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Modeling of metal processing requires constitutive laws able to represent the experimental material
behavior. Of the large number of available empirical constitutive equations, only a subset may be fitted
accurately to given experimental data. The present work is aimed at identifying the equations that can be
used to model the ambient temperature mechanical behavior of high Mn twinning-induced plasticity
(TWIP) steels. These are fitted to experimental data for TWIP900 and further compared in terms of their
ability to predict springback. The reference springback value is determined experimentally for the same
material. The study provides guidelines for the selection of the constitutive model in forming simulations for
this type of steel.

Keywords empirical constitutive equations, finite element anal-
ysis, twinning-induced plasticity (TWIP)

1. Introduction

In recent years, the automotive industry has paid more
attention to lightweight design, fuel economy, low emissions
and vehicle safety. Achieving these goals requires the use of
new materials with larger specific strength and energy absorp-
tion. Steels play a central role in manufacturing in many
industries, including the automotive industry. The new gener-
ation of advanced high strength steels (AHSS), including dual-
phase (DP), transformation-induced plasticity (TRIP) and
twinning-induced plasticity (TWIP) steels, provide large
strength, excellent ductility and large energy absorption before
failure (Ref 1). The use of lightweight alloying elements in
these steels, such as Al, leads to substantial density reduction,
with an associated significant increase in the specific strength
and toughness (Ref 2).

TWIP steels have austenitic, single-phase structure, which is
metastable in ambient conditions. Deformation leads to the
nucleation and growth of a large density of twins which, in
turn, causes pronounced strain hardening through the dynamic
Hall–Petch effect (Ref 3). The large strain hardening associated
with the intense twinning stabilizes plastic flow and postpones
strain localization such that strains to failure above 30% and
true ultimate tensile strengths above 1 GPa are measured (Ref
4-6). The very large specific energy absorbed before failure
makes these materials ideals for car frame components with
role in energy dissipation during collision (Ref 1, 7).

The key component of TWIP steels is Mn which helps
stabilize the face-centered cubic austenitic structure at room

temperature (RT). About 27% Mn is required in the binary Fe-
Mn system to produce RT metastable austenite. The addition of
only 0.6% C reduces the amount of Mn needed for austenite
stabilization to about 12%. Increasing the carbon percentage
above 1% causes precipitation of carbides, which is not
desirable in these alloys. The presence of C reduces the
stacking fault, which promotes planar slip. However, in Fe-Mn-
C alloys with stacking fault energy (SFE) below 15 mJ/m2,
martensitic transformation (e-martensite) takes place during
deformation leading to the TRIP effect. The addition of Al
inhibits the c � e martensitic transformation, hence promoting
the TWIP effect (Ref 7-10).

The control of the SFE is central to TWIP steel design. Al
increases the SFE and so does Si. In general, a SFE in the range
15-40 mJ/m2 is considered ideal for TWIP (Ref 11). SFE
values in this range can be obtained for various material
compositions.

Together with the benefits related to the high strength and
ductility, the drawback of a large springback during processing
of sheet metal emerges (Ref 4, 5). This is usually mitigated by a
trial-and-error experimental approach which requires dies to be
manufactured and subsequently adapted to minimize spring-
back. However, this procedure is expensive and time-consum-
ing. An alternative is the use of models for the forming process
which are able to predict the amount of springback of the part
being formed. This allows more precise die design and
substantial cost reduction. For optimal performance, these
models require as input a constitutive description which
reproduces the mechanical behavior of the respective material.
Obviously, the constitutive model has a strong influence on the
predicted behavior (Ref 12-22). Similarly, the prediction of the
forming limit diagram by computational means depends to a
large extent on the accuracy of the constitutive model (Ref 23).

The capability of several material models to represent the
mechanical behavior of TWIP900 steel is studied in this work.
Eight empirical models are fitted to the stress–strain curves
obtained experimentally at RT, and their ability to capture the
details of the stain hardening versus strain curve is analyzed.
Each of these models is then implemented in a commercial
finite element package and used to predict the springback for a
specific die configuration. The parameters of the yield surface
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used in the simulation are also calibrated based on experimental
data. The reference springback is obtained experimentally using
a die setup identical to that used in simulations. It is concluded
that five of the eight models considered can be fitted accurately
to the experimental data and predict springback with an error
smaller than 10%. The results reported can be used to guide
material model selection in process simulations of this material.

