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Abstract

Based on crystal plasticity theory, a crystal plasticity constitutive model for
twinning-induced plasticity (TWIP) steel single crystals was developed, cou-
pling slip and twinning mechanisms. The model separately considers the effects
of twinning on hardening and slip by introducing the twin volume fraction and
its saturation value. The constitutive model was numerically implemented and
further developed on the ABAQUS/UMAT platform, and applied to simulate
the mechanical behavior of TWIP steel single crystals with typical orientations
under uniaxial loading conditions. The analysis investigated the microscopic
mechanisms of plastic deformation, the activation states of slip and twinning
systems, and their influence on macroscopic plasticity for different single crys-
tal orientations. In particular, the simulation captured stress jumps during the
loading process for Brass and S orientations, which reproduces the stress drop
phenomenon observed in Cu single crystal experiments. Simulation results indi-
cate that when the twin volume fraction is small, its effect on strain hardening
is minor; as the twin volume fraction increases, its effect on strain hardening
becomes increasingly significant; when the twin volume reaches a certain level,
the twin volume saturates, the twinning increment becomes zero, crystal slip
transitions, new slip systems are activated, and a stress drop occurs.
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Abstract

Based on crystal plasticity theory, a crystal plasticity constitutive model for
twinning-induced plasticity (TWIP) steel single crystal was established by cou-
pling slip and twinning mechanisms. By introducing the twin volume fraction
and its saturation value, the model separately considers the effects of twinning
on hardening and slip, and the constitutive model was numerically implemented.
Through secondary development on the ABAQUS/UMAT platform, the model
was applied to simulate the mechanical behavior of TWIP steel single crystals
with typical orientations under uniaxial loading conditions. The microscopic
mechanisms of plastic deformation in single crystals with different orientations
were analyzed, and the activation states of slip and twinning systems and their
influence on macroscopic plasticity were investigated. In particular, the stress
jump phenomenon during the loading process of brass Cu orientation and S
orientation was simulated, reproducing the steep stress drop observed in copper
single crystal experiments. The results show that when the twin volume frac-
tion is small, its effect on strain hardening can be neglected; as the twin volume
fraction increases, its effect becomes gradually significant; when the twin vol-
ume reaches a certain level, the twin volume saturates, the twinning increment
becomes zero, crystal slip reorients, new slip systems activate, and the stress
suddenly drops.
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1. Coupled Twinning TWIP Steel Single Crystal Plastic
Constitutive Model

1.1 TWIP Steel Slip and Twinning Deformation Mechanisms

TWIP steel has a single stable austenite microstructure at room temperature,
and deformation twins appear during plastic deformation. This process involves
the combined action of slip and twinning mechanisms. Under shear stress, dis-
locations glide along slip planes. When slip is obstructed, dislocation pile-up
occurs, causing stress concentration and making further slip difficult. Simulta-
neously, during this process, the crystal undergoes twinning deformation along
specific twinning directions and twinning planes, and the twin volume fraction
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gradually increases. When the twin volume fraction reaches a certain level,
the crystal orientation changes, which can transform originally unfavorable slip
orientations into new favorable ones, thereby further activating slip. The alter-
nating progression of twinning and slip enables TWIP steel to achieve excellent
strength and plasticity.

1.2 Kinematic Description of Coupled Twinning

Crystal plasticity theory considers slip as the primary pathway for plastic de-
formation, which is accomplished by dislocation glide and crystal rotation. To
account for the effect of twinning on the deformation gradient in TWIP steel,
twinning is introduced into the multiplicative decomposition of the deformation
gradient. The deformation gradient F can be decomposed as follows:

F=F_F

e p

where F_ represents the combination of elastic deformation (lattice distortion)
and rigid rotation, and F, represents the plastic strain caused by crystal slip
and twinning, as shown in [Figure 1: see original paper].

From Eq. (1), the expression for the velocity gradient L can be obtained:

L=FF!

The plastic velocity gradient L, ; defined in the initial configuration is:

N, N, )
Lyo= Z_jl §8% + ; Joy8?

where o and [ denote the number of slip systems and twinning systems, respec-
tively; 4 is the slip rate of the slip system,; fﬁ is the rate of change of twin
volume fraction; 47 is the twinning shear rate, which is a constant; and S® and
S# are the Schmid tensors for slip systems and twinning systems, respectively:

S=mQ®n

where ® denotes the tensor product; m® and n® are the slip direction and slip
plane normal of the a-th slip system in the initial configuration, respectively;
and m” and n? are the twin direction and twin plane normal of the S-th twinning
system in the initial configuration, respectively.
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1.3 Dynamic Description of Coupled Twinning

According to crystal plasticity theory, the elastic strain tensor E, can be ob-
tained from the elastic deformation gradient:

Ee = %(F’eI‘Fe - I)

The second Piola-Kirchhoff stress T,, which is work-conjugate with E, and
defined on the intermediate configuration, is expressed as:

T, = det(F,)F_!TF_ T

where F_1 is the inverse of F,, det F, is the determinant of F_, T is the Cauchy
stress, and F_ T is the inverse of the transpose of F,.

