strain rate dependent function s

( .
ε
)
. Equation (11) shows the revised

austenite stability function: The evolution of retained austenite vs. EPS is depicted in
Figure 5d by the solid lines. Figure 5a,b focuses on the effect of macroscopic temperature
rise on the martensitic transformation behavior at lower strain rates. However, at strain
rates of 1/s, 5/s, and 10/s, the material undergoes rapid plastic deformation, resulting
in rapid temperature rise due to inadequate heat dissipation. Therefore, Figure 5c was
included to show the combined effect of macroscopic and microscopic temperature rise
on the martensitic transformation behavior at higher strain rates. Figure 5d represents
the combined effect of macroscopic and microscopic temperature rise, as well as the
increasing strain rate, on the martensitic transformation behavior. The four graphs in
Figure 5 represent a progressive sequence, and the fitting result is shown in Figure 5d.
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K
(
T,

.
ε
)
=

s
( .
ε
)

g(T)h1
( .
ε
) (11)

s
( .
ε
)
= 1 + k4H2

[
ln
( .
ε/0.1

)]k5 (12)

H2
( .
ε
)
=

{
0

.
ε ≤ 0.1/s

1
.
ε > 0.1/s

(13)

where s
( .
ε
)

identifies the positive strain rate influence on martensitic transformation. k4,
k5 are constants, which are used to fit the experimental data of martensitic transforma-
tion behavior, at strain rates of 1, 5 and 10/s. For QP980 steels, the revised martensitic
transformation kinetics model fits the experimental data across a wide range of strain
rates, by taking into account the influence of temperature and positive strain rates on
martensitic transformation.

3.3. Stress State Dependent Phase Transformation Kinetic Model

Four typical sheet metal specimens, i.e., pure shear, uniaxial tension, plane strain, and
biaxial tension, were used in the tests to examine the martensitic transformation behavior
of QP980 steel under various stress conditions. For TRIP steel, Kim et al. [24] postulated
that the phase evolution function relies on the square of the Lode angle. The stress state of
the material deformation process was quantitatively described in the study using the stress
triaxiality η and the Lode angle parameter θ. The ratio of the hydrostatic stress and the von
Mises equivalent stress, as shown in Equation (14), is known as the stress triaxiality η. The
second invariants J2 and third invariants J3 of the stress deviator s, determine the Lode
angle parameter θ in Equation (15), where J2 = 1

2 s : s and J3 = det(s) [16]. The normalized
stress triaxiality and Lode angle parameters are summarized in Table 5.

η =
σm

σ
(14)

θ = 1− 2
π

arccos

(
3
√

3
2

J3√
J23

)
(15)

where σm = 1
3 (σ1 + σ2 + σ3) is the hydrostatic stress and σ is von Mises equivalent stress.

The nonlinear function D
(
η, θ
)
, presented in Equation (16), was employed to charac-

terize the various transformation behaviors under various stress conditions. Numerous
numerical terms are included in Equation (17), such as strain rate (s

( .
ε
)
, h
( .
ε
)
), temperature-

dependent behavior g(T) and the stress state D
(
η, θ
)

dependent phase transformation
behavior. The observations of the phase volume measurement during material testing
under various stress state, strain rates and temperature served as the basis for the physical
evidence. The function K

[
T
(
T0, εeq,

.
ε
)
,

.
ε, η, θ

]
, i.e., the retained austenite stability function,

takes into account all important variables impacting martensitic transformation. The mate-
rial dependent parameter α and temperature and strain rate dependent parameters k1–k5
have been calibrated and tabulated in Table 6, respectively.

