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Abstract. Grain boundaries (GBs) are the most vulnerable areas of metals during
high temperature forming and processing where microcracks are highly likely to
affect their macroscopic properties, resulting in fracture and ultimately reduced
service life. In order to investigate the mechanisms of micro- and nano-scale dam-
age evolution, microcrack initiation and propagation, GBs must be included as
a crucial consideration in the theoretical and modelling solutions. Thus, to accu-
rately illustrate the influence mechanisms of GBs on the mechanical behaviours,
the cohesive zone model (CZM) considering GB damage evolution and the crys-
tal plasticity finite element model (CPFEM) coupling slip and twinning inside
the grain, were combined to propose a micromechanical mechanism of TWIP
steels, which is applicable to predict the strengthening, damage and fracture of
TWIP steels under high temperature. The CZM-CPFE method was confirmed by
in situ SEM experiments at 750 °C. The representative volume elements (RVEs)
are constructed to predict the high temperature deformation behaviour of TWIP
steels with different grain sizes and initial microdefects to obtain the influence of
different initial states on the high temperature deformation behaviour, which can
provide the solid theoretical basis for the subsequent manufacturing and forming
processes of TWIP steel sheets. This work not only fills the gap in theoretical
modelling of TWIP steels in the field of hot processing and manufacturing, but
also provides some research approaches and analysis strategies for the GB damage
behaviour of polycrystalline materials at high temperatures.
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1 Introduction

The perfect combination of high uniform ultimate strength (>1 GPa) and consider-
able ductility (>60%) makes twinning-induced plasticity (TWIP) steels one of the most
promising materials for the new generation of high strength steels for automotive appli-
cations [1]. The excellent mechanical properties of TWIP steels are due to the abundance
of deformation twins and dislocation slips within the grain, and the synergy of the two
mechanisms allows TWIP steels to maintain considerable toughness while increasing
strength [2], which directly affects the manufacture of TWIP steel automotive compo-
nents [3]. Therefore, the exploration of the microscopic mechanisms of plastic deforma-
tion can directly determine the prospects of TWIP steels in automotive and aerospace
applications.

Grain boundaries (GBs) are a crucial factor of microcracks during the forming of
polycrystalline materials, especially during high temperature forming and micro- and
nano-scale processing [4]. Deformation, damage and fracture ofGBsmay directly lead to
plasticity enhancement, microcracks initiation and propagation, which macroscopically
affects their mechanical properties and eventually results in fracture and reduced service
life [4]. Therefore, considering the damage evolution and fracture mechanism of GBs
is vital for a more detailed understanding of the mechanical properties of TWIP steels
under high temperature conditions for strength assessment and guidance of the forming
process of components.

In this work, the cohesive zone model (CZM) [5] was used to describe the GB
strengthening and damage evolution, the crystal plasticitywith coupled slip and twinning
to describe the grain interior deformation behaviours [6], the hardening law and flow
rule considering temperature effect were introduced [7], the CZM-CPFE method was
proposed, which was validated by in-situ SEM experiments at 750 °C. Based on CZM-
CPFE method, the intergranular damage and failure behaviours of TWIP steel at high
temperatures were investigated to reveal the influence law of factors such as grain size,
GB angle and initial defects on damage and failure.

2 Methodology and Modeling

2.1 CZM-CPFE Method Considering Temperature Effect

Crystal plasticity is widely accepted to be one of the most effective tools for exploring
microstructural damage and failure in metallic alloys [4–6]. To illustrate the interaction
between grain interior and GBs, the CZM-CPFE method was developed based on prior
work [7]. The deformation gradient tensor F is given by the following:

F=FeFp =FeFtwinFslip (1)

The velocity gradient tensor L can be expressed by the following:

L = Ḟ · F−1 = Ḟe · Fe−1 + Fe · Ḟp · Fp−1 · Fe−1 = Le + Lp (2)
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where the plastic deformation velocity gradient tensor Lp benefits mainly from the
contribution of slip and twinning, which is identified as the following:

Lp = (1 − f β
t )

∑
γ̇ α
T

(
mα ⊗ nα

) +
∑

γ̇
β
T

(
mβ ⊗ nβ

)
(3)

where f β
t = ∑

f β is the sumof the twin volume fraction of all twin systems. Considering
temperature effects, the slip shear rate γ̇ α

T can be expressed as follows:

γ̇ α
T = γ̇ α

0

∣∣∣∣
τα

sα

∣∣∣∣
1/m

sign(τα) · exp(−kθ) (4)

where γ̇ α
0 is the reference slip shear rate, τα is the resolved shear stress of the α slip

system, sα is the slip resistance, and m is the rate sensitivity factor [6], k is the thermal
softening parameter [8], θ is a parameter related to temperature, which can be expressed
by θ= ln Tm − ln(Tm − T ). Similarly, the twin shear rate γ̇

β
T can be expressed as

γ̇
β
T = γ̇

β
0

∣∣∣ τβ

sβ

∣∣∣
1/n · exp(−kθ), τβ > 0; γ̇

β
T = 0, τβ ≤ 0 (5)

where γ̇
β
0 is the reference twin shear rate, τβ is the resolved shear stress on β twin

system, sβ is the twin resistance, n is and rate sensitivity factor, and m = n in the
numerical calculation.