2. Material and Experimental Procedures

TWIP900 steel sheet of 1.3 mm thickness was used in this
study. The material was produced by cold rolling and was
supplied by POSCO Steel-Making Company, South Korea. The
chemical composition of this steel is Mn (20.96%), Al (4.8%),
Cr (0.46%), Cu (0.06%), Si (0.17%), C (0.37%) and Fe
(balance). This is a typical TWIP steel composition with high
Mn content and added Al to control the stacking fault energy.

The material was used in as-received conditions, and prior
heat treatments applied are not known. In order to gain insight
into the state of the microstructure, the surface of untested
samples was polished and etched with HNO3 + HCl + water
(4:4:2). The Nital solution is generally used to evidence the
microstructure of TWIP steels (Ref 24-30). HCl was added in
some cases to the Nital solution (Ref 31-33). This combination
was selected in this work. Austenite, e-martensite and a�-
martensite are identified based on their color, as they appear after
etching as blue/brown, bright and black, respectively (Ref 34,
35). The microstructure was observed by optical and scanning
electron microscopy (SEM). Figure 1(a) shows the SEM image
of the as-received material. The grain size is approximately
4 lm. Twins of thickness of approximately 800 nm are evi-
denced by etching. The width of one of the twins is shown by
arrows in Fig. 1(a). These large twins span the entire grain and
end at grain boundaries. This is a typical microstructure for as-
received TWIP (Ref 2, 3, 6). Due to the limited resolution, it was
not possible to observe twins of smaller thickness which,
however, are a expected to exist (Ref 6).

Tensile test samples were prepared according to the ASTM
E8 standard. Tensile tests were performed using a Shimadzu
Autograph AGS-X 100 kN tensile testing machine integrated
with a video extensometer. Three strain rates of 8.33 9 10�3,
4.16 9 10�2 and 1.66 9 10�1 s�1 were used in separate
experiments. Each test was repeated at least three times in
order to insure data repeatability. All tests were performed at
the ambient temperature.

In order to determine the springback of the material,
rectangular plates of dimensions 35 mm 9 200 mm were cut
with the longitudinal direction in the rolling direction and were
deformed using the setup shown schematically in Fig. 2. The
device is a 60�V-shaped open die. Bending tests were
conducted at 25 mm/min speed and RT. This deformation
speed corresponds to an effective maximum strain rate in the
outer fibers of the bent beam of 2.1 9 10�3 s�1. No ironing
force was used. After bending, the punch was retracted
immediately to the starting position. All tests were repeated
at least three times, and the resulting stress–strain curves were
averaged. Springback was measured by image analysis after
unloading.

Fig. 1 Scanning electron microscopy images of (a) undeformed
(0% strain) and deformed samples at (b) 20% strain and (c) 40%
strain. The arrows in (a) show one of the twins and indicate its
thickness
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3. Constitutive Models Considered

The objective of this study is to test the adequacy of various
standard empirical constitutive models to represent the mechan-
ical behavior of TWIP steel.

A large number of such equations have been proposed and
used in the literature for various materials. Those considered in
this study are presented in Table 1. The list includes some of
the most widely used models of this type. In all cases stress

depends on strain as the only variable and hence the
constitutive behavior is strain rate and temperature insensitive.
It is well documented that TWIP has very small strain rate
sensitivity (Ref 6-8), which may become slightly negative in
certain strain rate and temperature conditions. This is supported
by our experimental data discussed in the next section. Due to
this reason, we do not include strain rate effects in this analysis.
Temperature is important in some applications, especially if
strain localization leading to adiabatic shear banding takes
place (Ref 36). Localized deformation-induced heating
notwithstanding the importance of temperature variations
depends on the application. For example, if the material is
used in car frames for the purpose of energy dissipation during
impact, the temperature variation is not an important design
parameter. More importantly, the stacking fault energy
increases monotonically with temperature (Ref 9) and this has
a strong effect on the TWIP effect. It is possible to completely
eliminate the TWIP effect and revert to standard dislocation-
based plastic deformation by simply increasing the temperature
by few hundred degrees. Due to this reason, most studies of
TWIP steels are performed at RT.

