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ABSTRACT: This study evaluates the performance of a user-defined combined hardening modeling meth-
od for advanced high-strength steels (AHSS) under monotonic and reversal loading conditions. The plastic
behavior of TWIP980 and TRIP980 AHSS sheet metals is investigated using a cyclic plasticity modeling ap-
proach. The model incorporates an isotropic von Mises yield criterion and a single-term Chaboche nonlinear
kinematic hardening rule. Monotonic and reversal loading stress-strain curves are predicted and compared
with experimental results. The model accurately captured the Bauschinger effect for both materials, but it
needs help to effectively model the permanent softening behavior observed in TWIP980 steel. Overall, the
proposed modeling method agrees well with experimental results for monotonic loading and accurately rep-
resents the Bauschinger effect and transient behavior during reversal loading. However, better improvements
are needed to capture the permanent softening behavior of TWIP980 steel.
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RESUMEN: Caracterizacion de la respuesta por deformacion mecanica de los aceros AHSS: Un estudio compa-
rativo de modelos de plasticidad ciclica bajo carga monotonica e inversa. Este estudio evalua el rendimiento de
un método de modelado de endurecimiento combinado definido por el usuario para aceros avanzados de alta
resistencia (AHSS) bajo condiciones de carga monotodnica e inversa. Se investiga el comportamiento plastico de
las chapas de AHSS TWIP980 y TRIP980 utilizando un enfoque de modelado de plasticidad ciclica. El modelo
incorpora un criterio de fluencia de von Mises isotropico y una regla de endurecimiento cinematico no lineal
de Chaboche de un solo término. Se predicen curvas de tensidn-deformacion monotoénicas y de carga inversa y
se comparan con resultados experimentales. El modelo capta con precision el efecto Bauschinger para ambos
materiales, pero necesita ayuda para modelizar eficazmente el comportamiento de ablandamiento permanente
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observado en el acero TWIP980. En general, el método de modelizacion propuesto concuerda bien con los resultados experi-
mentales para la carga monotona y representa con precision el efecto Bauschinger y el comportamiento transitorio durante la
carga inversa. Sin embargo, son necesarias mejoras para captar el comportamiento de ablandamiento permanente del acero

TWIP9S0.
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1. INTRODUCTION

Advanced high-strength steels (AHSS) are exten-
sively utilized in the automotive industry due to their
high strength, good ductility, and reduced weight
(Keeler et al., 2017). The increased usage of AHSS in
car body structures allows for weight reduction while
maintaining structural integrity (Shan et al., 2018). In
this context, understanding the formability and me-
chanical behavior of AHSS steels is paramount. Dur-
ing sheet metal forming processes, such as bending and
unbending over die/punch radii or drawing beads, the
sheet materials experience cyclic loading. Accurately
describing the hardening behavior during cyclic load-
ing is crucial for reliable finite element analyses (FEA)
of these processes.

The Bauschinger effect, characterized by a decrease
in yield strength when the load is reversed, is a signif-
icant phenomenon observed during cyclic and reversal
loading conditions (Dieter, 1988).

Traditional isotropic hardening models fail to ade-
quately capture the Bauschinger effect, as they assume
a uniform expansion of the yield surface during hard-
ening. To accurately represent the Bauschinger effect,
kinematic hardening models are employed in cyclic
loading cases. These models translate the yield surface
within the stress space during hardening, allowing for
a more precise description of the material’s behavior.
The location of the yield surface is determined by the
back stress tensor (o) (Banabic, 2010). Several kine-
matic hardening models have been proposed, includ-
ing linear models by Prager (1956) and Ziegler (1959),
multilinear models by Besseling (1958), Mroz (1967),
Dafalias and Popov (1976), and the nonlinear models
by Armstrong and Frederick (2007) and Chaboche and
Rousselier (1983).