In addition, for GBs, based on prior work [7], the bilinear traction separation law
for damage initiation is determined by the quadratic stress criterion (QUADS) and the
damage evolution is determined by the power law, where the QUADS is given by the
following:

f =
{ 〈τn〉

τ cn

}2

+
{

τs

τ cs

}2

+
{

τt

τ ct

}2

(6)

where τn, τs and τt denote stresses in the normal and two tangential directions. τ cn , τ cs
and τ ct are the normal and two tangential damage initiation stresses. If f =1, the GBs will
immediately enter the damage stage. The power law can describe the damage evolution,
which is defined by the following [5]:

{
Gn

GC
n

}λ

+
{
Gs

GC
s

}λ

+
{
Gt

GC
t

}λ

=1 (7)

where the power law exponent λ needs to be specified because the power law controls
the fracture under mixed–mode loading.Gn,Gs andGt denote the strain energy.GC

n ,G
C
s

andGC
t are the fracture toughness of the GBs. TheQUADS and the power law are widely

utilized tomodel damage and failure of composite materials. Practically, GBs are similar
in geometry andmechanical characteristics to the bonding layers of composite materials.
Therefore, the CZM constitutive relationship of the bilinear traction separation law is
used to describe the damage and failure of GBs in this work.
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2.2 Modeling and Parameters Calibration

The finite element modeling implementation based on CZM-CPFE method taking into
account temperature effect is shown in Fig. 1. The CZMwith GBs (Fig. 1(a)) and crystal
plasticitywith coupled slip and twinning (Fig. 1(b)) were established, respectively. Then,
the open source software Neper was used to structure several RVEs with different grain
sizes involvingGBs [9]. The 4-node linear tetrahedron (C3D4)was utilized for the grains
interior and the 6-node three-dimensional cohesive element (COH3D6) was considered
for theGBs. These crystal plasticity constitutive relations are thenwritten into theUMAT
(user-defined materials subroutine) and given the material properties of the RVEs.

= =e p e twin slipF F F F F F

Dynamic description of slip

Geometric representation of twinning

(a)

The QUADS:

The power law:

(b)

(c)

Fig. 1. The finite element modeling implementation based on CZM-CPFE method: (a) grain
boundary constitutive equations of CZM and (b) crystal plasticity of grain interior. (c) RVE of
strengthening, damage and fracture of TWIP steels considering temperature effect.

The parameters of the grain boundary CZM in Fig. 1(a) are shown in Table 1. Knn,
Kss and K tt denote the normal and two tangential stiffness of the GBs, respectively.
σs is the experimentally measured yield stress, and Tn, T s and T t are the thicknesses
in the calculations and set to a constant of 1. Furthermore, the parameters of crystal
plasticity within grains are selected as shown in Table 2, where C11, C12 and C44 are
elastic constants, ν is the Poisson’s ratio, the critical value of f β

t , f0, is 0.4 and themelting
point temperature Tm = 1500 °C of the TWIP steel is selected.
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Table 1. Constitutive parameters of CZM considering GBs.

Knn (GPa) Kss, K tt (GPa) τ cn (MPa) τ cs , τ
c
t (MPa) λ Tn, Ts, Tt

210 84 1.2 σs 0.4 τ cn 1 1

Table 2. Constitutive parameters of crystal plasticity at 750 °C.

C11 (GPa) C12 (GPa) C44 (GPa) ν γ̇0 (s−1) k

198 125 122 0.25 0.001 5

sα0 (MPa) sβ0 (MPa) f0 m n Tm (°C)

75.3 101 0.4 0.02 0.02 1500

3 Experiments and Model Validation

3.1 Experiments and Characterization

The typical Fe-Mn-Si-Al TWIP steel was wire-cut electrical discharge machining into
in-situ tensile specimens with a 2 × 1 mm2 (length × width) gauge area, which are
ground, polished and eroded until clear grainmorphology can be observed. The prepared
specimens are clamped in an in-situ tension device with a heater and placed in an SEM
(TESCAN S8000) [7]. The specimen is heated to the target temperature (750 °C) and
loaded at a constant strain rate of 7.5 × 10–5 s−1. The macroscopic mechanical data is
output and the relevant microstructural features are captured using the SEM.

In addition, in order to determine the orientation and size of the RVE sets, the
specimens were subjected to EBSD (electron backscattered diffraction) characterisation
to obtain the grain orientation and size. The RVE grain orientation is then assigned by
writing the code into UMAT and the dimensions of the RVE are set to 0.2 × 0.1 ×
0.02 mm3. The EBSD data was analysed by the HKL channel 5 software package based
on the TSL-EDAX EBSD system [10].

