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ABSTRACT
In this work, the mechanical behaviour and texture evolution 
of AZ31B magnesium alloy under uniaxial tensile testing are 
investigated at different strain rates and temperatures. A crystal 
plasticity model is developed and calibrated to predict the 
mechanical response of the AZ31B at different temperatures 
and strain rates. The model results show that the relative 
activity of the ⟨a + c⟩ pyramidal slip increases with increasing 
temperature, reaching a maximum activity at 200 °C. In order 
to achieve the continuous increase in the relative activity of 
the ⟨a + c⟩ pyramidal slip as reported in the literature, a grain 
boundary sliding mechanism is implemented in the crystal 
plasticity framework. The incorporation of the grain boundary 
sliding at elevated temperatures results in considerable 
improvement in the model’s capabilities for prediction of 
yielding, hardening and texture evolution.

1.  Introduction

Magnesium alloys have recently attracted the interest of the automotive and aer-
ospace industries due to their unique physical and mechanical properties, which 
make them potential replacements for steel and aluminium. The low density and 
the high strength-to-weight ratio of magnesium alloys, in addition to their accept-
able corrosion resistance (corrosion properties depend on both alloy design and 
operation temperature), make them excellent candidates to save structural weight 
and consequently reduce fuel consumption. However, the deformation behaviour 
of such metals has not been completely understood, and there are several aspects 
regarding their limited formability, deformation mechanisms and galvanic cor-
rosion behaviour that need to be addressed.
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The behaviour of magnesium alloys is known to be viscoplastic and dependent 
on external (temperature, strain rate, triaxiality, etc.) and internal (microstructure, 
texture, alloying elements, etc.) factors. During deformation, several deformation 
mechanisms are activated, depending on the testing conditions, i.e. loading direc-
tion, temperature and strain rate. Several reported studies explored the different 
features exhibited by the mechanical response of AZ31 Mg and linked them to 
deformation mechanisms occurring at the microscopic scale [1–32].

At relatively low temperatures, the deformation in magnesium alloys typically 
occurs by intra-granular mechanisms of dislocation: slip and/or deformation twin-
ning. Roberts [33] studied the plastic properties of magnesium and concluded 
that magnesium possesses only two independent slip systems, namely, basal slip 
systems {0 0 0 1}

⟨
1 1 2̄ 0

⟩
. Therefore, other deformation modes are required to sat-

isfy the Taylor criterion for homogeneous plastic deformation of a polycrystalline 
aggregate. Several dislocation systems can be activated during the deformation 
of AZ31: ⟨a⟩ basal slip {0 0 0 1}

⟨
1 1 2̄ 0

⟩
, ⟨a⟩ prismatic slip 

{
1 1̄ 0 0

}⟨
1 1 2̄ 0

⟩
, ⟨a⟩ 

pyramidal slip 
{
1 0 1̄ 1

}⟨
1 1 2̄ 0

⟩
, ⟨a + c⟩ pyramidal slip 

{
1 1 2̄ 2

}⟨
1̄ 1̄ 2 3

⟩
, con-

traction twin 
{
1 0 1̄ 1

}⟨
1̄ 0 1 2

⟩
 and extension twin 

{
1 0 1̄ 2

}⟨
1̄ 0 1 1

⟩
 [3,33–41]. 

The activation of the different modes of deformation is sensitive to the loading 
direction, crystallographic orientation or texture, strain rate, and temperature. 
Additionally, for the material to undergo homogeneous plastic deformation, acti-
vation of the non-basal slip and twinning becomes crucial [42]. It is now well 
established that the ductility of magnesium AZ31B can be drastically improved 
by reducing the relative activity of deformation twinning [41,43].