Numerous studies have investigated the defini-
tion of material behavior under cyclic loading using
kinematic hardening models. Koo and Lee (2007)
examined the ratcheting characteristics of modi-
fied 9Cr-1Mo steel using the Chaboche constitutive
model, demonstrating the model’s capability to de-
scribe cyclic behavior. Meyer et al. (2018) investi-
gated kinematic hardening models for large biaxi-
al deformations in pearlitic steel. They found that
combining the Ohno and Wang (1993) model with
the Burlet and Cailletaud (1986) radial evanescence

term improved the prediction of material response
during cyclic loading. Joo and Huh (2017) and Joo
and Huh (2018) developed rate-dependent isotrop-
ic-kinematic hardening models based on Zang’s iso-
tropic-kinematic model (Zang et al., 2011) to accu-
rately describe the hardening behavior of TWIP980
and TRIP980 steels at high strain rates. Skibicki et
al. (2022) coupled Tanaka and Chaboche hardening
models to extend the usage of the Chaboche mod-
el under asynchronous loading for E235 and E335
steels. They concluded that the proposed model can
be implemented for fatigue applications. Apart from
the cyclic deformation of the materials, kinematic
hardening is also essential for sheet metal forming
operations. One of the critical issues in forming pro-
cesses is the springback defect, and the kinematic
hardening approach is also able to predict this be-
havior. Firat (2008) and Firat ef al. (2013) success-
fully applied plasticity models incorporating mate-
rial anisotropy and the Bauschinger effect to predict
springback and formability in sheet metal forming
processes. He et al. (2022) conducted a comparative
study of kinematic hardening models of springback
prediction in the U-draw bending process. They con-
cluded that the prediction performance was affected
adversely with increased grain size. Yu et al. (2023)
employed a nonlinear kinematic hardening model to
predict the springback behavior of AHSS steels in the
U-draw bending process under different blank hold-
er forces and friction coefficients. They obtained ac-
curate results for predicting the Bauschinger effect
and springback profile of AHSS steels. Besides, kin-
ematic hardening can also be utilized in cup draw-
ing processes to predict earing defects. Aksen and
Firat (2023) also implemented an anisotropic yield
criterion in conjunction with the isotropic hardening
model and combined isotropic-Armstrong-Frederic
kinematic hardening model separately to capture the
earing defect of AA6016-T4 alloy in a cup drawing
process. It was seen that the earing prediction perfor-
mance was noticeably increased when the combined
isotropic-kinematic hardening model was assumed.
This study investigates the plastic behavior of
TWIP980 and TRIP98O0 steels, representative of AHSS,
under monotonic and reversal loading conditions. TRIP
steel is a first-generation AHSS, while TWIP steel is a
second-generation. In the structure of the TRIP steels,
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ferrite, martensite, residual austenite, and bainite are
present. During the deformation, the residual austen-
ite transforms to the martensite. Thus, the hardening
rate is increased, and high ductility and strength are
ensured. This type of transformation is also called the
TRIP effect in the literature (Jacques et al., 2001; Mu-
ransky et al., 2008; Fu et al., 2014).

On the other hand, TWIP steels contain a high ratio
of manganese to maintain the austenitic structure. This
structure ensures the twinning mode of the deformation
along with the dislocations. Accordingly, the hardening
rate is increased stemming from both twinning and dis-
location coalescence, which postpones the localization
of the deformation (Grassel et al., 2000; Prakash et al.,
2008).

A combined hardening model comprises an isotrop-
ic von Mises yield criterion and a single-term Chabo-
che nonlinear kinematic hardening rule. The model is
implemented in a commercial finite element code, and
FE analyses of tension and tension-compression tests
are performed. The predicted stress-strain curves under
monotonic and reversal loading conditions are com-
pared with experimental results to evaluate the model’s
predictive capability.

The accuracy of the presented cyclic plasticity mod-
el is assessed by examining the agreement between the
predicted and experimental stress-strain curves. The
outcomes of this research contribute to a better under-
standing of the mechanical behavior of AHSS steels
under different loading conditions and provide insights
for improving the modeling of their response.