All models except Hollomon�s, model (1), correspond (as
shown in Table 1) to the rigid plastic approximation and are
fitted to the post-yield part of the stress–strain curve. The
equations in Table 1 include a number of constants which are
determined by fitting the material point behavior to the
experimental true stress–true strain curves. This is performed
using the Levenberg–Marquardt nonlinear optimization tech-
nique within the OriginLab software (Ref 37). An overall error
of 10�6 was imposed as convergence criterion. Multiple
starting points were selected during optimization to explore
the existence of multiple possible solutions. In cases in which
the procedure led to different solutions, that corresponding to
the best fit of the experimental data was selected.

4. Results and Discussion

4.1 Comparison of Various Constitutive Models

Figure 3 shows the experimental true stress–true strain
curves obtained at three strain rates of 8.33 9 10�3,
4.16 9 10�2 and 1.66 9 10�1 s�1. The curves are typical for
this material, exhibiting a weakly rate sensitive yield stress of
approximately 600 MPa, and strong and sustained strain
hardening. The failure true stress is above 1 GPa, and the
failure strain is approximately 35%. The strain rate sensitivity
of the flow stress is essentially negligible at all strains. These
data are presented in order to support our choice of strain rate-

Fig. 2 Setup used for springback evaluation

Table 1 Constitutive models used in this study (Ref 21)

Models Equations

Hollomon (Ref 22) rðeÞ ¼ A1eA2 (1)
Power (Ludwik) (Ref 23) rðeÞ ¼ A1 þ A2eA3 (2)
Krupskowsky (Swift) (Ref 24) rðeÞ ¼ A1ðA2 þ eÞA3 (3)
Voce (Ref 25) rðeÞ ¼ A1 þ ðA2 � A1Þ expð�A3eÞ (4)
Hockett/Sherby (Ref 26) rðeÞ ¼ A2 � ðA2 � A1Þ expð�A3eA4 Þ (5)
Swift–Voce (Ref 27) rðeÞ ¼ A1ðA2ðA3 þ xÞA4 Þ þ ð1� A5ÞðA6 þ ðA7 � A6Þ expð�A8xÞÞ (6)
El-Magd (Ref 28) rðeÞ ¼ A1 þ A2eþ A3 1� expð�A4eÞ½ � (7)
Generalized Voce (Ref 29) rðeÞ ¼ A1 þ ðA2 þ A3eÞ 1� expð�A4eÞ½ � (8)
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independent constitutive equations shown in Table 1. The
material exhibits a small strain hardening rate sensitivity, as
discussed in (Ref 6). Based on these observations, we consider
the response strain rate-independent and fit the models listed in
Table 1 only to the stress–strain curve obtained at the strain rate
8.33 9 10�3 s�1.

It is of interest to observe the evolution of the microstructure
during straining, as inferred from the SEM images of etched
surfaces. Figure 1 shows SEM images of etched surfaces in the
undeformed (0% strain) and deformed (20 and 40% strain)
states. The microstructures are clearly different, with the
characteristic size of features decreasing continuously upon
straining. The grain size remains constant, but the density of
twins increases. The thickness of the visible twins decreases
from about 800 nm in the undeformed state (Fig. 1a) to about
200 nm at 40% strain (Fig. 1c). Deformation-induced
microstructural refinement was observed before in TWIP steels
(Ref 38). As the strain increases, the amount of twinned volume
of material is controlled by the increase in the number of
deformation twins, rather than by the increase in the thickness
of existing twins.

The model parameters (i.e., coefficients Ai) resulting from
fitting the equations shown in Table 1 to the experimental data
are listed in Table 2. The goodness of fit is indicated by the R2

r
value which is also reported. It is seen that the goodness of fit is
excellent for all models except Hollomon�s model. The direct
comparison of the measured stress values and those predicted

using the various models after fitting is shown in Fig. 4.
Clearly, Hollomon�s model performs poorly, while the other
models reproduce well the experimental data. A similar
investigation was performed by Hochholdinger et al. (Ref 19)
for 22MnB5 (hot forming of boron alloy). They report that the
Hockett/Sherby model, (model (5) in Table 1), provides the
best fit to their experimental data, while the Swift–Voce (model
(6) in Table 1) overpredicts hardening.