HCP metals exhibit strong plastic anisotropy, leading to large variations in 
the critical resolved shear stress (CRSS) needed to activate the available slip 
systems via dislocation glide or twinning. This anisotropic behaviour is mainly 
attributed to the dislocations’ core structure resulting in low, intermediate and 
large values of Peierls stress on the basal, prismatic and pyramidal planes, respec-
tively. Furthermore, the CRSS required to activate dislocation slip is found to be 
sensitive to temperature [3,4,7,10,41,44]. Moreover, it is well established that in 
single crystalline metals, the high-strain-rate or low-temperature deformation 
is accommodated not only by dislocation slip, but also by deformation twinning 
[4,49–55]. However, the CRSS of twin systems is reported to be insensitive to 
temperature and strain rate [45]. In polycrystalline materials such as Magnesium 
alloys, additional plasticity mechanisms can be active such as grain boundary 
sliding (inter-granular deformation mechanisms active at high temperature) [3] 
and grain fragmentation. The relative activity of inter-granular and intra-gran-
ular deformation mechanisms depends on the loading conditions, temperature, 
texture and grain size. While magnesium alloys at relatively low temperatures 
exhibit limited plasticity and ductility, which is mainly induced by the activa-
tion of crystallographic slip and deformation twinning, the improved ductility 
of magnesium at elevated temperature may be attributed to the presence of 
inter-granular deformation mechanisms such as grain boundary sliding (GBS). 
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GBS is one of the most important high-temperature deformation mechanisms 
when the deformation temperatures exceed one-third of the absolute melting 
temperature [3,42,46]. Furthermore, dynamic recrystallization (DRX) is another 
important mechanism accommodated by the plastic deformation of Mg alloys. 
DRX leads to the formation of new grain structures in a deformed material 
through the development and migration of high-angle grain boundaries. DRX 
could be associated with twinning, GBS, grain fragmentation and rotation. The 
literature and data available on the DRX of superplastic Mg alloy sheets are 
limited [16,47–49].

In addition to experimental investigations, modelling can be used to gain 
insight on the mechanisms of deformation that controls the plastic deformation 
in polycrystalline materials. At the meso scale, several modelling techniques 
are used, such as crystal plasticity, cellular automata, finite element, and phase 
field method. In this work, the crystal plasticity theory is used to study the 
yielding, hardening and texture evolution in Mg alloys subjected to a wide range 
of strain rates and temperatures. The foundations of crystal plasticity theory 
may be traced back to the 1920s. Developed initially for fcc materials, sim-
ple boundary conditions were considered to account for anisotropic plasticity 
[50–61]. Improvements were made over the years in a significant number of 
works by consecutively accounting for twinning, grain size, grain interaction, 
etc. [30,31,56,62–69]. An attempt to describe the behaviour of HCP materials 
using crystal plasticity was proposed by Parks and Ahzi [70], considering five 
independent slip systems and using a viscoplastic constitutive framework that 
explicitly includes kinematic constraint along the crystal c-axis. Polycrystalline 
models were also used for Mg alloys to explain several exhibited deformation 
features such as yielding, tension/compression asymmetry, and anisotropy 
[3,7,44,70–81]. In spite of all the progress made in crystal plasticity theory, the 
modelling of inter-granular deformation mechanisms was attempted by few 
authors and never applied for HCP materials. Based on lattice curvature, Toth 
et al. [82] developed a fragmentation scheme integrated in a Taylor-type model 
in which the misorientation in subgrains is traced. Once the misorientation 
exceeds a certain threshold, subdivision of the grain is allowed. Wei and Anand 
[83] developed a crystal plasticity model to account for GBS in fcc metals. The 
simulation results presented a good agreement with the mechanical stress–strain 
response of the investigated material; however, the texture-predictive capability 
of the model was not provided. Fu et al. [84] proposed to model GBS for copper 
and iron by idealising the polycrystalline material as a two-dimensional com-
posite. A form of crystal plasticity was used to model the grain interiors, while 
an isotropic plasticity model was used to model the grain boundary region. 
The authors attempted to capture the increase in strength as the grain size is 
decreased; however, the authors did not attempt to predict the GBS-induced 
texture.



PHILOSOPHICAL MAGAZINE﻿    265

This paper presents a mathematical framework to predict the mechanical 
behaviour and the texture evolution of Mg alloy AZ31B at different strain rates 
and temperatures, using a crystal plasticity-based model. The crystal plasticity 
model incorporates formulation to account for the effects of GBS at high tem-
peratures. Model prediction of the mechanical response and texture evolution are 
compared with experimental data. The paper is organised into three sections. In 
Section 2, a detailed description of the material characterisation study is presented. 
In Section 3, the features of a model combining crystal plasticity with GBS for 
polycrystalline materials are presented. In Section 4, a comparison between exper-
imental and predicted stress–strain curves and textures is given and discussed.