In general single crystals, the elastic strain values are small, and the elastic
stress T, can be expressed as a linear function of strain:

=C:E,
where “” denotes the double dot product and C is the fourth-order elasticity
tensor, which is a constant material property matrix.

According to Schmid’ s law, the resolved shear stress 7¢ on the a-th slip system
is:

T*=8%:T,
When the resolved shear stress 7¢ on a slip system exceeds its critical value 7,,
the slip system activates, so Eq. (9) can be used to determine whether a slip
system is active.

For the crystal plasticity model, ¢ can be directly obtained from the resolved
shear stress, thereby avoiding the uncertainty of determining whether a slip
system is active:

o |m

T

5 = dsign(r) | =

where 4, is the reference plastic shear rate, s* is the slip resistance, and m
reflects the material’ s rate sensitivity coefficient. The function sign(7%) is the
sign function, and when m — 0, the rate-dependent model approximates a
rate-independent model.

For twinning, the rate of change of twin volume fraction f? can be expressed
as:
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where 77 is the twinning shear stress on the -th twinning system and s? is the
twinning resistance.

1.4 Characterization of Hardening Modulus for Slip and Twinning

Based on studies of -Ti alloys, Kalidindi and Wu et al. focused on the effect of
twinning on slip while ignoring other hardening effects, and found that twinning
resistance is proportional to slip resistance during deformation. By considering
the crystal plasticity model, this conclusion is applied in the present work. The
specific form is as follows:

(03 — o o4
501 = 8o+ SpAt

where 53 ;| is the slip resistance at the (n + 1)-th calculation step, n is the
step number, At is the time increment, §5 and s§ are the hardening rate and
saturation value of slip resistance for the a-th slip system, respectively, which
can be expressed as:

b
5g:$g0(1+£> , s§:s§0<1+£>

where $7, and s¢, are the hardening rate and slip resistance saturation value
without twinning, respectively, and p,.,, ¢, and b are material hardening param-
eters.

b

1.5 Expression of Twin Volume Fraction and Grain Reorientation Ma-
trix

According to the literature, the deformation twin volume fraction fg (1) caused
by twinning is expressed as:

N,

o =5 [ Raldc
B BZ/ s

—1 70

where 74 is the twinning shear strain rate of each twinning system, and 7 and
¢ are time variables. In fcc crystals, the twinning shear strain f(7) is the
cumulative sum of deformation volume fractions in all twinning systems, i.e.,
f(r) = Zg;l f5(7). For a hypothetical reorientation threshold ¢, when f(7) > 4,
the twin completely replaces the parent grain, and the crystal orientation after
twinning reorientation becomes:
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Crw = Rtwemt

where e, is the crystal orientation matrix after twinning reorientation, R,,, is
the twinning reorientation matrix, and e,,, is the crystal orientation matrix of
the untwinned parent grain.

Simultaneously, after reorientation, the twin volume fraction reaches its satura-
tion value, no further twinning occurs within the grain, and the Schmid factor is
recalculated to determine the activation of slip systems based on the new Schmid
factor. The grain reorients according to the direction of the twinning system
with the maximum twin volume fraction. The expression for the reorientation
matrix R,,, is:

Ry = I+ (8twin ® Stwin)

where g, represents the unit normal vector of the twinning plane with the
maximum twin volume fraction, and I is the identity matrix.

2.1 Coupled Twinning Single Crystal Plastic Constitutive
Parameters and Finite Element Model

Based on crystal plasticity theory, a fully implicit numerical integration pro-
cess was derived using the second Piola-Kirchhoff stress and slip resistance as
independent variables, and the coupled twinning crystal plasticity constitutive
equations were numerically implemented. The crystal plasticity theory was then
combined with finite element software, and a coupled twinning single crystal
plastic finite element platform was established through secondary development
on the ABAQUS/UMAT platform.

Considering the crystallographic characteristics of TWIP steel, the 12 slip sys-
tems’ slip planes and slip directions and the 12 twinning systems’ twinning
planes and twinning directions for fcc crystals can be given, as shown in and

Based on literature [24-28] and by taking some trial values to continuously
correct the material parameters in the constitutive model, the following parame-
ters were obtained: slip hardening rate h, = 300 MPa, slip resistance saturation
value s, = 300 MPa, initial slip deformation resistance s, , = 90 MPa, initial
twinning deformation resistance s 5 = 104.4 MPa, and material parameters
prs = 100 MPa, b =2, and ¢ = 20.

To apply the established single crystal plasticity model to describe the role of
various deformation mechanisms and their influence on macroscopic mechanical
properties, a finite element model of TWIP steel single crystal cube under uni-
axial loading was established based on the developed model and the secondary-
developed single crystal plasticity finite element platform. The schematic di-
agram is shown in [Figure 2: see original paper]. The external load F,, acts
in the Z-direction of the initial Descartes coordinate system X,Y, Z, while the
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grain orientation is the grain reference coordinate system X’,Y”, Z’. The refer-
ence coordinate system forms a certain angle with the initial coordinate system,
meaning the loading direction is formed by rotating the cubic crystal coordinate
system about the origin by an Euler angle (¢, 0, ¢), creating crystals with differ-
ent orientations. To analyze the influence of different loading conditions on the
single crystal plastic deformation process, typical Euler angles were selected for
loading analysis to investigate twinning activation, evolution, and their influence
on macroscopic mechanical behavior.