Further, the ability of the models in Table 1, calibrated as
discussed above, to predict strain hardening, h ¼ dr=de, is
tested by comparing their predictions with the experimental
strain hardening versus strain curve corresponding to the strain
rate of 8.33 9 10�3 s�1. The experimental h eð Þ along with
predictions of all models is shown in Fig. 5. The experimental
curve exhibits features that have been broadly discussed in the
literature: the initial drop in h is associated with the rapid
dislocation recombination at the onset of plastic deformation.
Twinning begins after few percent strain and hence the initial
part of the curve is entirely associated with dislocation activity.
Once twinning begins, h eð Þ levels off and its slope may even
become positive in a certain range of strains. This quasi-plateau
is considered a central feature of the TWIP effect. The value of
the plateau (approximately 2500 MPa, Fig. 5), is very large.
Beyond the weakly defined hump observed in the vicinity of
10% strain, h eð Þ exhibits a slight, but monotonic decrease.

The comparison of the predicted h eð Þ with the experimental
curve is a much tougher test for the performance of the
constitutive models than the comparison of the stress–strain
curves. As seen in Fig. 5, Hollomon�s, Swift�s and the Power
models (models (1), (2) and (3) in Table 1) perform poorly
compared with the other models. In addition, none of the
proposed models is able to capture the localized hump of the
experimental h eð Þ curve in the vicinity of 10% strain. Since for
this particular material the lack of monotonicity is not
pronounced, this discrepancy is of limited importance. In fact,
this feature of the h eð Þ curve can only be captured by
specialized, mechanism-based models, see discussed, for
example, in Ref 10.

Contrary to these findings, Collo et al. (Ref 39), who
investigated DP steels, reported that the Hollomon model
provides the best prediction capability compared to the
Pickering, Crussard–Jaoul and Bergstrom models. In another
study dedicated to the finite element analysis of advanced high
strength steels, the predictions of the Hollomon and Swift
models were closest to the experimental data (Ref 40). In
another study focusing on 304 and 430 stainless steels, the El-
Magd equation provided a very good estimate, while the
Ludwik equation provided a poor estimate (Ref 41).
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Fig. 3 True stress–true strain curves obtained at three different
strain rates

Table 2 Coefficients Ai of models listed in Table 1

Models

Coefficients A1 A2 A3 A4 A5 A6 A7 A8 R2
r

(1) Hollomon 1621.011 0.286 0.9594
(2) Power (Ludwik) 520.598 1708.897 0.777 0.9997
(3) Krupskowsky (Swift) 1988.09 0.098 0.5581 0.9998
(4) Voce 2011.653 550.071 1.906 0.9999
(5) Hockett/Sherby 556.61 1825.012 2.43 1.051 0.9999
(6) Swift–Voce � 0.5888 1988.09 0.098 0.5581 � 0.591 2011.653 550.071 1.906 0.9999
(7) El-Magd 552.066 � 13,289.86 62,283.14 0.2569 0.9999
(8) Generalized Voce 551.139 380.797 1129.934 7.165 0.9999
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Fig. 4 Comparison of the experimental true stress values with those predicted using models in Table 2
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4.2 Prediction of Springback

The ability of the various models considered to predict
springback is studied next. To this end, each constitutive model
considered was implemented in a finite element model of the

configuration shown in Fig. 2. This represents the deformation
of a rectangular plate using a 60�V-shaped die. The finite
element code DYNAFORM (Ref 43) was used for this purpose.

The die and punch were modeled as rigid bodies, and the
model was meshed fine enough to eliminate mesh sensitivity.
The Belytschko–Tsay shell element with 5 integration points
through the thickness was selected in order to simulate the
deformation accurately. The friction coefficient was considered
to be 0.1 in all simulations; this value is generally assumed in
forming models in the literature (Ref 44-46).

