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Abstract: Advanced materials are widely recognized as a key enabler of technologies underpinning the Fourth Industrial
Revolution (4IR), as progress in many sectors relies heavily on the availability of functionally graded and high-performance
materials. In particular, the development of advanced metallic materials has made it possible to manufacture products and
systems with complex geometries and tailored properties. Among these materials, Twinning-Induced Plasticity (TWIP) steels
are prominent representatives of third-generation advanced high-strength steels (AHSS). Their superior mechanical properties
arise from a combination of factors, including chemical composition, phase volume fractions, intricate microstructure, and the
activation of mechanical twinning. This study focuses on modeling the deformation behavior of austenite-based TWIP steels using
a combination of crystal plasticity and thermodynamic frameworks. Initially, mechanical twinning is integrated into a slip-based
plasticity model. A thermodynamic approach is then developed to estimate the dissipated energy and Helmholtz free energy
associated with both slip and twinning mechanisms. A numerical integration scheme is formulated and implemented in ABAQUS
through a User-defined MATerial (UMAT) subroutine. Finite element models are constructed to predict the elastic-plastic and
twinning responses of single- and polycrystalline austenite under biaxial loading conditions. The results reveal a significant
variation in stress magnitude, particularly in polycrystalline austenite, when twinning is incorporated into the slip mechanism. This
highlights the critical role of mechanical twinning in enhancing both the strength and formability of advanced high-strength steels.

Keywords: Crystallographic slip, Mechanical twinning, Crystal plasticity theory, Numerical modeling, Finite element simulations,
Stress analysis

1 Preamble

Advanced materials play a crucial role in modern technological advancements, enabling the formation of a wide range of
products across various industries. In parallel, the growth of advanced manufacturing techniques facilitates the development
of such sophisticated products that are capable of withstanding challenging operating conditions. Specifically, Advanced High
Strength Steels (AHSS) successfully addressed the challenges primarily related to the simultaneous improvements in both tensile
strength and ductility. This historically unsolved hurdle overcomes, to the greater extent, by regulating microstructure, phase
composition, and alloying elements in AHSS. Among other options, Twinning-Induced Plasticity (TWIP) steels stand out due to
their exceptional strain hardening, ductility, and ultimate tensile strength. These exceptional qualities make them a prominent
candidate in automotive, die manufacturing, and oil/gas sectors.

TWIP steels are primarily austenitic, characterized by Face Centered Cubic (FCC) structure with high Manganese (Mn) content, >
20% by weight. As a consequence, they normally exhibit low stacking fault energy (SFE) in the range of 20 to 40 mJ/m? under
ambient conditions. This characteristic greatly contributing to their high-strain or work hardening capability. The significant strain
hardening in TWIP steels arises from an increased volume fraction of twinned regions, which reduces the dislocation mean free
path. Twinned regions act as barriers to dislocation glide, thereby enhancing strain-hardening effects Asgari et al. (1997); Bouaziz
et al. (2011). This high work hardening rate is the key for achieving both high strength and ductility. On the other side, there are
notable challenges with TWIP steels which are required be addressed. These mainly include complex thermomechanical milling
process, high alloying cost, production of TWIP grades, poor weldability, and formation of manganese and aluminum oxides
(MnO and Al,O3) Cooman et al. (2018).

Mechanical twinning, alongside slip, represents another form of inelastic deformation observed in metals, non-metals, and metallic
glasses Fan et al. (2017). The occurrence of mechanical twinning is generally influenced by alloy’s chemical composition, presence
of retained austenite phase, and external conditions Pierce et al. (2014); Fei et al. (2014). In addition, stacking fault energy
(SFE) of an alloy also plays key role in an activation of twinning Curtze et al. (2011); Idrissi et al. (2009); Cooman et al. (2018).
Mechanical twinning can become more probable when SFE ranges between 20 and 40 mJ/m?2, often coexisting with dislocation
glide. In contrast, when it drops below 20 mJ/m?2, a thermal martensitic transformation mechanism becomes secondary deformation
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mode, along with dislocation glide Allain et al. (2004); Bhattacharyya and Weng (1994). However, in steel alloys with SFE
values exceeding 45 mJ/m2, both mechanical twinning and martensitic transformation become less energetically feasible, and
crystallographic slip predominantly governs inelastic behavior Allain et al. (2004).