D
(
η, θ
)
= max

[(
k6 + k7η + k8η2 + k9θ

)
, 0
]

(16)

K
[
T
(
T0, εeq,

.
ε
)
,

.
ε, η, θ

]
=

s
( .
ε
)

D
(
η, θ
)

g(T)h
( .
ε
) (17)

Utilizing the experimental observations of four various deformation modes, i.e., pure
shear, uniaxial tension, plane strain, and biaxial tension, four additional model parameters
k6–k9 were calibrated. The Curve Fitting toolbox in MATLAB R2019a program was used to
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fit the parameters k6–k9 and the values were presented in Table 6. The analytical model
successfully replicated the martensitic transformation behavior of the QP980 steel sheets
under various stress states using calibrated parameters, as illustrated in the solid lines in
Figure 6.

Table 6. Temperature, strain rate and stress state related strain-induced phase transformation model
parameters.

Model Parameters Values

α –0.25
fγ0 0.1038
k1 0.0141
k2 –3.58
k3 0.1572
k4 1.505
k5 0.7602
k6 0.3871
k7 −0.2208
k8 3.0882
k9 0.3493
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To better understand the influence of various factors on the martensitic transformation
behavior, the model established is now used to construct 3D surfaces and compared with
experimental results for QP980 steel sheets as illustrated in Appendix A, Figures A1 and A2.
It shows that the constructed 3D surface of retained austenite volume fraction can meet
most of the experimental data under different strain rates and stress states.

4. Stress-Strain Model Considering Phase Transformation

The strain-induced transformation from austenite to martensite in QP980 steel is a
transformation process from soft phase to hard phase, accompanied by volume expansion.
Therefore, the strain hardening behavior of QP980 steel is closely related to the change
of microstructure. The stress-strain model is the key to the FE simulation of forming
process. QP980 steel is sensitive to temperature, strain rate and stress state because of the
martensitic transformation, which further complicates its stress-strain behavior. In this
section, based on the summary of the phase transformation dynamics model in Section 3,
an in-depth study and analysis of the unique phase transformation-related strain hardening
characteristics of QP980 steel will be conducted, and a macro-microcosmic coupled stress-
strain model will be established.
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4.1. Hardening Equation

Through the study of the stress-strain curves of QP980 steel, it is clear that the two
factors of strain rate and temperature are extremely important to the phase transformation.
In order to consider the influence of strain rate hardening and temperature softening,
a macroscopic stress-strain model considering phase transformation was used. It is consid-
ered that the generation of martensite volume fraction and the strain hardening evolution
determine the deformation resistance of QP980 steel. The accumulated martensitic volume
and the dislocation pile-up accounts for the increment of deformation resistance dσ, and
the framework is formulated in Equation (18):

dσ = HSwi f tdεeq + HFMd fFM (18)

HSwi f t = nk
(
εeq + ε0

)n−1m(T)R
( .
ε
)

(19)

m(T) = exp
[

m1

(
T − T0

Tm − T

)m2
]

(20)

R
( .
ε
)
=
[
1 + R1 ln

( .
ε/

.
ε0
)]

(21)

d fFM = −d fγ = K
[
T
(
T0, εeq,

.
ε
)
,

.
ε, η, θ

](
fγ0 − f min

γ

)
εα

eqdεeq (22)

where n, k, ε0 are the parameters of Swift strain hardening model. m1, m2 are temperature
parameters, R1 is the reference parameter of strain rate. Tm denotes the melting point of
the material, which is assumed to be 1750 K, and

.
ε0 is static strain rate. T in Equation (22)

denotes the instantaneous temperature, which depicts the thermal effect caused by ambient
temperature and deformation-induced heating. T is considered to be the summation of
ambient temperature T0 and the temperature rise ∆T. According to Zou et al. [65], the
computation of the temperature rise across a wide range of strain rate is described in
Equation (5), where the constants of QP980 steel are presented in Table 4.