Each of the material models was implemented within the
MAT_122 material model (Hill48) (Ref 47) of the LS-DYNA
material library. This provides the yield surface in the form:

2f ðrijÞ � F ry � rz
� �2 þG rz � rxð Þ2 þH rx � rzð Þ2

þ 2Ls2yz þ 2Ms2zx þ 2Ns2xy ¼ 1

ðEq 1Þ

where F, G, H, L, M and N are material constants and x, y
and z are the mutual orthogonal axes of orthotropy. Under
plane stress condition, the yield surface can be written as:

2f ðrijÞ � Gþ Hð Þr2x � 2Hrxry þ H þ Fð Þr2y þ 2Ns2xy ¼ 1:

ðEq 2Þ

constants F, G, H and N can be written in terms of the aniso-
tropy parameters r0, r45, r90 as:

F ¼ r0
r90ð1þ r90Þ

;G ¼ 1

ð1þ r0Þ
;H ¼ r0

ð1þ r0Þ
;

N ¼ ðr0 þ r90Þð1þ 2r45Þ
2r90ð1þ r0Þ

:

ðEq 3Þ

the anisotropy parameters for our samples were obtained from
separate tensile tests performed in the rolling, diagonal (45�)
and transverse directions. The respective stress–strain curves
are shown in Fig. 6 (Ref 48). The parameters result:
r0 = 0.768, r45 = 1.035, r90 = 1.274.

The simulations were performed using a punch velocity of
25 mm/min, which is identical during loading and unloading.
The springback angle, defined as the difference between the
angle of the die and the final angle of the part, was calculated
from each simulation.
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The reference value for the springback study was obtained
experimentally. An experimental setup similar to that in Fig. 2
was used, and the deformation was performed with a punch
velocity identical to that reported above and used in the model.
The springback angle was measured by optical means, and it
was 29.09�.

Figure 7 shows the comparison of this value (leftmost
column) with the values obtained with each model in Table 1,
with parameters listed in Table 2. The error corresponding to
each model is also reported in Fig. 7. As expected, Hollomon�s
model performs the poorest. The other models provide predic-
tions within 10% from the experimental value. A springback
prediction error of 10% and smaller is generally considered
acceptable in the literature (Ref 49, 50). Therefore, we conclude
that most models in Table 1 lead to acceptable predictions. It is
also useful to observe that models calibrated based on uniaxial
tension data apply also to bending, which involves both tension
and compression. This is applied if the material behavior (e.g.,
the yield surface) is symmetric in tension and compression,
which is the case for the material tested (Ref 7).

The key parameters controlling springback are the elastic
modulus, the yield strength, the degree of anisotropy and the
hardening behavior (Ref 51). The tool geometry and sheet
thickness are also important factors (Ref 52, 53). A material with
low elastic modulus exhibits large springback. The magnitude of
springback depends on the maximum stress reached during
loading, and hence, a material with large strain hardening will
present larger springback than a material with small strain
hardening and of same yield stress. Therefore, TWIP steels that
exhibit vary large hardening rates at all plastic strains and large
flow stress values are expected to exhibit large springback. The
ability of a model to represent springback accurately depends on
its ability to capture the details of the mechanical behavior of the
material in the relevant range of stress and strain. The conclusion
of practical importance here is that most models predict
springback within 10% of the experimental value and hence
can be used in forming simulations. This occurs despite the fact
that not all of these models provide equally good overall
predictions of the stress–strain curve.

5. Conclusion

The ability of several empirical constitutive models to
represent the mechanical behavior of TWIP900 high Mn steel
was investigated. Eight empirical models were calibrated by
fitting to an experimental stress–strain curve. With the exception
of Hollomon�s model, all models considered can be fitted with
reasonable accuracy to the stress–strain curve. However, only the
last five models in Table 1 provide an accurate representation of
strain hardening. Further, the models were used in conjunction
with Hill�s yield surface to predict plastic deformation and
springback of a plate subjected to bending in a V-shaped die. All
models except Hollomon�s provided predictions within 10% of
the springback value obtained experimentally for the same
configuration. These results guide model selection in simulations
of plastic deformation of this type of TWIP steel.
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