An integration of mechanical twinning in crystal plasticity theory, alongside crystallographic slip, is an important domain of
research, especially in case of TWIP steels Tomé et al. (1991); Kalidindi (1998). Many researchers have extensively explored this
area and established significant outcomes which help in understanding the deformation of behavior of TWIP steels. For instance,
Van Houtte Houtte (1978) introduced a statistical method based on the volume fraction of twinned regions within grains and
polycrystalline aggregates. This approach determines whether an entire grain reorient to a dominant twin orientation, maintaining
total number of grain orientations by applying an ”on or off”” condition. Tome et al. Tomé et al. (1991) introduced a solution that
utilized weighted grain orientations, allowing twinned regions to be reoriented at each time step without creating new orientations.
Lebensohn and Tome Lebensohn and Tomé (1994) extended this approach by proposing methods for reorienting twin regions
and calculating volume fractions in Taylor-type and self-consistent viscoplastic scheme. Kalidindi Kalidindi (1998) proposed an
alternative framework for incorporating mechanical twinning in crystal plasticity theory. This model utilized the interpretation of
Asaro and Rice Asaro and Rice (1977), where total deformation gradient is divided into elastic and plastic components through
multiplicative decomposition. The plastic deformation gradient is further defined based on slip and mechanical twinning, and strain
hardening effects are incorporated accordingly. Furthermore, the rate of change of twin volume fraction is assumed to depend on
the resolved shear stress on active twin systems and their resistances against twinning, similar to the hardening behavior of slip
systems Asaro and Rice (1977). The kinematic part of the proposed model is based on the formulation presented by Kalidindi
(1998).

2 Twinning-Induced Plasticity: An energy-based model

In the present model, thermodynamic or energy-based approach is used for modeling deformation behavior of Austenitic Advanced
High Strength Steels (AAHSS), where plasticity mainly happens due to crystallographic slip and mechanical twinning. In the
preceding section, initially, a constitutive formulation of a non-recoverable, dissipated, part of energy is established. This is mainly
based on the assumption that the dissipated energy is due to: (i) rate of change of external mechanical work, (ii) rate of change of
enthalphy due to thermal load, (iii) variation rate of internal energy, and (iv) heat flux leaving the body. Furthermore, constitutive
equations for a recoverable part of energy, Helmholtz free energy (HFE), are formulated based on the hypothesis that it consists of:
() rate of change of external mechanical work, (i) rate of variation of thermal load, (iii) internal energy due to crystal defects,
and (iv) surface energy due to the formation of new surfaces as a result of twinning. The presented work is primarily based on the
constitutive model proposed by Khan and Alfozan (2019); Khan et al. (2022).

2.1 Non-recoverable or dissipated energy

For a material point of infinitesimal volume, dv belongs to a region, R, subjected to an external thermomechanical load, the specific
dissipated energy (energy per unit volume) can be expressed in the form of entropy as:

éa=YT, ey
where Y is the rate of variation of the entropy and T is an absolute temperature. By adopting the principle of Clausius-Duhem
inequality, rate of change of entropy can be stated as:

Y=Y.-7Y;. 2)

Here, Y, and Y; are the rate of change of entropy due to an external thermomechanical load and the rate of internal entropy
generation, respectively. Equation (2) can also be expressed in the form of heat generation as:

T=pote-(2), 3)

where, p,, represents material density in initial state, and Q; is an internal heat generation per volume. In Eq.(3), volumetric heat
generation can be estimated through the energy conservation principle and expressed as:

Qi = poém — oD + Vhy . (4)
Here, é,, is the rate of internal energy per unit mass, D is the total deformation gradient, V is the divergence operator, and hy is the

heat flux. After the substitution of Eq.(4) in (3) and then in (1) provides:

éq =0'D+p0TYe —poém—VHf . (5)
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A non-recoverable part of energy, as shown by Eq.(5), consists of (in sequential order on the right side of equation) energy due to
mechanical work per unit volume, thermal energy as a result of enthalpy variation, internal energy generation per unit volume, and
the heat flux leaving the body surface per unit area. The constitutive equations of all these terms are derived in detail by Khan and
Alfozan (2019). For simplification, the final form of the dissipated energy equation is presented by Eq.() as:

s &
éq = Z 19“(7'" +x - poaeﬂ‘}‘“)j/“ + Z 19*8(‘1"8 +xP - poaﬂ‘l"g Y- (DVY; . (6)
a=1 o8 B=1 ¢

where, ¢ and ¢; are the number of active slip and twin systems, respectively, ¢ and ¥ are the volume fractions of slip and
twin systems, respectively, 7% and 77 are the resolved shear stresses on a-slip and -twin systems, respectively, y® and y# are
respectively the thermal equivalents of the resolved shear stress and represent the contribution of heat energy to slip and twin
activities, £ is the crystal defect microstrain parameter that is the measure of energy required to overcome localized strain, ¥ and
WP are stress-equivalent parameters, depends on slip and twin resistances of & and 3 systems, ¢ and £ are shear strain rates of
and S systems, respectively, and Y ¢ is the entropy flux due to heat flux /.