This study contains 5 sections. In section 2, the gov-
erning equations of the cyclic plasticity modeling and
the construction of the FE model were presented. Sec-
tion 3 summarizes the prediction results of monotonic
and cyclic loading conditions. In section 4, the results,
which were compared with the experimental outcomes,
were discussed and the conclusions were summarized
in section 5.

2. MATERIALS AND METHODS

In this section, relevant information related to plas-
ticity modeling and finite element modeling was given.
In this study, TRIP980 and TWIP980 steels were se-
lected to investigate the cyclic response of the materi-
al. The TRIP steel contains C (0.21%), Mn (1.5%), Si
(0.24%), Al (1.6%), with iron balance, while the TWIP
steels contain high Mn content (16%). Apart from the
Mn, these steels contain high C content of 0.66%, Si
(0.035%), P (0.01%), with iron balance.

2.1. Cyclic plasticity modeling

The strain increment can be decomposed into elastic
and plastic components (Yildiz and Kirli, 2004),

de = de, +dg, (1)

where the elastic component consists of deviatoric and
hydrostatic components, and the plastic component is
entirely deviatoric.

de, = de, + deyl 2)

Here, I denotes the Kronecker delta and ¢ repre-
sents the mean strain. The Cauchy stress tensor can be
divided into elastic and plastic parts as well.

do = dS + dop,l 3)

The deviatoric stress increment can be found by the
deviatoric elastic strain increment as in Eq. (4).

dS = 2Gde, “4)

where, G refers to as shear modulus. This study em-
ploys a cyclic plasticity model, incorporating an iso-
tropic von Mises yield criterion and a single-term
Chaboche nonlinear kinematic hardening rule (Chab-
oche and Rousselier, 1983). The yield function is dic-
tated by the von Mises criterion that is given in Eq. (5).

fFelis—al- o @)

The Chaboche model describes the evolution of the
yield surface during plastic deformation using a back-
stress tensor (o) and includes both linear and nonline-
ar components (Pajand and Sinaie, 2009; Paul et al.,
2010).

da = %Cdep — yadp (6)

In Eq. (6), C and vy are the material parameters con-
trolling the translation of the yield locus. The first term
of this expression is the linear part of the backstress,
while the second term refers to the fading memory term
that provides the saturation of the backstress at C/y
(Paul et al., 2010). dp represents the equivalent plastic
strain and can be expressed as follows.

dp = Edsp.dsp (7)

The relationship between the plastic strain incre-
ment and the stresses follows the normality rule, based
on the flow tensor usual to the yield stress at the current
stress point.

&y = (dS:m) (8)

Here, n denotes the normal direction of the flow
tensor, and a hardening modulus (h) is included to sat-
isfy the consistency condition during plastic flow. The
stress state should satisfy the consistency condition
that is governed by Eq. (9).

df =dS:n—da:n=0 9
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2.2. Finite element model of tension-compression test

A tension-compression test is conducted using
TWIP980 and TRIP980 steels to validate the proposed
cyclic plasticity model. The test data is obtained from
previous work (Joo and Huh, 2018) and the thickness
was considered as 1 mm. The dimensions of the speci-
men are shown in Fig. 1.
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Figure 1. Dimensions of test specimen (Joo and Huh, 2018)

The finite element model of the specimen is created
using an implicit finite element code (MSC Marc). The
reduced region of the sample is discretized with fine
meshes to capture stress-strain data accurately. Eight-
node fully integrated hexahedral elements are utilized
(Marc (2018a) and Marc (2018b)) with the dimensions
of the solid element set as 0.86x1x1 mm (Fig. 2).

4 Critical Zone .

A spring-loaded clamping device is incorporated to
prevent buckling during the compression stage. The
specimen is fixed at one end, and displacement is ap-
plied to the other. The loading history for both monoton-
ic and reversal loading conditions is illustrated in Fig. 3.

The isotropic hardening parameters for TWIP980
and TRIP980 steels are determined using the Swift
hardening law (Eq. (10)).