2.  Experimental investigation

2.1.  Material and experimental techniques

In this work, the mechanical response of POSCO-supplied AZ31B twin rolled cast 
sheets, rolled to a final thickness of 3 mm, is investigated. An energy dispersive 
spectroscopy analysis (EDS) method was used to obtain the chemical composition 
of the material [16]. An electromechanical screw-driven testing machine (MTS 
Insight 30kN) equipped with a ThermoCraft environmental chamber was used 
to conduct the tensile tests. Tensile tests were performed at room and elevated 
temperatures over a range of strain rates between 10−1 to 10−4 s−1. A laser exten-
someter was used to measure the true strain and to achieve a constant strain rate 
in the gauge length. The geometry of the tensile test samples is given in Figure 1. 
The samples were machined from magnesium AZ31B sheets with the major axis 
aligned parallel to the rolling direction (RD); thus, the tensile load was parallel 
to the RD of the material.1

Figure 1. Geometry of the tensile sample; dimensions are in mm.
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Microstructural analysis was performed on the as-received and deformed mate-
rial up to failure. Specimens were cut from the gauge of the tensile test and oriented 
for observation of the RD and transverse direction (TD) planes. Specimens were 
mechanically ground and polished and then etched using a 5:2 acetic-to-picric 
acid solution.

A Carl Zeiss optical microscope, coupled with the AxioVision Grain Module 
software’s ASTM E1382 automatic method, was used to measure the grain size 
in the revealed microstructures. Additionally, microstructural analysis using 
electron backscatter diffraction (EBSD) was performed on the as-received and 
deformed samples. Specimens were polished sequentially with a silk cloth with 
3 μm diamond suspension, a nylon cloth with 1 μm diamond suspension and a 
synthetic velvet cloth with 0.25 μm diamond suspension. The final polishing step 
used 0.05 μm colloidal silicon solution on MultiTex© cloth made by SBT©. The 
specimens were sonic-cleaned in anhydrous alcohol and rotated 90° between each 
step. Continuous polishing eliminated the scratches from the previous step. The 
final polishing step was continued until EBSD patterns could be observed. An 
FEI field emission scanning microscope (FESEM) was used to perform the EBSD 
analysis. An accelerating voltage of 20 kV and a probe current of ~10 nA were 
used for all scans. Scans were analysed using TSL orientation imaging micros-
copy (OIM) analysis EBSD software, and a filter was used to eliminate any data 
with a confidence index (CI) below 0.1. CI standardization was the only cleanup 
method used on the scanned data. A minimum of 10,000 grains are used to cal-
culate the pole figures (PFs) and to represent the texture of the as-received and 
mechanically tested materials. The textures generated from X-ray and electron 
backscatter diffraction were compered by Wright et al. [85]. it was argued that in 
the purpose of accurately represent the macrotexture of medium to moderately 
textured materials, the orientation data from approximately 10,000 grains gen-
erated from EBSD are necessary.

2.2.  Experimental results

The quasi-static tensile mechanical response of the material at different strain 
rates and temperatures is shown in Figure 2.2 At room temperature, necking was 
not observed in all tested specimens, and the stress–strain behaviour was strain 
rate independent (Figure 2(a)). However, in specimens tested at 100 °C or higher, 
necking was observed, predominantly at 200 and 300 °C. While the strain rate 
effect appears to be insignificant at room temperature, considerable effect on the 
mechanical properties is observed at elevated temperature. This is manifested in 
Figure 2(b)–(d), where the yield strength decreases as the temperature increases. 
As the strain rate increases from 0.0001 to 0.1 s−1, the yield strength increases by 
7% at RT, 40% at 100 °C, 53% at 200 °C, and 64% at 300 °C. At a constant strain 
rate, the ultimate tensile strength (UTS) decreased with increasing temperature. As 
for the UTS, one can see that there is a considerable strain rate effect at all testing 
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Figure 2. Stress strain curves from tensile testing of AZ31 twin rolled cast specimens at (a) room 
temperature, (b) 100 °C, (c) 200 °C, and (d) 300 °C.
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temperatures and that this effect becomes more pronounced at higher temper-
atures. The extracted values of the UTS show increasing values with increasing 
strain rate from 0.0001 to 0.1 s−1. The UTS increases of 9% at RT, 22% at 100 °C, 
51% at 200 °C, and 70% at 300 °C. Moreover, the ductility (strain at failure) is 
observed to increase with decreasing strain rate and increasing temperature.