2.2 Recoverable or Helmholtz free energy (HFE)

In the present model, a recoverable part of energy, mainly due to elastic deformation, is assumed to be a function of mechanical
and thermal loads, microstrain due to crystallographic defects, and surface energy. Therefore, HFE can be expressed as a function
of four state variables i.e. elastic deformation gradient D¢, absolute temperature 7, crystal defect microstrain parameter &, and twin
martensite volume fraction v. In the current work, it is assumed that all the constituents of HFE are independent to each other.
Therefore, an additive decomposition is used as follows:

eq =eam(D°) + e (T) +epa(€) +eps(v) , @)

where the mechanical, thermal, crystal defect, and surface energy part are resp~ectively represented by ey, €qr, €Ha, and egs.
The mechanical contribution of HFE depends on the Green finite strain tensor, E¢ and the twinned martensite volume fraction, 9B,
and can be expressed as:

erm(BE, 95) = pio{(DEDP) . (Ce ;Eeﬁe)}(DP)T: [R“+ (Re)T]_1 . 8)

Here, D¢ and D? are elastic and plastic deformation gradients, respectively, C* is the equivalent elasticity tensor (combination of
material properties for austenite and martensite), and R is the symmetric part of elastic velocity gradient. It is evident from
Eq.() that eg,, is a function of volume fraction of twinned region, #¥ which changes throughout the deformation. The thermal
contribution of HFE is extracted using the constitutive relation between the entropy density and temperature and can be expressed
in the final form as:

T
eHy =T|:—he In (T_r)+(he_Yfﬂ’0):| 5 (9)
where, h, is an effective specific heat, T, is the room temperature, Y7,  is the entropy. An effective specific heat can be estimated
by the volume fractions of slip and twinned regions as:

{s 14}
hy = Z:lﬁ“hs+[;ﬂﬁh,. (10)

In Eq.(10), kg and h, are, respectively the specific heats of slip and twinned regions. Furthermore, it is evident that specific heat of
a crystal evolves with the volume fraction of twinned region. The crystal defect energy contribution of HFE can be approximated
as a function of equivalent modulus of rigidity, G, and crystal defect microstrain parameter, ¢ as:

1
ena(€) = 2—p0<pGe§2 : (11)

where, ¢ is a dislocation interaction parameter that includes the effects of dislocations mobility and defects’ interactions. The
surface energy contribution of HFE is considered to be dependent on the geometry and dispersal of martensite plates in an austenite
phase. Crystal defect microstrain parameter accounts the effects of microstrain that develops around or within the crystal due to
interatomic defects. Its magnitude depends on slip resistance, dislocation interaction factor, and modulus of rigidity. Moreover, an
interfacial area of austenite and martensite is a linear function of martensite volume fraction. In this case, surface energy can be
stated as:
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e (ﬁ)ziiﬁ“(l—iﬁ“) (12)
Hs polo £ ’

=1 a=1

Here, eiﬁ is the interfacial energy per unit area for S-twin system, [y is the length scale parameter which is the ratio of volume and
surface area of martensite plate; considered as circular in spherical austenite phase domain. Substitution of Egs.(2.2), (9), (11), and
(12) in (7) provides final form of Helmholtz free energy as:

1
+ — oG+

e =i{(D6DP) :(Ce Eeﬁe)}(Dp)T : [Re + (Re)T]‘lT[ — heln (T_Y;) + (he - an’o) 00

B & (13)

o Ls
‘T’IO;W’(I —;ﬁ“) .

The constitutive formulation of parameters 7¢, 8. D¢, DP, and R¢ is comprehensively discussed in Khan and Alfozan (2019)
through the kinematic decomposition of material point in three intermediate configurations. This constitutive development can be
utilized in Egs.(6 and 13) to estimate dissipated and Helmholtz free energies of a material point in austenite-based Advanced High
Strength Steels subjected to thermomechanical load. In the succeeding section, an implementation of the developed constitutive
model is presented by simulating the deformation behavior of austenite-based material subjected to biaxial loading condition.

3 Finite Element Modeling and Simulations

In finite element simulations, deformation pattern of single and multigrains austenite-based material, subjected to biaxial tension,
is predicted. For single crystal, crystallographic directions [100], [110], and [111], are selected, while multigrain austenite is
assumed to have 500 randomly oriented grains. A detailed number of grains independent study is reported in Khan and Alfozan
(2019), where the authors concluded that no significant variation in results is observed beyond 500 grains. The random texture is
incorporated using single eight-node 3D brick element with reduced integration (C3D8R). The orientations of grains are defined in
the form of Euler angles based on Kocks convention Kocks (1988).