HSwi f t is the Swift exponent hardening equation, which is controlled by temperature
and strain rate. Its value determines the level of hardening in the material caused by
dislocations, with higher values indicating higher hardening due to dislocations. dεeq
denotes the increment of the von Mises EPS, and d fFM is the volume fraction increment of
the generated martensite, corresponding to a reduction in the VFRA d fγ in Equation (22).
Deformation resistance is supposed to be a particular function of the von Mises EPS when
a phase transformation is not occurring. Assumed to be constant, the second hardening
modulus, HFM, governs the strain hardening rate owing to the growing martensite volume
fraction. HFM is related to the newly formed martensite resulting from phase transforma-
tion. Its value represents the stress increment introduced by the newly formed martensite.
Beese et al. [56] presented a comparable constitutive framework for isothermal and static
strain rate scenarios. An empirical work hardening constitutive equation based on tem-
perature and strain rate was proposed as three multiplicative functions in Equation (19).
The traditional strain hardening of QP980 steel sheets was characterized by the Swift-type
power law. As indicated in Equations (20) and (21), m(T) and R

( .
ε
)

functions were included
to respectively describe the influence of thermal softening and strain rate strengthening.

A built-in genetic algorithm in MATLAB software was used to calibrate the parame-
ters of the developed plastic constitutive equations. Table 7 lists the optimized material
parameters n, k, ε0, HFM, m1, m2, and R1. The observed experimental data and estimated
stress-strain curves are compared in Figure 7. Seventeen different experimental stress-strain
curves agree well with the calibrated model’s predictions. Figure 7d shows that the model
is able to capture the significant discrepancy in equivalent stress-strain curves between var-
ious deformation conditions. It is mostly attributed to the phase transformation behavior
which is stress state dependent [66]. As demonstrated in Figure 7a–c, there was a good
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agreement for uniaxial tension testing in the rolling direction conducted at different strain
rates and temperatures.

Table 7. Parameters in the stress-strain model.

Model Parameters Values

n 0.142
k 1424 (MPa)
ε0 0.0023

HFM 2502 (MPa)
m1 6.528
m2 6.225
R1 0.0065
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4.2. Finite Element Simulation

The user subroutine VUMAT was implemented in ABAQUS/Explicit to predict the
martensitic transformation in different stress modes. As was illustrated in Figure 8, all
specimens with different stress states were discretized with C3D8R elements. In order to
improve computational accuracy and efficiency, one-eighth of notched and central hole
specimens were utilized. A quarter model of Nakajima specimen and a one-half model
of the shear specimen were created. Except for the Nakajima test, which uses 0.45 mm
hexahedral meshes in the crucial zone, the FE models use 0.09 mm hexahedral meshes
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along the thickness direction. As for the Nakajima tests, the punch, die, and holder are
represented as analytical rigid bodies in the FE model. Additionally, since the specimen
was sufficiently lubricated by a layer of soft silicon film, the friction coefficient between
punch and specimen was assumed to be 0.05, while between the holder and die it was
assumed to be 0.5 [67].
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specimen; (b) shear specimen; (c) notched specimen; (d) central hole specimen; (e) Nakajima specimen.

Using the DIC technique, the strain distribution of QP980 tensile specimens was
determined in different stress states. As shown in Figure 9a–d, the distribution of EPS by
the FE simulation just before fracture initiation are compared with the one measured by
DIC technology. This illustrates that the developed FE model can accurately depict the
strain distribution during plastic deformation.
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The evolution history of the retained austenite content is plotted in Figure 10. The
FE model and the analytical model could well predict the evolution of retained austenite
content with EPS in different stress states. Because of the inhomogeneous distribution
of stress triaxiality in the FE model when deformation occurs, there may be a notable
divergence between the FE and the analytical model presented in Figure 10a. When the
equivalent strain exceeds 0.25, the stress triaxiality in the central region of the Nakajima
specimen approaches 0.67, and the developed FE model can accurately forecast the change
of retained austenite in this deformation mode.
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5. Testing and Validation

During the stamping process of QP980 steel, the stress state of the sheet is changing
all the time. In this section, three experimental scenarios for complex loading paths are
presented. Based on established users’ subroutine VUMAT in ABAQUS/Explicit, the
martensitic transformation during the complex loading path tests can be described.