EBSD and an optical microscope (OM) are used to reveal the grain microstruc-
ture and texture of the as-received and deformed specimens. Pole figures pre-
sented in Figure 3(a) show a basal texture aligned with the ND of the as-received 
material, which is indicated by the texture components located at the centre of 
the (0 0 0 2) pole figure and the homogeneous intensity spread on the edges of 
the 

(
1 0 1̄ 0

)
 pole figure [87]. All specimens tested at room temperature show 

a strong (0 0 0 2)
⟨
1 1 2̄ 0

⟩
 component, characterised by the texture component 

located at the centre of the (0 0 0 2) pole figure. Furthermore, six intensity maxima 
appear at the hexagonal positions in the 

(
1 0 1̄ 0

)
 pole figure, with two intensity 

maxima being aligned along the TD direction, [14,86,87], as shown by Figure 3. 
After deformation, the basal plane rotates around the TD direction as shown by 
a spread of the basal plane parallel to the tensile direction (RD). This component 
is supposedly associated with basal slipping in the favourably oriented grains. 
By referring to the model of lattice rotation during tensile deformation, and the 
Schmid law, it is suggested that the primary deformation mechanism during the 
room temperature tests is basal and prismatic and pyramidal slips, with prismatic 
slip being the dominant deformation mechanism at the beginning of the loading 
[14,43]. The evolution of the intensity distribution of the prismatic plane is a result 
of the lattice rotation. Six intensity maxima appearing at the hexagonal positions 
are observed in the 

(
1 0 1̄ 0

)
 pole figures, with two of these peaks aligned with the 

loading direction. A relatively small amount of twinning has probably occurred 
and rotated the lattice by 86° at large deformation, as an intensity distribution is 
observed at the pole of the (0 0 0 2) pole figures.

Figure 4(a) shows that the specimen tested with 0.1 s−1 strain rates at 300 °C 
presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 component, characterised by the texture component 

located at the centre of the (0 0 0 2) pole figure and six intensity maxima that 
appear at the hexagonal positions in the 

(
1 0 1̄ 0

)
 pole figure, two intensity maxima 

are aligned along the RD direction [87]. While Figure 4(b) shows that the speci-
men tested 0.01 s−1 strain rates at 300 °C presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 component. 

From Figure 4, we can assume that basal and prismatic slips are active during 
deformation of the specimens tested at 300 °C and subjected to 0.1 and 0.01 s−1 
strain rates; however, the intensity distribution of the (0 0 0 2)

⟨
1 0 1̄ 0

⟩
 component 

is weaker than those observed for the same test conditions at room temperature. 
The 300 °C test at 0.001 s−1 strain rate reveals a texture that is remarkably similar 
to the as-received rolled TRC texture, while the 300 °C test at 0.0001 s−1 strain 
rate shows more spreading of the basal peak direction along the tensile direction 
(RD) and some strengthening of the 

(
1 0 1̄ 0

)
 along the TD direction. We can 

assume that the basal and prismatic are active slip systems. Furthermore, we can 
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(b)

(a)

(c)

(d)

(e)

Figure 3.  (Colour online) Pole figures, EBSD, and light microscope micrographs of (a) the as-
received and for specimen tested under tensile loading performed at RT with the strain rate equal 
to (b) 0.1 s−1, (c) 0.01s−1, (d) 0.001 s−1, (e) 0.0001 s−1.
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(a)

(b)

(c)

(d)

Figure 4.  (Colour online) Pole figures, EBSD, and light microscope micrographs of specimens 
tested under tensile loading performed at 300  °C with the strain rate equal to (a) 0.1 s−1, (b) 
0.01s−1, (c) 0.001 s−1, (d) 0.0001 s−1.
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assume, based on the Schmid law, that pyramidal slip is favourably oriented and 
will be active during the tensile loading along the RD direction. By comparing 
the as-received texture with the deformed textures at 300 °C, there is evidence 
that deformation mechanisms other than basal and prismatic slips have taken 
place. We suppose that with increasing temperature, the pyramidal slip activity 
is increased and that part of the plastic deformation and texture evolution is the 
result of GBS.