The material parameters of austenite phase are taken as reported by Turteltaub and Suiker (2006). The material tensor components
are defined by Furnémont et al. (2002) as: EY, = 286.6, E{, = 166.4, and Ej, = 145.0 in GPa. These were estimated by
nano-indentation experiments on transformation-induced plasticity steel with 0.92 wt% of austenitic phase along with other phases
like ferrite, bainite, and some traces of martensite. Furthermore, modulus of rigidity G¢ and bulk modulus K¢ are defined through
isotropic equations described for cubic crystals as reported in Khan and Alfozan (2019). Thus, their values are obtained as
G% =111.0 GPa and K* = 206.5 GPa. The modulus of rigidity of twinned martensite is considered as G’ = 98.4 GPa, reported
by Tjahjanto (2007). The initial value of crystal defect microstrain parameter, & is taken as 4.5x107%, as described in Khan and
Alfozan (2019). The density of austenite is considered the same as that of carbon steel, i.e. po = 7.8x107® kg / mm?>. The details
of other parameters can be referred from Khan et al. (2016); Khan and Alfozan (2019).

4 Results and discussion

The energy-based Twinning-Induced Plasticity (TWIP) model was validated against experimental data reported in Khan and
Alfozan (2019), where a sensitivity analysis of the model parameters was conducted to minimize prediction errors. The simulation
results demonstrated strong agreement with the experimental observations, confirming the model’s reliability and accuracy.

The equivalent stress-strain variation of single and multigrain austenite steel is represented in Figure 1. A notable difference is
observed in crystallographic direction [111] and multigrain, however; almost none in [100] and [110]. In addition, the material
point loaded in the [111] direction shows the highest magnitude of stress (~ 700 MPa at the equivalent strain 0.4) among all
crystallographic orientations. Besides, [100] and [110] have a similar level of stress, ~ 535 MPa, at 0.40 equivalent strain.
Multigrain austenite demonstrates similar deformation behavior, however; with larger magnitude of stress as single grain. This
indicates that the interaction among slip-slip and slip-twin systems becomes dominant, which may enhance the overall hardening
exponent.

Activation of slip and twin planes, quantify the respective contributions to plastic strain, can be traced by slip and twin shear strains,
as illustrated by Figures 2 and 3, respectively. A general observation for all directions is that slip contribution is far more than
twin (> 10 times). Secondly, for the crystallographic direction [111], the magnitude of slip shear strain is higher than other two
directions, however; the reverse is seen in case of twinning shear strain. This indicates that the mechanical twinning contribution to
overall inelastic deformation is much lesser in case of [111] direction.

The dissipated and Helmholtz free energies are also estimated for three crystallographic directions, as shown in Figures 4 and 5,
respectively. The dissipated energy variation with respect to equivalent strain follows similar trend for all directions. However; its
magnitude, 0.96 J/mm?> at 0.54 equivalent strain, for [111] is significantly higher than others two, as shown in Figure 4. This
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Fig. 1: Deformation behavior of single and polycrystalline austenite under biaxial loading
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Fig. 2: Combined shear strain variation of active slip planes, y“ in biaxial tension for [100], [110], and [111] directions
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Fig. 3: Combined shear strain variation of active twin planes, y'B in biaxial tension for [100], [110], and [111] directions

behavior is inline with the shear strain variation for slip deformation, as illustrated in Figure 2, where shear strain magnitude due to
slip is highest for [111] direction. Helmholtz free energy (HFE) variation with equivalent strain, as shown in Figure 5, follows
similar trend as dissipated energy, where crystallographic direction [111] has significant difference than other two. It has higher
magnitude at lower strain, -1.193343 J/mm?, and gradually decreases at higher values. However, for [100] and [110] directions, a
constant value, -1.1934 J/mm3, is observed.

5 Conclusions

A deformation behavior of an austenitic advanced high strength TWIP steel is modeled by integrating thermodynamic-based
scheme into crystal plasticity theory. In this, two primary modes of inelastic deformation, crystallographic slip and mechanical
twinning, are incorporated. The constitutive model is numerically solved through finite element theory using a User-M ATerial
(UMAT) subroutine in ABAQUS software. As a test case, the deformation behaviors of single and multigrain material points
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Fig. 5: Helmbholtz free energy variation in biaxial tension for three crystallographic [100], [110], and [111] directions

subjected to biaxial loading condition are simulated. A prominent variation in the magnitude of equivalent stress is observed for
direction [111] and multigrain, and negligible in [100] and [110]. Furthermore, a material point loaded in [111] direction shows
highest magnitude of stress (~ 700 MPa at the equivalent strain 0.4) among all crystallographic orientations. Based on the results
of shear strain rates, it is found that the contribution of slip is far more than mechanical twining for [111] direction as others. It is
also observed that the magnitudes of non-recoverable (dissipated) and recoverable (Helmholtz) energies are comparatively higher
for [111] direction at the same equivalent strain. Finally, it can be concluded that the presented thermodynamic-based model may
provide an opportunity to observe the deformation behavior of austenite-based TWIP steels once subjected to thermomechanical
loads. This may helps in implementing TWIP steels in a range of applications where contradictory material properties, formability

and strength, are desirable.
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