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Abstract: Due to the phenomenon of deformation-induced phase transformation, the mechanical
properties of TRIP steel, including the elastic modulus, undergo changes during the deformation
process. This deviation from plastic theory in describing the deformation process is addressed
in this study. Through tensile and cupping tests conducted at different rates, the relationship
between inelastic deformation and forming time in TRIP steel is established. These tests demonstrate
the presence of viscosity and the rheological behavior of solid metal materials during inelastic
deformation. The experimental findings also highlight the significance of selecting an appropriate
deformation rate for successful TRIP steel forming. Excessive deformation rates can result in the
rapid transformation of residual austenite into martensite and increase the likelihood of material
cracking. Building upon rheological theory, a constitutive equation is developed to describe the
relationship between stress, strain, and strain rate for TRIP600 under creep test conditions. This
constitutive model is then applied to simulate the cupping test, and by comparing the simulation
results with actual test data, it is confirmed that the rheological constitutive model provides a more
accurate representation of TRIP steel deformation. Furthermore, it can guide the improvement of the
forming process to enhance the success rate of forming operations.

Keywords: TRIP effect; rheology; constitutive model; sheet metal forming; numerical simulation

1. Introduction

Hooke’s law, which describes the relationship between stress and strain for most
materials, is valid only within certain limits of stress and strain. When a specific yield
condition is met, the material undergoes inelastic deformation, including yield and plastic
flow. In the case of cyclic loading, inelastic deformation accumulates significantly, and its
mechanism is more complex than elastic deformation. Consequently, Hooke’s law is no
longer applicable in these situations [1]. It is important to note that plasticity, which is
independent of forming time, should be distinguished from time-dependent deformations
like creep [2,3]. Classical plastic theory divides inelastic deformation into two categories:
time-independent plastic deformation and time-dependent creep. The plastic constitutive
equation primarily focuses on the mechanical properties of materials under static forces
and does not account for the effects of strain rate or the historical effects of strain rates [4–6].
This plastic static constitutive relationship can only provide accurate results when the
material is insensitive to strain rate or when the working temperature is low and the
loading rate is very slow [7]. However, when the strain rate effect cannot be neglected,
the material exhibits different characteristics compared to those under static loads [8–10].
For instance, many metals experience a significant increase in yield strength under rapid
loading conditions, but the onset of yield is delayed [11–14]. Additionally, instantaneous
stress increases with higher strain rates. These phenomena collectively represent the strain
rate effect, and materials that are highly affected by strain rate are referred to as strain
rate-sensitive materials.
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TRIP steel is an advanced high-strength steel developed to utilize the TRIP effect
during the deformation process [15–19]. At room temperature, the microstructure of
TRIP steel mainly consists of inter-critical ferrite, bainitic ferrite, and residual austenite
(typically 5–15%). As a metastable phase, residual austenite tends to transform into the
more stable martensite under certain inelastic deformations [20]. The hardening properties
of martensite are superior to those of austenite, enhancing the material’s ability to undergo
uniform deformation and improving its plasticity [21–23].