The optical microscope (OM) and EBSD orientation map micrographs of 
the failed tensile specimens shown in Figures 3 and 4 are oriented in the same 
direction as the pole figures. Table 1 summarises the average grain size in func-
tion of the strain rate and temperature. The microstructures are observed to 
be dependent primarily upon testing temperature. The average grain size of 
the as-received AZ31 as rolled TRC sheets is found equal to 8.2 ± 0.5 μm. The 
microstructures of TRC AZ31 samples tested at room temperature for different 
strain rates are shown in Figure 3. The material tested at RT reveals a more 
heterogeneous microstructure with highly deformed grains (see Figure 3). A 
deformation induced grain size decrease is observed. Very fine needles aligned 
parallel to each other inside a grain are present in the room temperature tested 
specimens, which can be observed with the light microscope micrographs and 
with the image quality (IQ) maps.3 Those needles structures attributed to twin-
ning deformation are observed in the microstructure of the samples tested at 
different strain rates. The highest density of twinning is observed in the micro-
structure of the sample tested at 0.1 s−1. These twins were too fine to be observed 
in the EBSD orientation maps. According to the literature, contraction twinning 
occurring on the 

(
1 0 1̄ 1

)
 and 

(
1 0 1̄ 3

)
 twin planes are favoured by basal texture 

of the rolled sheets (with c axis perpendicular to the loading direction) [9,43,45]. 
The evolution of the microstructures of TRC AZ31 samples tested at 300 °C for 
different strain rates are shown in Figure 4. Twin bands are not observed, there-
fore we assume that deformation twin are not activated at 300 °C. Furthermore, 
it is observed (from Figure 4 and Table 1) that the grain size decreases with 
decreasing strain rate until 0.001 s−1, reaching a minimum value of 3.7 ± 0.2 μm. 
An increase in the grain size is then noticed with decreasing strain rate; i.e. 
larger grains, were observed at the strain rate of 0.0001 s−1, with the average 
grain size of 5.1 ± 0.3 μm, compared to those observed at 0.001 s−1. The average 
grain size increase can be associated to the specimen being exposed to elevated 
temperature for longer duration under slow strain rate. Moreover, Figure 4 
shows that elongated grains along the loading direction are present for the 10−2 

Table 1. Average grain size in μm of the different tested specimens.

Temperature Strain rate (s−1)
Untested 10−1 10−2 10−3 10−4

Room temperature (RT) 8.2 μm 6.7 μm 5.89 μm 5.76 μm 6.2 μm
300 °C 8.2 μm 6.7 μm 5.92 μm 3.7 μm 5.1 μm
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s−1 strain rate. However, for a strain rate of 10−3 s−1 all the grains appear to be  
equiaxed.

3.  Modelling4

3.1.  Single crystal plasticity

3.1.1.  Kinematics description for single crystal plasticity5

In this work, the kinematics quantities are defined under finite strain. Let 
� = �(�, t) be the position of a material point in the current configuration at 
time t, with � being its position in the reference configuration. The deformation 
gradient is denoted by � = ∇�(�, t) with the Jacobian � = det� > 0. The time 
derivative of the deformation gradient is written as follows: �̇ = ��, where � = ∇� 
is the velocity gradient, with � = �̇(�, t) being the velocity vector. The deformation 
gradient � is decomposed in a multiplicative manner into elastic part �e, associated 
with the elastic stretching and rigid body rotation of the crystal lattice, and plastic 
flow part �P, associated with the plastic shear deformation along the crystalline 
slip and twinning planes, as proposed by Lee [55],6 such that � = �e�p.7