Orrue = K(g0 + ep)p (10)

The Swift parameters are calibrated to fit the exper-
imental flow curve. To this end, the MATLAB Curve
Fitting Tool (CFTool) was utilized, and the Leven-
berg-Marquardt algorithm (Sapna et al., 2012) embed-
ded into the software was adopted. Here, p represents
the hardening exponent related to the slope of the flow
curve, while K and g represent the strength coefficient
and the plastic strain values, respectively. Apart from
them, the yield stress was dictated by the parameter
g, Both materials’ experimental and Swift hardening
curves are compared to validate the chosen parameters.
The flow curves were given in Fig. 4 and the hardening
parameters provided in Table 1.

The kinematic hardening part was characterized by
the single-term Chaboche model that is given in Eq.
(11) and Table 2 presents the kinematic hardening pa-
rameters.

i)

s 09
E 4
E 3
gE) 2
8 1
&
A 0
0 0,5 1
Time (sec.)
a)

E = { :
¥ e
= ji <
E =) 3
—EQ‘Q
5 1\
I
. 3
g 2
z 1
& 0
3 10 1 2 3
—% 2
2z -
-3 .
Time (sec.)

b)

Ficure 3. Loading history for a) Monotonic, b) Reversal loading
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TasLE 1. Hardening curve parameters of the steels
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TasLE 2. Kinematic hardening parameters of the steels
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Ficure 4. The hardening curves of a) TRIP980, b) TWIP980
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Eq. (11) is the integrated form of Eq. (6). The param-
eters C and vy are the material parameters controlling
the translation of the yield locus. C/y is the threshold at
which the back stress saturates. The back stress curves
were constructed based on the calibrated parameters
and these curves are presented in Fig. 5.

Back stress (MPa)

——TWIP980
—TRIP980

0 0,05 0.1 0,15 02
True plastic strain (-)

FiGurE 5. Back stress curves of the steels

The proposed cyclic plasticity model is implement-
ed in the commercial finite element code with the deter-

mined isotropic and kinematic hardening parameters.
The stress-strain curves under monotonic and reversal
loading conditions are predicted and compared with
the experimental results.

3. RESULTS

After determining the hardening parameters, finite
element analyses evaluate the stress-strain response of
TWIP980 and TRIP980 steels under monotonic and
reversal loading conditions. The predicted stress-strain
curves are compared with experimental data (Fig. 6).

Figure 6 compares the predicted and experimental
hardening curves for monotonic loading conditions. It
is observed that the predicted stress-strain curves ac-
curately align with the experimental results for both
TRIP980 and TWIP980 steels. Figure 7 compares the
predicted and experimental hardening curves for rever-
sal loading conditions.

The model successfully captures the Bauschinger
effect, with a decrease in yield strength when the load
is reversed, for both materials. The predicted yield
strengths in compression for both steels were close to
each other and approximately 600 MPa. These values
were found compatible with the experimental behavior.
1100 MPa and 920 MPa are the approximate thresholds
reached at the end of the loading sequence for TRIP980
and TWIP980 steels, respectively. These values were
also the yield stresses if these steels were loaded in the
same direction (tension). However, when these steels
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FiGURE 6. The predicted and experimental stress-strain responses for monotonic loading of a) TRIP980, b) TWIP980 steels
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Ficure 7. The predicted and experimental stress-strain responses for reversal loading of a) TRIP980, b) TWIP980 steels

were subsequently loaded in compression, the change
in TRIP980 steel was found to be more apparent. This
situation shows that the Bauschinger effect was more
dominant for TRIP980 steel when compared to the
TWIP980 steel. The stress-strain behavior of TRIP980
steel is well-predicted by the model, while a minor de-
viation is observed for TWIP980 steel. This discrep-
ancy can be attributed to the permanent softening be-
havior exhibited by TWIP980 steel, resulting from the
dissolution of the cell walls of dislocations (Zang et
al., 2011). Based on Armstrong-Frederick-type unified
models, the current model cannot fully represent this
behavior.