3.2 Validation of RVE

Based on the ABAQUS software platform, the RVE was uniaxially loaded after setting
the boundary conditions to output the corresponding stress-strain curves for comparison
with the in-situ tensile experiments at 750 °C. The results are shown in Fig. 2. It can
be seen that the CZM-CPFE method can well simulate the macroscopic mechanical
behaviours and the experimental and simulated stress-strain curves agree well at high
temperature. Moreover, the stress concentration near the GBs is verified by the areas
marked by the red solid circles in Fig. 2. Meanwhile, the experimental and simulated
ultimate tensile strength and failure strain values are very close. Thus, the accuracy
and reliability of CZM-CPFE method is confirmed by the experimental mechanical
properties and microstructural evolution.
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Fig. 2. Comparison of experiments andRVE simulations based on theCZM-CPFEmethod,where
themicrostructural evolution is highlighted ofA: ε = 0.04, B: ε = 0.08, C: ε = 0.12 andD: fracture.
The red solid circles indicate the areas of stress concentration.

4 Discussion and Analysis

4.1 Effect of Grain Size

The influence of grain size on mechanical properties is well known, and for metallic
materials, the effect of grain size on forming and fabrication processes is significant,
mainly due to the correlation between yield stress and GBs damage by grain size [7].
Therefore, in order to exploit the application of the CZM-CPFE method for damage and
failure prediction in the forming andmanufacturing process of polycrystalline materials,
models with different grain sizes were developed. By comparing the stress-strain curves
in Fig. 3(a), it can be noted that the failure strain increases as the grain size decreases,
and the yield strength and ultimate tensile strength also increase, which may be related
to the densification of the GBs. Thus, the scalar stiffness degradation (SDEG) and strain
energy curves of the GBs are obtained as depicted in Fig. 3(b) and (c), it is seen that
the increase in the number of GBs can delay fracture, which results in the GBs to store
more strain energy.

(a) (b) (c)

Fig. 3. Mechanical properties of TWIP steels with different grain sizes at 750 °C: (a) stress-
strain curves and microstructural evolution; (b) the SDEG and (c) strain energy stored during GBs
deformation, damage and fracture.
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4.2 Effect of GB Angle

The misorientation difference of neighbouring grains, i.e. the GB angle, plays a crucial
role in microfabrication mechanics [9]. In order to explore the effect of the GB angle on
the damage and failure, the RVE of the neighbouring grains based on the prior work [7]
was established by giving different orientations to the two grains to achieve different GB
angles, and simulation results of RVEs with different GB angles in the range of 10 to 70°
were obtained. As shown in Fig. 4(a), it can be seen that the failure strain decreases as
the GB angle increases, which may be directly related to the grain boundary energy [7].
Simultaneously, theGB strength is higher than that of the grain interior, and the quadratic
stress damage initiation criterion (QUADSCRT) and SDEG of the GB damage increase
rapidly with increasing GB angle, especially near the 60° grain boundary, where the
value of SDEG rapidly increases to near 1. As shown in Fig. 4(b), the strain energy of
GB is closely related to the GB angle, and low angle grain boundaries appear to be able
to store more strain energy to facilitate coordinated deformation. On the other hand,
high angle grain boundaries appear to be fragile and are not conducive to coordinated
deformation, which in turn leads to rapid fracture.

(a) (b)

Fig. 4. (a) Strength, failure strain, damage and (b) stored strain energy of GB angles between 10
and 70°.

4.3 Effect of Initial Void Defect

The presence of some initial microvoids introduces significant uncertainty into the pre-
diction of microcracking behaviour during machining, forming and fabrication [7].
Therefore, four different locations and five different sizes of microvoid models were
developed and the simulation results are shown in Fig. 5. The Y highlight in Fig. 5(a)
shows that the location of themicrovoids affects the yield strength of thematerial.Defects
at the edges reduce the yield strength and uniform tensile strength. Furthermore, internal
microvoids seem to be more likely to cause damage and the stored strain energy at GBs
is reduced in Fig. 5(b) and (c).

The results in Figs. 5(d) to (f) show that the yield strength (M marked), the uniform
tensile strength and the uniform elongation also decrease withmicrovoid size increasing,
theGBs aremore prone to damage and the stored strain energy of theGBs also decreases.
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These results provide a good indication for the application of the CZM-CPFE method
to the processing and manufacturing and can also provide some reference for specifying
relevant processing.

(a) (b) (c)

(d) (e) (f)

Fig. 5. Location and size of initial microvoids: (a) (d) the stress-strain curves, (b) (e) the SDEG
distribution and evolution and (c) (f) the stored strain energy of GBs. Black solid circles indicate
the initiation of fracture microcrack.

5 Conclusion

A CZM-CPFE method considering temperature effects that can predict intergranular
cracking was developed and its validity and accuracy were confirmed by in-situ tensile
experiments at 750 °C. The RVEs based on CZM-CPFE method analysed the effects
of grain size, GB angle and initial microvoid defects on the damage and failure of
TWIP steels, obtaining that smaller grain sizes, lower angle grain boundaries and smaller
microvoid sizes are more resistant to damage and more beneficial to the forming and
fabrication of components.
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