The mechanical behavior of TRIP steel under different strain rates has been studied
extensively. J.L. Dai et al. [24] studied the dynamic and static response behavior of TRIP
steel, and the results indicated that the strength and plasticity of Q&P steel had significant
strain rate sensitivity. The yield strength and ultimate strength increased continuously,
whereas the elongation first decreased and then increased with the increase in strain rate.
Murr [25] found that in the dynamic tensile process, the greater the strain rate, the less the
residual austenite transforms into martensite in stainless steel. Perlade et al. [26] established
a physical model of the macroscopic mechanical properties of TRIP steel and well predicted
the volume fraction of strain-induced martensite from austenitic stainless steels under
uniaxial stress. Bleck [27] carried out tensile tests on TRIP steel in the strain rate range of
5 × 10−3–2 × 102 s−1, and the results showed that the elongation of TRIP steel would also
increase with the increase in strain rate, and the results of dynamic tensile tests were higher
than those of quasi-static tensile tests. Mao et al. [28] studied the influence of strain rate on
the tensile strength and deformation mechanism of TWIP-TRIP steel. Saito [29] studied the
effects of strain rate and temperature on the inelastic deformation characteristics of TRIP
steel and concluded that temperature would increase with an increase in strain rate, which
had an inhibitory effect on martensite transformation. Choi [30] analyzed the effects of
strain rate and residual austenite transformation amount on the mechanical properties of
TRIP steel and established the relationship between strain rate, residual austenite volume
fraction, tensile strength, elongation, energy absorption, yield strength, etc. He carried
out dynamic tensile tests on TRIP steel in the strain rate range of 1 × 10−3–2.5 × 102 s−1,
and the results showed that the energy absorption values of all samples increased with the
increase in strain rate. Oliver et al. [31,32] observed a change in the microstructure of TRIP
steel under the condition of a high strain rate, and the results showed that the elongation of
ferrite significantly increased and the transformation of residual austenite to martensite
increased. Iwamoto et al. [33] established a constitutive equation that could be used in the
uniaxial tensile simulation of SUS304 stainless steel by combining meso-mechanics and
Green’s self-consistent equation, which consider the effects of strain rate and martensite
shape. H.Y. Yu [34] derived the relationship between the change rate of residual austenite
volume ratio and the deformation rate in TRIP steel based on the transformation dynamics
model, and the results showed that an increase in deformation rate would lead to an
increase in the change rate of residual austenite volume ratio. Pychmintsev et al. [35] and
X.C. Wei et al. [36] found that with the increase in strain rate, the yield strength and tensile
strength of Si-Mn TRIP steel increased, the uniform elongation decreased significantly, the
total elongation also decreased, but the elongation of the instability zone increased. The
decrease in total elongation of TRIP steel was not obvious because the transformation of
residual austenite to martensite was induced in the deformation process, which relaxed the
stress concentration, combining with the thermal softening effect of strain. Moreover, many
examples indicate that the deformation behavior and energy absorption characteristics
of TRIP steel at high deformation rates change significantly compared with those under
quasi-static conditions [37]. Therefore, TRIP steel is a strain rate-sensitive material, and the
influence of strain rate and time on its mechanical behavior cannot be ignored in the study
of the constitutive relationship.

Despite this high strength, TRIP steel has poor formability and is prone to cracking
during the forming processes. One of the key challenges in TRIP steel forming is the lack of
a clear constitutive equation, resulting in a mismatch between the applied external force
and the expected deformation. The springback behavior of TRIP steel after unloading
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is complex, involving not only elastic recovery but also a significant amount of plastic
recovery. This complexity renders traditional stress–strain empirical formulas inadequate
for springback analysis in TRIP steel. Numerous theoretical and numerical models have
been developed to predict the formability of sheet metals [38–41]. Improving traditional
constitutive models is a common approach to constructing a constitutive model for TRIP
steel. For instance, Lee et al. combined the HAH model and QPE model to construct a
constitutive model for TRIP steel, resulting in improved simulation accuracy for spring-
back [42]. Yang et al. modified the QPE model and coupled it with the Lemaitre damage
model for springback simulation [43]. H.Y. Yu et al. enhanced the traditional Chaboche
model based on the martensitic transformation dynamics model, achieving higher accuracy
in springback simulation [44].

Employing elastic [H], viscous [N], and plastic [V] elements in rheology, along with
models such as Kelvin, Maxwell, and Bingham, enables a more accurate description of
the stress–strain relationship during the forming process of TRIP steel. This approach also
allows for a more reasonable explanation of the elastic and inelastic recovery behavior of
TRIP steel after work-hardening, softening, and unloading. The rheological constitutive
model, based on this theory, accurately and reasonably describes the properties of the
soft and hard phases in dual-phase steel (as well as complex-phase steel). It can also
characterize the behavior of the transition from residual austenite to martensite in TRIP
steel by adjusting coefficients and combinations of different elements. The mechanics of
work-hardening and springback during deformation can be analyzed using generalized
creep and generalized stress relaxation theory with this type of constitutive model. Thus,
the rheological constitutive model is ideal for describing and explaining the stress–strain
relationship in the TRIP steel-forming process.