5.1. Cyclic Loading in Plane Strain

In the study, a setup was designed to supply cyclic loadings under the plane strain, as
illustrated in Figure 11. Dihedral punches are used in the plane strain test setup to provide
out-of-plane force to a symmetrically cut two-hole specimen. There are two chamfered
circular cut-outs with diameter of 16 mm on the specimen. The gage section between two
circular cut-outs is 20 mm. A dihedral punch with edge radius of 1 mm is used to apply
out-of-plane loads. The plane strain test setup was equipped with a draw bead, and a
blank holder force of 150 kN was employed to mount the specimen during the test. The
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surface strain of the specimen was obtained using the DIC strain measurement system
in the experiment. In order to verify the predictability of the martensitic transformation
model under cyclic plane strain path, the experimental procedures are shown in Table 8.
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Table 8. Experimental procedure for cyclic plane strain path.

Cyclic Plane
Strain Path

1st
Loading

1st
Unloading

2nd
Loading

2nd
Unloading

3rd
Loading

3rd
Unloading

4th
Loading

I duration/s 23 17 interrupted
II duration/s 23 17 26.2 28 interrupted
III duration/s 23 17 26.2 28 37 30 interrupted
IV duration/s 23 17 26.2 28 37 30 fracture

The cyclic loadings under the plane strain condition were modelled in the FE simula-
tion. The FE model used linear hexahedral C3D8R solid elements with eight nodes and
reduced integration. In the crucial area along the thickness direction, the FE models use
hexahedral meshes with a size of 0.09 mm. During the simulations, constant velocities
were applied to the specimen boundaries. The two-hole specimen was considered to be
mounted on their outer boundary. Both dihedral and spherical punches were represented
by rigid bodies. There was Vaseline paste between the blank and the punch to provide
full lubrication, so the friction coefficient between them was assumed to be 0.05. It was
assumed to use a friction coefficient of 0.2 was assumed between the die and holder. The
velocity of the punch was set to 12 mm/min.

The simulation results are evaluated with the experimental measurements shown in
Figure 12a to show the validity of the FE model. The comparison shows that the simulated
load-stroke curve fits the experimental values of the four loading-unloading cycles quite
well. At the same time, the evolution of the EPS at the center of the two-hole specimen
surface is extracted from the DIC data, and compared with the EPS at the same position in
the simulation in Figure 12b.

Interrupted tensile tests were used to monitor the evolution of retained austenite
content in case of cyclic plane strain loading [68]. XRD tests were implemented after the
assigned EPS of 0.06, 0.12, 0.2 and 0.23, respectively. The distribution of the retained
austenite content by the analytical model was made a comparison with the experimental
results, as shown in Figure 13.

Based on the FE simulations of the two-hole specimen, the martensitic transformation
characteristic of the part during forming was predicted and analyzed. The simulation
results are extracted when the EPS is 0.12 during the cyclic loadings under the plane strain
condition. The stress triaxiality, Lode angle parameter, EPS, and residual austenite distri-
bution were shown Figure 14. According to the FE simulation, the evolution of retained
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austenite is mainly concentrated in the central region of the two-hole specimen, which
resembles the distribution of EPS. When the temperature and strain rate are determined,
the transformation of retained austenite in QP980 steel is mainly related to the nonlinear
function D

(
η, θ
)
, and its value depends on the stress triaxiality and Lode angle parameter

of the sheet during deformation parameter. From Figure 14a,b, it can be seen that the
stress triaxiality and Lode angle parameter in the central area of the two-hole specimen are
relatively stable during the cyclic loading process of the QP980 sheet, but the changes in
other areas of the specimen are more complicated. Observing Figure 14d, it can be seen that
only the central area of the two-hole specimen has plastic deformation, so the evolution of
retained austenite is mainly concentrated in this area.
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5.2. Cyclic Loading in Shear Stress