2.2 Twinning-Induced Macroscopic Plasticity and Harden-
ing Effects

To analyze the influence of twinning on macroscopic plastic deformation and
strain hardening, the evolution laws of stress-strain and twin volume fraction
were simulated under a loading rate of 0.001 s 1. Since orientation distribution
only changes near the orientation line in orientation space during plastic defor-
mation, the tensile results for Cu orientation with Euler angles (90°,35°,45°)
and Gauss orientation with Euler angles (0°,45°,0°) were simulated, as shown
in [Figure 3: see original paper].

The results show that the stress for Euler angle (90°,35°,45°) becomes signifi-
cantly greater than that for Euler angle (0°,45°,0°) after the strain reaches 0.15.
To explain this phenomenon, the twinning shear strain I';(7) and twin volume
fraction fs under the two conditions were further analyzed. According to Egs.
(13) and (14), when the twinning shear strain is small, the twin volume fraction
is also small due to the proportional relationship between them, and the effect
of twin volume fraction on strain hardening rate $7 is not obvious due to the
influence of b. However, when I'5(7) exceeds a certain value, its effect on $j
becomes significant. In this work, this value is approximately 0.08. When the
twinning shear strain I'5(7) exceeds 0.08, its influence on $f; gradually becomes
pronounced. Moreover, the larger the twinning shear strain I's(7), the larger
the twin volume fraction fj3, and the greater the hardening modulus s7. There-
fore, the stress for the orientation with Euler angles (90°, 35°,45°) is significantly
greater than that for the orientation with Euler angles (0°,45°,0°).

2.3 Twinning Activation Evolution Conditions and Its Ef-
fect on Slip

Niewczas et al. believed that the stress jump phenomenon is caused by the ef-
fect of twinning on slip, but they did not specify the contribution values of each
twinning system or their influence on macroscopic plastic deformation. More-
over, this stress jump phenomenon does not generally appear in polycrystalline
plastic deformation processes. Our research group used a coupled twinning con-
stitutive model and brass-related parameters to simulate the tensile deforma-
tion process of single crystal Cu and obtained results consistent with literature
[23]. To examine whether the TWIP steel single crystal model can explain this
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phenomenon, the causes of this deformation process and the influence of twin-
ning activation evolution on slip were analyzed. This work selected two cases:
brass Cu orientation with Euler angles (35°,45°,0°) and S orientation with Euler
angles (59°,37°,63°). The stress-strain curves, twin volume fraction evolution,
shear evolution of each slip and twinning system, and evolution of slip resistance
and twinning resistance under these two conditions are shown in [FIGURE:4-6].

As can be seen from [Figure 4: see original paper], sudden stress drops appear
in the stress-strain curves at strains of approximately 0.42 and 0.3 for Euler
angles (35°,45°,0°) and (59°,37°,63°), respectively. Taking the loading evolution
law for Euler angle (35°,45°,0°) as an example, to analyze the status of each
slip and twinning system and the influence of twinning on slip, the evolution
results of the increments of 12 slip systems and 12 twinning systems with strain
under this orientation condition are shown in [Figure 5: see original paper] and
[Figure 6: see original paper]. It can be observed that this orientation condition
favors the activation of twinning systems t3 and u2. After slip systems a3 and
b2 are activated, these twinning systems are also activated, and the twinning
increment gradually increases. When the strain reaches approximately 0.42,
the twin volume fraction fz reaches the set critical value of 0.4. At this point,
the crystal undergoes reorientation, causing new slip systems d2 and d3 to
activate. After reorientation, slip begins on d2 and d3 while continuing on the
original slip systems. Following reorientation, the originally unfavorable slip
direction transforms into a favorable slip direction, resulting in a sudden stress
decrease. Simultaneously, when the twin volume fraction reaches 0.4, the twin
volume saturates and the twinning increment abruptly becomes zero. Through
comparison, since the twin volume fraction f; for Euler angle (59°,37°,63°)
reaches 0.4 earlier than that for Euler angle (35°,45°,0°), reorientation occurs
first, leading to an earlier stress drop.

Conclusions

(1) Based on crystal plasticity theory, a single crystal plastic constitutive
model for TWIP steel was established. By simulating both slip and twin-
ning mechanisms, the influence of coupled twinning on slip mechanisms
and its contribution to macroscopic strain hardening were reflected at the
microscopic level.

(2) The twin volume fraction was introduced into the hardening modulus ex-
pression. When the twin volume fraction is small, its effect on strain
hardening can be ignored; as the twin volume fraction increases, its effect
on strain hardening becomes significant.

(3) The simulated stress jumps for brass Cu orientation and S orientation
are consistent with the steep stress drop phenomenon observed in single
crystal Cu experiments. When the twin volume fraction reaches a certain
value, it causes crystal slip reorientation and activation of new slip systems,
reflecting the influence of the coupling between the two mechanisms on
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macroscopic mechanical properties.
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