Figure 5.  Schematic representation of the multiplicative decomposition of the deformation 
gradient modified by Kalidindi [72] to account for mechanical twinning.
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Figure 5 describes the multiplicative decomposition for a crystal lattice. It 
assumes that the plastic transformation is described by the transition from the 
initial undeformed state C0 to the intermediate relaxed state Cp, and the elastic 
transformation connects it to the current configuration Ct. �

�
�
 and ��

�
 are unit 

vectors defining, in the initial configuration, the direction and the normal of/to 
the slip/twinning plane of the α slip/twinning system, respectively. Furthermore, 
using polar decomposition, the elastic deformation gradient can be expressed 
as the product of the elastic distortion �e and the rigid rotation �e such that 
�e = �e�e. As suggested in Figure 5, the relaxed configuration Cp can be mapped 
to the current configuration Ct by first a rigid rotation to the configuration CR 
followed by an elastic distortion. These latest deformation modes are assumed to 
be independent only for mathematical simplifications even if they occur simul-
taneously. The velocity gradient may be written as � = �̇�

−1
= � +�, where 

� = 1∕2
(
� + �T

)
 is the stretching tensor rate and � = 1∕2

(
� − �T

)
 is the spin 

tensor. The velocity gradient can be decomposed further into elastic and plastic 
parts as follows:

 

where
 

 

where �e and �p are the elastic and plastic stretching tensors, respectively, and 
�e and �p are the elastic and plastic spins, respectively.

A recall of the main features of the crystal plasticity model is presented in this 
paragraph before introducing the constitutive relations that have been proposed 
and integrated into the model to capture the grain boundary sliding.

3.2.  Taylor polycrystal model

The mathematical framework of the single crystal plasticity model is summa-
rised in Appendix 1. The crystal plasticity model accounts for slip and twinning 
(extension and contraction twinning) in HCP materials. In this work, extension 
and contraction twins are considered in the constitutive framework proposed by 
Kalidindi et al. [72,88] that incorporates the crystallography of the deformation 
twin.

To account for the crystals’ orientation in the formulation of the homogenisa-
tion method, a transformation matrix is defined between the crystallographic and 
the global lattices. Let us consider that Rc is the crystallographic/lattice coordinate 

(1)
𝐋 = 𝐅̇e𝐅e−1

⏟⏟⏟
𝐋e

+𝐅e𝐅̇p𝐅p−1𝐅e−1

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
𝐋p

(2)�e = �e +�e

(3)�p = �p +�p
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system and Rg is the global coordinate system. � is the transformation matrix from 
the crystal to the global coordinate systems, using the Eulers angles θ, ψ and φ.

The Taylor homogenisation method is utilised to average the response of the 
polycrystalline material. Following Taylor [53] and Asaro and Needleman [57], 
it is assumed that for a polycrystalline material the deformation gradient in each 
grain is uniform and that all crystals are subjected to the average deformation, 
which is equal to the macroscopic deformation at a material point. The Taylor 
approximation violates the equilibrium between grains and holds only inside the 
grain. By assuming that all grains have equal volume and that the volume fraction 
of each orientation is identical, the average Cauchy stress at each macroscopic 
continuum point is simply determined as:

 

where �k is the Cauchy stress on the k-th crystal and N is the total number of 
representative crystal orientations.

3.3.  Grain boundary sliding (GBS)

As discussed earlier, the observed texture at 300 °C shows that the plasticity may 
result from several deformation mechanisms. That is, in addition to the basal 
slip, strengthening and randomisation of the prismatic component are activated. 
Moreover, the pole figures and the microstructural observations through EBSD 
and the light microscope suggest that no twinning occurs with tests performed at 
300 °C. Discussions and conclusions from the literature attribute part of the plastic 
deformation and the texture randomisation to grain boundary sliding. Atwell  
et al. [89] studied the effect of both grain size and temperature on the mechanical 
properties of AZ31 Mg alloy sheet and discussed the deformation mechanisms 
contributing to the strain. It was suggested that GBS and grain boundary medi-
ated activities increase at deformation above temperature about 100 °C. Their 
suggestion on the contribution of GBS to the plastic deformation at elevated 
temperature has been supported and discussed by observing the increase in strain 
rate sensitivity, the total elongation, and the decrease of plastic anisotropy with 
increased temperature.