In order to forecast the flow behavior for metal forming process, Brosius et al. [69]
presented a twin bridge torsion shear test equipment. A schematic sketch with two op-
posing shear bridges is shown in Figure 15. One round clamping region is located in the
middle, while the other is located on the outside. A plane torsional moment is transmitted
through the specimen by rotating the outer clamps in opposition to the inner ones. The
bridges, the only link between the interior and outside of the specimen, are subjected to
strain localization as a result of the slit geometry. Two bridges are constructed symmetri-
cally to prevent any unexpected forces or moments. Both bridges are sheared in the same
manner by rotating the clamps in opposition to one another. By switching the torsional
load, it appears that this specimen makes it simple to determine the cyclic behavior of
materials. Therefore, in order to explore the martensitic phase transformation law of QP980
steel under the cyclic shear loading path, two sets of cyclic torsional shear experiments
were designed. The loading terminated when the EPS of the bridge surface reached 0.07.
The reverse loading started until the value of the EPS increased to 0.13. Similarly, another
experiment was carried out until the 1st round EPS reached 0.12 and the reversed one
reached 0.32.

Due to the complexity of the double-bridge shear specimen, a simplified modeling
was adopted in the FE simulation, as displayed in Figure 15b. The local mesh refinement
was used for the critical area of the specimen to improve computing efficiency and accuracy.
The average element size in the slit geometry in the region of the bridge was selected as
0.15 mm [70]. In order to ensure the strain rate in the double-bridge region sufficiently
low, the torsional velocity in the experiment was set to 0.04 ◦/s. DIC strain measurement
system was enforced to acquire the surface strain.

The EPS at the region of the bridge of the specimen surface was obtained in the torsion
experiment and compared with simulation. As illustrated in Figure 16, the dotted lines
were obtained from two torsion experiments, and the solid lines were obtained from FE
simulations. The comparison shows that the simulated evolution of EPS was consistent
with the experimental data during the cyclic loading in shear stress.
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Figure 16. Comparison of the EPS evolution between simulation and experiment: these include the
evolution of the EPS on the surface of the twin bridge torsion shear specimen for two experimental
protocols and the evolution of the equivalent plastic strain on the surface extracted in the FE model.

The retained austenite content in the bridge area depicted by the proposed analytical
model agrees well with the experimental data, as illustrated in Figure 17. When the double-
bridge shear specimen is torsion, the stress triaxiality and Lode angle parameter in the
shear bridge region will change. Simultaneously, with the increase of EPS, the content
of retained austenite in this area will decrease continuously, especially in the areas with
larger D

(
η, θ
)

values on both sides of the shear bridge. The average D
(
η, θ
)

value of the
shear bridge surface is relatively stable, therefore, in Figure 17, the evolution history of
retained austenite extracted in the FE model is not much different from the analytical
model. Figure 18 shows the uniformly distributed retained austenite in the bridge area
of the torsion shear specimen because of the uniformly distributed stress state and EPS
during the pure shear test.
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5.3. Biaxial-Plane Strain/Shear Loading

In order to verify the predictability of the strain-induced phase transformation model
under the nonlinear strain paths, the Marciniak specimens were intended to experience the
biaxial pre-straining, followed by uniaxial tension or shear stress state. The prestrain of
Marciniak specimen is assigned to be 0.025 and 0.05, respectively. The notched specimens
and shear specimens were cut by wire electrical discharge machining (EDM) machining
from the stretched Marciniak specimens and were subsequently subjected to tensile test
respectively. Two interrupted tensile tests were carried out with the notched and shear
specimens. The interrupted time of the tensile test is shown in Table 9. The velocity of the
crosshead for the wire-cut specimens was 0.15 mm/min. The retained austenite content
was measured with the XRD method, and used to verify the analytical model.

Table 9. Experimental procedure for Biaxial-plane stain/shear loading.