2. Experimental Material and Procedure

The test material used in this study is a self-made TRIP steel with a grade of 600 MPa,
referred to as TRIP600. The chemical composition of TRIP600 is presented in Table 1.

Table 1. Chemical composition of TRIP600.

Element C Si Mn P (≤) S (≤)

W.T.% 0.13 1.25 1.43 0.02 0.01

The smelting process involved using a 50 kg vacuum induction furnace to melt the steel,
followed by forging the resulting ingots into billets measuring 130 mm × 100 mm × 35 mm.
These billets were then hot rolled to create a plate with a thickness of 4 mms, with the
final rolling temperature exceeding 900 ◦C. After rapid cooling, the samples underwent a
tempering process at 650 ◦C for 1 h. Subsequently, pickling and cold rolling were performed
to obtain cold-rolled plates with a thickness of 1 mm. Finally, heat treatment was conducted
using the ULVAC-CCT-AY-II simulation test machine made by Ulvac (Maozaki, Japan), with
the annealing process depicted in Figure 1a. The sample is heated to 800 ◦C for 92 s, then
cooled in stages to 410 ◦C for isothermal treatment, and finally cooled to room temperature
to obtain the microstructure of ferrite, bainite, and residual austenite. The primary objective
in designing these parameters is to align them with the temperature conditions experienced
by commercial TRIP600 in real production environments. Holding at 800 ◦C is conducted to
achieve a dual-phase structure of inter-critical ferrite–austenite. To obtain a minor portion
of proeutectoid ferrite, a slow cooling rate of 6.4 ◦C/s is maintained above 680 ◦C. Fur-
thermore, a rapid cooling rate exceeding 410 ◦C, specifically at 42.2 ◦C/s, is employed to
avert pearlite phase formation. Subsequently, the material undergoes isothermal treatment
to obtain bainitic ferrite and residual austenite. The metallographic photo is displayed in
Figure 1b. Polygonal ferrite (F) primarily forms during the inter-critical austenitizing hold-
ing stage and cooling stages above 680 ◦C. The bainite (B) structure mainly forms during
the isothermal period at 410 ◦C, consisting of lath-shaped bainitic ferrite and lath-shaped
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residual austenite or carbides on it. The slightly larger-sized island-like microstructures are
residual austenite islands. During the cooling stage after the 410 ◦C isothermal treatment,
there may be a very small amount of martensitic phase transformation, forming martensite–
austenite islands (A/M). Given that martensitic structures are undesirable in commercial
TRIP600 steel, this paper assumes the absence of martensitic phase transformations and
initial martensite during the cooling process.
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Figure 1. (a) Continuous annealing process diagram of the TRIP600 steel; (b) metallographic photos
of experimental materials; F represents ferrite, B represents bainite, A represents austenite, and M
represents martensite.

In order to assess the influence of different rates on the martensitic transformation, a
series of tensile tests were conducted on the GLEEBLE 3500 thermal simulator produced
by DSI (St. Paul, MN, USA). The experiment involved three different tensile rates: 0.1 s−1,
1 s−1, and 10 s−1. The stress–strain curves of TRIP600 were measured at each of these rates.

For each tensile rate, five different strain levels were selected: 0.10, 0.15, 0.20, 0.25,
and 0.30. Tensile tests were performed on the GLEEBLE 3500 thermal simulator using
these strain levels. The martensite volume fraction at the fracture section after the tensile
test was indirectly measured using an X-ray diffractometer. The sample size was about
15 mm × 10 mm, with a scanning angle range of 47–93◦ and a scanning speed of 2◦/min.
Based on Miller’s method for calculating the volume of austenite, the {200A}, {220A},
and {311A} austenite diffraction peaks, along with the {200F} and {211F} ferrite diffraction
peaks, were selected for calculation. This yielded a diffraction spectrum. The results were
then input into the Jade 6.5 software for automatic peak finding, and the peak values
and intensity values of each diffraction peak were sequentially entered into an empirical
formula, thus obtaining the residual austenite volume fraction under different amounts
of deformation.