Panicker et al. [90] pointed out that at 673 K, GBS contributes to the deforma-
tion of AZ31 Mg alloy. The contribution of GBS to the plastic strain was evaluated 
to be approximately 30%, accompanied with a significant weakening in the texture. 
It is widely accepted that GBS is associated with superplastic behaviour, grain 
growth and anisotropy drop [47,88–92]. The framework presented in section 3 
accounts purely for the intra-granular deformation mechanisms. However, the 
mediated activities of inter-granular mechanisms such as GBS increase with tem-
peratures above 100  °C. Hence, accounting for this mechanism is essential to 

(7)� =
1

N

N∑

k=1

�k
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enhance the predictive capability of the model, especially to capture the texture 
evolution and randomisation. In what follows, a model attempting to account for 
GBS is proposed.

GBS is a thermally activated deformation mechanism that gains in intensity 
with elevated temperatures. Staroselsky and Anand [3] considered that the effect of 
GBS on the deformation of a grain is localised near the grain boundaries. Hence, 
they considered a layer of the crystal located near the grain boundary, having a 
volume fraction ξ, to deform according to an isotropic plasticity flow rule, while 
the other part of the crystal deforms according to the crystal plasticity theory. The 
GBS deformation is accounted for with a simple rule of mixture:

 

where ξ is the fraction volume of the GBS layer at a given temperature and �p

cp is 
the plastic velocity gradient derived from the single crystal plasticity formulation, 
expressed as follows:

 

Where Nslip and Ntwin are the number of slip and twin systems, respectively; 
Equation (9) is detailed in Appendix 1. �p

gbs
 is the plastic velocity gradient describ-

ing the contribution of the GBS to the plastic deformation. As reported above, the 
GBS is observed to induce a rotation of the grains, and therefore the antisymmetric 
part of the GBS plastic velocity gradient should not be neglected:

 

With �p

gbs
 being the GBS plastic deformation rate and �p

gbs
 being the plastic spin 

accounting for the amount of rigid rotation induced by the GBS. It is considered 
that GBS contributes to the plastic deformation of the material; therefore, based 
on the theory of plasticity, a plastic deformation rate is defined with the following 
formulation:

 

Since GBS has been reported to induce an isotropic deformation in the material, 
the isotropic Von Mises equivalent stress is used in the formulations of the flow 
rule [47,91]; �� = � − 1∕3tr(�)� is the deviatoric stress, � =

√

��:��
/
2 is the 

equivalent tensile stress, and the plastic shear rate is defined as follows:
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where 𝛾̇gbs
0

 is the reference shear rate, ΔG is the activation energy, τ0 is the GBS 
CRSS, k is the Boltzmann constant, θ is the temperature and dg is the average 
grain size.

GBS is considered to induce a rotation to the grain, and hence we cannot 
neglect the plastic spin. The plastic spin related to GBS, �p

gbs
, is accounted for 

by considering that the GBS induces a crystal lattice rotation around an axis Ω. 
We can write the following, in the most general form the representation of the 
plastic spin �p

gbs
:

 

with � being the transformation matrix due to the rotation of the grain around 
an axis Ω. The definition of an axis of rotation is critical to the texture prediction. 
An axis of rotation can be identified from the experimentally observed texture 
by comparing the texture evolution at different temperatures. The authors are 
able to identify a rotation around the c-axis by comparing the evolution of the 
texture in pole figures shown in Figures 3(a) and 4. At 300 °C, the (1 0 1̄ 0) pole 
figure shows a randomisation of the texture as the intensity peaks are decreasing, 
until they completely disappear with decreasing strain rate. We can argue that 
at high temperature no twinning is occurring; hence, the spread of the texture 
along the RD direction in the (0 0 0 2) pole figure appearing for the lowest strain 
rate is a rotation of the grains around TD. Furthermore, for tests conducted at 
300 °C and 0.0001 s−1, Rodriguez et al. [16] reported that dynamic recrystalli-
zation is one of the main deformation mechanisms. Hence, as a first approach, 
GBS is considered to induce a rotation around the c-axis of the crystal, and the 
plastic spin related to GBS is written as follows (detailed calculation given in 
Appendix 2):
 

with � being the transformation matrix due to the rotation of the grain around 
the c-axis. The GBS rotation rate 𝜔̇ is chosen to follow a power law as follows:
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Where mgbs is the GBS rotation rate sensitivity, s0sp is the initial rotation shear 
resistance and τsp is the rotation shear stress defined by considering, as stated 
previously, that the rotation is assumed to occur around the c-axis of the crystal. 
We define � as the normal vector to the c-axis, and the rotation rate is calculated 
using the system ⟨c, �⟩ that maximises the rotation shear stress.