Nonlinear
Loading Path Biaxial Tension-Plane Stain Nonlinear

Loading Path Biaxial Tension-Pure Shear

I 0.025 0.06 interrupted V 0.025 0.12 interrupted
II 0.025 0.10 interrupted VI 0.025 0.22 interrupted
III 0.05 0.07 interrupted VII 0.05 0.13 interrupted
IV 0.05 0.11 interrupted VIII 0.05 0.23 interrupted
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The ABAQUS/Explicit module in the FE program was used to realize the FE simula-
tion of this experiment. A quarter geometry of a specimen was used in the FE modeling.
The hexahedral grid size of the FE model has a maximum value of 1.5 mm and a minimum
value of 0.3 mm. The holder, the punch, as well as the die are modeled with analytical rigid
surfaces, as shown in Figure 19. In the FE simulation process, the C3D8R solid elements
were used for deformed mesh of the cylindrical cup. Since there was Vaseline paste between
the punch and the specimen, the friction coefficient is assumed to be 0.05. The value of
friction coefficient between the die and the holder was 0.5. The velocity of the punch was
set to 9 mm/min. In the experiment, DIC visualizes deformations and records strain over
the entire visible specimen surface.
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the EPS when the stroke reaches 25 mm. Since the distribution of the EPS of the Marciniak 
specimen is uniform, the notched and sheared specimens obtained by wire cutting have 
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Figure 19. Marciniak test FE model: (a) front view; (b) vertical view.

The EPS, instantaneous austenite content, stress triaxiality, and Lode angle parameters
during the deformation process were calculated in the FE software. Figure 20 shows the
distribution of the stress triaxiality, the Lode angle parameter, retained austenite and the
EPS when the stroke reaches 25 mm. Since the distribution of the EPS of the Marciniak
specimen is uniform, the notched and sheared specimens obtained by wire cutting have
uniform prestrain.
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The retained austenite content of the bulging specimen was measured by XRD method
to verify the prediction accuracy of the proposed martensitic transformation model. As il-
lustrated in Figure 21 the XY plane is intercepted at the surface of the bulge specimen in the



Metals 2023, 13, 823 24 of 30

vertical direction. The red cross-sectional profile shown in Figure 21a is 3D curve denoted
as curveL. The X-axis in Figure 21b corresponds to the length of curveL, Y-axis denotes
the VFRA when the stroke of the punch reaches 25 mm, and the origin is the left endpoint
of curveL in Figure 21a. The VFRA of four specific locations denoted by L1, L2, L3 and
L4 is extracted and compared with XRD test data, shown in Figure 21b. It can be seen
that the proposed martensitic-transformation model can accurately predict the distribution
of VFRA.
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Figure 21. When the stroke of the punch reaches 25 mm, comparison between Marciniak test results
and Prediction results of martensitic phase transformation by FE model: (a) schematic diagram of
the location of XRD points; (b) the results of martensitic transformation predicted by FE model are
compared with the experimental results.

Tensile tests were implemented with the mini notched and mini pure shear specimens
which were machined by wire-electrode cutting from the pre-strained Marciniak specimen
shown in Figure 22. Eight sets of interrupted tensile tests were conducted according to the
experimental procedure shown in Table 9. After 2.5% pre-strain of biaxial tensile test, the
specimens with the EPS of 6% and 10% under the plane strain loading (I and II) and the
specimens with the EPS of 12% and 22% under the shear loading (V and VI) were obtained.
Similarly, after 5% pre-strain of biaxial tensile test, the specimens with the EPS of 7% and
11% under the plane strain loading (III and IV) and the specimens with the EPS of 13% and
23% under the shear loading were obtained (VII and VIII). The retained austenite content
at the positions shown in Figure 22 (blue dots) was tested by XRD and compared with the
FE model. When the loading path is changed, the values of the stress triaxiality and Lode
angle parameter are quite different. Likewise, a sudden change in the value of D