The schematic diagram of the tensile test sample is provided in Figure 2.
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Figure 2. Schematic diagram of tensile test samples (Unit, millimeters).

Creep tests were conducted on the GLEEBLE to observe the strain variation trend in
the inelastic deformation zone of TRIP600 steel. Five stress levels were selected for the
experiment: 500 MPa, 540 MPa, 575 MPa, 610 MPa, and 650 MPa. These stress levels were
maintained for 9 h to capture the strain variation pattern.



Metals 2024, 14, 633 5 of 14

The cupping test is a reliable method for evaluating the strength and deformation
ability of sheet materials and is commonly used to assess the forming properties of sheet
metal. The test process is illustrated in Figure 3. During the test, the blank holder presses
the sheet metal while the ball head punches at a pre-determined speed until cracks appear
on the protruding part of the sheet metal. In this study, the sheet sample had dimensions
of 90 mm × 90 mm and a thickness of 1 mm. Prior to the test, graphite grease was evenly
applied to both sides of the sheet sample and the punch. The sample was then clamped
between the pressing die and the cushion die after zero setting. The clamping force was set
to 10 kN, and the punch speed was varied at 0.1 mm/s, 0.5 mm/s, 1.0 mm/s, 5.0 mm/s,
and 10.0 mm/s. The test utilized a spherical end punch with a stamping-sensitive value set
at 1000 N. When this value was reached, the equipment automatically unloaded, and the
depth of the sample at this point was recorded as the IE value. Specifically, for a speed of
1.0 mm/s, four key points (A–D) were selected for phase transition analysis using EBSD, as
depicted in Figure 3. The EBSD experiment was conducted using the HKL Nordlys electron
backscatter diffraction analysis system equipped with a ZEISS ULTRA 55 thermal field
emission scanning electron microscope at a magnification of 3000 times and a scanning step
size of 0.1 um/s.
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3. Results and Discussion

Figure 4 illustrates the tensile test curve, highlighting the impact of strain rate on
the strength and elongation of TRIP600. It is evident that the yield strength and tensile
strength of TRIP600 increase with higher strain rates. This observation clearly indicates
that TRIP600 is a material sensitive to strain rate, and its mechanical behavior during the
forming process is time-dependent, providing evidence for its viscosity.
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Figure 5 reveals the influence of strain rate on the martensite transformation. The
effective strain here refers to the effective plastic strain, and the effective plastic strain at the
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yield point is zero. In the stress–strain curve, it is equivalent to removing the elastic segment.
It is evident that, at the same strain level, the volume fraction of martensite increases with
higher strain rates. High strain rates result in a greater extent of martensite transformation.
Martensite, being a hard phase, enhances the material’s resistance to deformation. During
continuous deformation, if the material cannot effectively reduce deformation resistance
through thinning, it eventually leads to fracture.
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In the cupping test, the top portion of the sheet material undergoes significant defor-
mation, leading to an accelerated transformation of residual austenite with higher strain
rates. As the level of deformation continues to rise, the material eventually cracks when
the deformation resistance surpasses the sheet metal’s capacity to withstand thinning.
Consequently, for TRIP steel, regulating the appropriate forming speed becomes crucial for
enhancing the success rate of stamping part formation and preventing cracking.