4. DISCUSSION

This work employs a user-defined combined hard-
ening model to characterize the stress-strain response
of TWIP980 and TRIP980 steels under monotonic and
reversal loading conditions. The model incorporates an
isotropic von Mises yield criterion and a single-term
Chaboche nonlinear kinematic hardening rule. The
predicted stress-strain curves demonstrate good agree-

ment with experimental results for monotonic loading
conditions, indicating the accuracy of the proposed
model.

Furthermore, the model effectively captures the
Bauschinger effect and transient behavior during rever-
sal loading for both materials. Zang et al. (2011) stud-
ied the springback response in U-draw bending for an
aluminum alloy. Since the kinematic hardening rule is
significant for springback prediction, they utilized and
calibrated a unified hardening model. They observed
that the Armstrong-Frederic type hardening mod-
els can capture the Bauschinger effect and transient
behavior. Caylak ef al. (2022) also utilized the Arm-
strong-Frederic type hardening model to characterize
the deformation behavior of oxygen-free high thermal
conductivity copper material under combined tensile
and cyclic bending loads. They also observed similar
outcomes. In this work, a minor deviation is observed
in the stress-strain response of TWIP980 steel, attrib-
uted to its permanent softening behavior. Similar re-
sults were also recorded in the study of Fu ez al. (2016).
They adopted nonlinear kinematic hardening models
and observed for the TWIP980 steel that the numeri-
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cal results deviated from the experimental reciprocals.
The inability of the Armstrong-Frederick type unified
models to represent this behavior highlights the need
for further improvements in modeling the permanent
softening observed in TWIP980 steel.

The demonstrated combined hardening model pro-
vides a practical and user-friendly approach to charac-
terize the stress-strain response of AHSS steels under
different loading conditions. The model successful-
ly predicts the material behavior of TWIP980 and
TRIPI980 steels. However, modifications or alternative
modeling approaches may be necessary to enhance its
capability and fully capture the permanent softening
behavior (Zang et al. (2011). The findings of this study
contribute to a better understanding of the mechanical
behavior of AHSS steels and provide insights for fur-
ther advancements in modeling their response under
monotonic and reversal loading conditions.

5. SUMMARY AND CONCLUSIONS

This study evaluated the performance of a user-de-
fined combined hardening modeling method for ad-
vanced high-strength steels (AHSS) under monotonic
and reversal loading conditions. The plastic behavior of
TWIP980 and TRIP9S8O0 steels was investigated using a
cyclic plasticity modeling approach, incorporating an
isotropic von Mises yield criterion and a single-term
Chaboche nonlinear kinematic hardening rule.

The results of the study demonstrate the following
conclusions:

— The proposed combined hardening model accu-
rately predicts the stress-strain response under
monotonic loading conditions for TWIP980 and
TRIPISO0 steels, showing good agreement with ex-
perimental results.

— The model successfully captures the Bauschinger
effect and transient behavior observed during re-
versal loading for both materials, indicating its
ability to represent the cyclic behavior.

— However, the model exhibits a minor deviation in
predicting the stress-strain behavior of TWIP980
steel during reversal loading. This discrepancy is
attributed to the permanent softening behavior of
TWIP980 steel, which the current model, based on
Armstrong-Frederick-type unified models, cannot
fully capture.

— The user-defined combined hardening model
presented in this study provides a practical and
user-friendly approach to characterize the stress-
strain response of AHSS steels under monotonic
and reversal loading conditions.

The findings of this study contribute to a better un-
derstanding of the mechanical behavior of TWIP980
and TRIP980 steels under different loading conditions.
The model’s accuracy in capturing the Bauschinger ef-
fect and transient behavior demonstrates its potential
for predicting the material response in AHSS applica-

tions. However, further improvements or alternative
modeling approaches are required to effectively rep-
resent the permanent softening behavior observed in
TWIP980 steel.

Future research efforts should focus on enhanc-
ing the modeling capabilities to capture the complex
behavior of AHSS steels, including their permanent
softening behavior. This will facilitate more accurate
predictions of the material response and enable the re-
liable simulation of AHSS components in various in-
dustrial applications.
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