(
η, θ
)

will then lead to a change in the speed and extent of the martensitic transformation. With
the continuous increase of EPS, the evolution trajectory of VFRA will be more obvious
compared with the loading path. Figure 23 shows the distribution of retained austenite with
EPS evolution under different loading paths. It shows that the martensitic transformation
model can well predict the distribution of VFRA and describe the sudden change due to
the variation of the stress triaxiality and the Lode angel parameter when non-linear strain
path occurs.
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Figure 23. Distribution of retained austenite with varying EPS under different loading paths: (a) com-
parison of the experimental results of the VFRA test and the VFRA prediction results of the FE model
under biaxial tension–plane strain tension at 6%, 10%, 7%, and 11% EPS; (b) comparison of the
experimental results of the VFRA test and VFRA prediction results of the FE model under biaxial
tension–pure shear at 12%, 22%, 13%, and 23% EPS.

6. Conclusions

Martensitic-transformation behavior under different temperatures, strain rates, and
stress states has been analyzed. The martensitic transformation kinetic model is developed
based on microscopic characterization. The stress-strain model considering the phase
transformation was then implemented in the FE simulation, and its feasibility is verified by
comparing with the experimental data. Finally, the user subroutine VUMAT is implemented
in ABAQUS/Explicit to describe the martensitic transformation during the complex loading
path test.

A phase transformation kinetic model considering temperature, strain rate, and stress
state is developed. As the temperature goes up, the amount of martensitic transformation
declines. The martensitic transformation rate increases sequentially in the order of pure
shear, uniaxial tension, plane strain, and biaxial tension. The phase transformation is
affected in a more complicated manner by strain. The increase of the strain rate will
inhibit the phase transformation at

.
ε < 0.1/s, while the increase will promote the phase

transformation at
.
ε > 0.1/s.

The deformation mode has a significant effect on the martensitic transformation
behavior of QP steel which is induced by strain. This different transformation behavior
changes the microstructure characteristics, which is invoked by the volume fraction of
the newly transformed martensite. Therefore, the difference in martensitic transformation
leads to the difference in flow stress under different deformation modes. The magnitude of
the stress state influence on the strain hardening is ascending with increase of the stress
triaxiality: pure shear (η = 0.0344), uniaxial tension (η = 0.3343), plane strain (η = 0.5391)
and biaxial tension (η = 0.6653).

The martensitic transformation behavior of QP steel under linear/nonlinear strain
paths was analyzed by designing cyclic and complex loading tests. The martensitic trans-
formation rate of QP steel under cyclic shear loading and plane strain loading was similar
to the one without cyclic loading, even in the case of the reverse loading as the cyclic shear
loading test does. It indicates that in the same stress state, the martensitic transformation
closely depends on the EPS without taking into account the effects of temperature and strain
rate could affect. However, if the specimen experiences nonlinear strain paths, such as the
biaxial–uniaxial/shear loading, the martensitic transformation rate of QP steel is obviously
influenced by nonlinear strain paths, such as the prestrain of the biaxial tension, stress state
and the EPS of the second-round deformation. The proposed martensitic transformation
model is capable of predicting the complex microstructural evolutions. Through the ap-
plication of QP steel with its characteristic strain-induced martensitic transformation, we
can obtain products with favorable strength and ductility characteristics. These properties
make QP steel suitable for potential applications in body parts such as car body beams,
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bumper beams, and roof reinforcement beams, based on their anticipated applications for
body parts.
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Figure A1. Retained austenite evolution with EPS and temperature in various stress condi-
tions: (a) shear; (b) uniaxial tension; (c) plain strain; (d) biaxial tension (The blue balls are the
experimental data).
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Figure A2. Retained austenite evolution with EPS and temperature at various strain rates: (a) 0.0002/s;
(b) 0.002/s; (c) 0.02/s; (d) 0.1/s; (e) 1/s; (f) 5/s; (g) 10/s (The blue balls are the experimental data).
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