EBSD analysis was conducted on the four designated key locations indicated in
Figure 3, and the findings are presented in Figure 6. The yellow region in the analysis
represents residual austenite. Subsequently, the volume fraction of martensite resulting
from deformation was deduced from the initial volume fraction of residual austenite, as
shown in Table 2. During the cupping test, different parts experience varying stress states,
resulting in disparities in strain across each area. During the deformation process, points
A, B, and C are in a bi-directional tensile stress state, and the degree of deformation near
the bottom of the specimen becomes more severe, leading to more residual austenite trans-
forming into martensite. The stress state at point D is in two directions under compressive
stress and one direction under tensile stress, which limits the deformation capacity of
this area. Combining Table 2 and the results of EBSD, it can be observed that the amount
of residual austenite transformation gradually increases from region D to region A. Key
point A, located near the top, is subjected to both compression and tension, resulting in
the highest strain and the largest volume of converted martensite. Ideally, the presence of
martensite, as a hard phase, enhances the strength of the deformation region and mitigates
further deformation in that area, thereby improving the overall homogeneity of sheet metal
deformation. However, in conjunction with previous research on the impact of deformation
rate on martensite transformation, excessively high forming rates can lead to premature
martensite transformation. This premature transformation does not enhance plasticity
but instead predisposes the sheet metal to crack prematurely. This aligns with rheology
theory, which suggests that higher forming rates result in larger viscosity correlation coeffi-
cients for the material and greater deformation resistance, making the material more prone
to cracking.
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Table 2. Content of martensite obtained from local deformation.

Points A B C D

Vmartensite/% 6.7 5.3 4.3 2.4

Currently, rheological models are generally classified into two categories: restricted
models and generalized models. The restricted models include the Kelvin model for
delayed elasticity ([K] = [H]|[N]), the Maxwell model for viscoelasticity ([M] = [H] − [N]),
the Bingham model for viscoplasticity ([B] = [H] − ([N]|[V])), and the Burgers model for
linear viscoelasticity ([M] − [K]). On the other hand, the generalized models consist of a
parallel arrangement of Maxwell models or a series arrangement of Kelvin models. High-
strength steels, such as TRIP steel, exhibit characteristics of both hard and soft phases. These
characteristics can be effectively described by the rheological model, which incorporates
the serial and parallel connections of elastic and plastic elements along with the variation
in parameters for each element. Additionally, the phase transformation-induced plastic
effects in TRIP steel during the deformation process also demonstrate a certain level of
viscosity. Therefore, it is necessary to incorporate a viscous element into the model. The
work-hardening behavior of TRIP steel resembles the series characteristics of the Maxwell
or Bingham models. Springback, which occurs after unloading, is caused by residual stress
from material deformation or uneven metal flow during processing. In the case of TRIP
steel, the springback often exhibits anelastic behavior, consistent with the creep behavior
observed in the rheological model. This behavior can be effectively described by the Kelvin
or Bingham models. For this study, the Bingham model was chosen to investigate the
rheological constitutive model of TRIP600, and its specific structure is depicted in Figure 7.
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According to the rheological model theory, the strain of the Bingham model should
meet the following requirements:

ε = εe + εvp (1)
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εvp = εp = εv (2)

where ε is the total strain, εe is the elastic strain, εvp is the viscoplastic strain, and εv and εp

are the strains of the dashpot and the friction piece, respectively. The spring stress, i.e., the
elastic stress σe, conforms to Hooke’s law and is equal to the total stress σ:

σ = σe = Eεe (3)

where E is the elastic modulus of the elastic element, which can also be called the elastic
coefficient of the model, but it is not equal to the elastic modulus of the material.

The magnitude of the stress σp first depends on whether the yield stress σs of the
material has been reached. When σp > σs, the stress that causes the continuous viscoplastic
flow of the material is related to the strengthening property of the material. To simplify the
problem, linear strengthening is adopted in this paper, and the strengthening parameter is
defined as B. Thus, in the subsequent yield stage of viscoplastic flow, the stress is

σp = σs + Bεvp (4)

σ = σp + σv (5)

where σv is the stress of the dashpot. When the viscosity coefficient of the material is set as
η, then

σv = η
.
ε

vp
= η

∂εvp

∂t
(6)

According to Equations (4)–(6), we can obtain

σ = σs + Bεvp + σv = σs + Bεvp + η
∂εvp

∂t
(7)

Combining Equations (2) and (3), we can obtain

BEε + ηE
∂ε

∂t
= Bσ + E(σ − σs) + η

∂σ

∂t
(8)

When the stress applied to the model is the constant σA, Equation (8) can be rewritten as

Bε + η
∂ε

∂t
=

B
E

σA + (σA − σs) (9)

The following results can be obtained by solving this first-order ordinary differential
equation:

ε =
σA

E
+

σA − σs

B

[
1 − exp

(
−B

η
t
)]

(10)

This is the equation of strain variation with time described by the Bingham model
at a certain stress level. After the instantaneous elastic deformation, the strain increases
exponentially and reaches a stable value, as shown in Figure 8.
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The strain–time relationship described by the Bingham model, namely Formula (10),
can be denoted as follows:

ε = c + b[1 − exp(−at)] (11)

Equation (11) is used to fit the strain–time data obtained from the creep test, and the
coefficient values in the formula are shown in Table 3, and then the parameter values of the
Bingham model are shown in Table 4. Thus, the strain–time equation of TRIP600 under
different stress states is obtained. The test data and fitting curve are shown in Figure 9.

Table 3. Parameter values of Equation (11).

σA/MPa c b a

500 0.08625 0.00118 0.000188371
540 0.1288 0.00189 0.00015664
575 0.16706 0.00305 0.000148928
610 0.22119 0.00479 0.000170665
650 0.29355 0.00926 0.000222197

Table 4. Parameter values of the Bingham model.

σA/MPa E/MPa B/MPa η/MPa·s
500 5797.10 40,677.97 215,946,011.34
540 4192.55 46,560.85 297,247,488.26
575 3441.88 40,327.87 270,787,688.36
610 2757.81 32,985.39 193,275,634.85
650 2214.27 21,382.29 96,231,224.62

Metals 2024, 14, 633 9 of 14 
 

 

 
Figure 8. Strain–time curve of the Bingham model. 

The strain–time relationship described by the Bingham model, namely Formula (10), 
can be denoted as follows: 𝜀 = 𝑐 + 𝑏ሾ1 − 𝑒𝑥𝑝(−𝑎𝑡)ሿ  (11)

Equation (11) is used to fit the strain–time data obtained from the creep test, and the 
coefficient values in the formula are shown in Table 3, and then the parameter values of 
the Bingham model are shown in Table 4. Thus, the strain–time equation of TRIP600 under 
different stress states is obtained. The test data and fitting curve are shown in Figure 9. 

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000
0.0862

0.0864

0.0866

0.0868

0.0870

0.0872

0.0874

0.0876

 500MPa Experiment
 500MPa Bingham

St
ra

in

Time (s)

0.1290

0.1295

0.1300

0.1305

0.1310

 540MPa Experiment
 540MPa Bingham

0.168

0.169

0.170

 575MPa Experiment
 575MPa Bingham

0.222

0.223

0.224

0.225

0.226

 610MPa Experiment
 610MPa Bingham

0.294

0.296

0.298

0.300

0.302

0.304

 650MPa Experiment
 650MPa Bingham

St
ra

in

 
Figure 9. Strain–time curve of the TRIP600 creep experiment. 

Table 3. Parameter values of Equation (11). 𝝈𝐀/MPa c b a 
500 0.08625 0.00118 0.000188371 
540 0.1288 0.00189 0.00015664 
575 0.16706 0.00305 0.000148928 
610 0.22119 0.00479 0.000170665 
650 0.29355 0.00926 0.000222197 

  

Figure 9. Strain–time curve of the TRIP600 creep experiment.

The relationship between 1
E , η, and σ is linear fitted, and the curve is shown in

Figure 10. Then, the curve equation of E and η with stress is obtained:

1
E
= −7.57731 × 10−4 + 1.84502 × 10−6σ (12)

η = 1.32737 × 109 − 1.8745 × 106σ (13)

The fitting results of the strengthening coefficient B value of the five groups are
averaged, and the result is 36,386.87.
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According to Equation (11), we can obtain

.
ε = ab·exp(−at) (14)

then
ε = c + b − 1

a
.
ε (15)

namely

ε =
σA

E
+

σA − σs

B
− η

B
.
ε (16)

Substituting the B value and Equations (12) and (13) into Equation (16), the constitutive
equation between stress, strain, and time of TRIP600 steel under the experimental condition
of fixed stress is obtained as follows:

ε = −7.3025 × 10−4σ + 1.8450 × 10−6σ2 + 51.5158σ
.
ε − 3.6479 × 104 .

ε − 0.01242 (17)

Equation (17) is a strain rate correlation function. Under the condition of a certain
loading stress, the strain is proportional to the strain rate; that is, the strain increases with
the increase in the strain rate. Assuming that the thickness of the sheet material used in the
cupping test is h, the relationship between strain rate and punch speed is

.
ε =

dε

dt
=

dh
h

1
dt

=
dh
dt

1
h
=

v
h

(18)

In the test, the thickness of the sheet material is 1 mm, and when the punch speed
is 0.1 mm/s, 0.5 mm/s, 1 mm/s, 5.0 mm/s, and 10.0 mm/s, the rheological constitutive
equation required in the numerical simulation is naturally obtained.
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To simulate the cupping process of TRIP600, the Dynaform software 5.9.3 is utilized,
and the IE value is recorded upon crack detection in the sheet. Initially, the software’s
constitutive model is employed for simulation, followed by the utilization of the previously
obtained rheological constitutive model for simulation. The results from both numerical
simulations are summarized and compared with the experimental data, as depicted in
Figure 11. As the set punch speed increases, the IE value gradually decreases, indicating
an increase in forming difficulty. The simulation results obtained using the rheological
constitutive model demonstrate closer agreement with the actual test data. When the
software’s constitutive equation is employed for simulation, the deviation between the
solution result and the experimental data is acceptable at lower punch speeds. However,
as the punch speed increases, the deviation becomes unacceptably large, rendering the
simulation no longer meaningful for reference purposes.
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Figure 11. The comparison of the cupping simulation and experiment results.

Figure 12 illustrates the comparison of forming limit diagrams (FLD) obtained from
two different sets of simulations while controlling the punching depth at 8 mm. This visual
comparison allows us to observe the distinctions between the two constitutive models. The
software’s constitutive model does not incorporate the phase transformation or the viscous
effects during the deformation process of TRIP steel. Consequently, when the punch speed
reaches 5.0 mm/s, the FLD image shows the presence of a yellow area, indicating a region on
the verge of rupture. This outcome contradicts the actual test observations. In contrast, the
results obtained with the optimized constitutive model, which is based on the rheological
theory discussed earlier, demonstrate good agreement with the experimental data. This
highlights the superiority of the rheological constitutive model over the traditional model,
which only considers elasticity and plasticity. By accounting for viscosity, the rheological
model can more accurately describe and replicate the phase transformation, resulting
mechanical properties, and forming outcomes during the deformation process of TRIP600.
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4. Conclusions

The analysis of TRIP600 sample microstructures reveals that the transformation rate
of residual austenite to martensite increases with higher deformation rates. However,
this premature martensite transformation does not enhance plasticity but hinders the
material’s ability to adapt to deformation through thinning. As a result, the material
experiences excessive deformation resistance, making it more susceptible to cracking.
Therefore, controlling the forming speed within a reasonable range is crucial for improving
the quality and success rate of forming TRIP steel.

Furthermore, the tensile speed has a significant impact on the strength and elongation
of TRIP600. This indicates the presence of viscosity during the deformation process, imply-
ing that solid metal materials exhibit rheological properties during inelastic deformation. By
utilizing the Bingham model and conducting creep tests under various loads, a rheological
constitutive model for TRIP600 is developed through regression calculations. This model is
suitable for approximate creep conditions and can be applied to numerical simulations of
the cupping test process. It has been demonstrated that the rheological constitutive model
accurately describes the deformation behavior of TRIP steel and provides guidance for
improving the forming process.
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