 

4.  Experimental and numerical model comparison and discussions

The crystal plasticity (CP) model and the proposed GBS model described in 
Appendix 1 and in the previous section were implemented into a Fortran pro-
gram. The computational procedure uses a Newton-type algorithm to solve a 
set of non-linear equations such that the stresses better satisfy the principle of 
virtual work.

4.1.  Numerical stress–strain response calibration

The crystal plasticity model parameters were identified by fitting the numerical 
stress–strain curves onto the different experimental tensile stress–strain responses 
of the AZ31B Mg alloy simultaneously at different temperatures and strain rates. 
An evolution of some model parameters as functions of the temperature is found 
necessary. Figure 6 shows the evolution of those parameters that are found to be 
linear in a logarithmic scale. The set of parameters is not unique, and a thorough 
identification procedure can be proposed by combining single-crystal plasticity and 
dislocation dynamics with experimental results. The model parameters considered 
as temperature independent are presented in Table 2. At RT, the effect of strain 
rate on the mechanical behaviour of the AZ31B is very small, and therefore the 
rate sensitivity parameter is found to be small, 1∕m = 100. At 300 °C, the material 
exhibits a high strain rate sensitivity; hence, the material rate sensitivity parame-
ter is found to be the highest, 1∕m = 7. The initial critical resolved shear stresses 
(CRSS), corresponding to the different slip and twin systems, are found to evolve 
with temperature: sbasal and spyramidal decrease with increasing temperature; however, 
stwin is found to be constant, although the twinning relative activity is observed to 
be decreasing with increasing temperature, as at 300 °C no proof of twin activity 
is reported. The different slip and twin system saturation values of the critical 
resolved shear stresses ss are considered to be equal to three times the values of the 
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initial shear resistance. The initial hardening parameter h0 is found to non-linearly 
decrease with increasing temperature, reflecting the experimental observations.

The tensile stress–strain numerical responses of the AZ31B Mg alloy for dif-
ferent strain rates and temperatures are compared to the experimental results in 
Figure 7. The experimental and the calibrated stress–strain curves show a relatively 
good agreement for different testing conditions. The model is capable of capturing 
strain-rate effect evolution with temperature. The model fails to reproduce the 
stress–strain behaviour after the UTS, which is expected since the model does 
not include any damage formulations. The model parameters are optimised to fit 
the experimental stress–strain curves and to give acceptable texture predictions. 
For each temperature, one set of model parameters is identified.

(a) (b)

(c)

Figure 6. Crystal plasticity model parameters evolution in function of the temperature, (a) the 
evolution of the material rate sensitivity parameter; (b) the evolution of the hardening parameters 
and, (c) the evolution of the initial critical resolved shear stresses (CRSS) of the basal, pyramidal 
and twin systems.
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Figure 8 shows the relative activity of the different slip and twin systems 
obtained by simulation for tests conducted at 0.1 s−1 strain rate and at different 
temperatures. Enclosed in each figure we show the fracture surface observed with 
SEM. The fractography images only serve the purpose of showing the evolution of 
the initial specimen cross-sectional area and hence the evolution of the anisotropy. 
The quantitative evaluation of the plastic anisotropy was obtained by calculating 
the r-values for each test condition. The following equation was used to determine 
the r − value = �S

/
�L = ln

(
wf

/
wi

)/
ln
(
tf

/
ti

)
, where ɛS, ɛL denote the short 

and lateral transverse strains, w, t denote the sample width and thickness, and i, 
f denote the initial and final values. It is worth noting that the r-values measured 
at fracture were close to those measured around necking [92]. We also notice 
that the r-values first increase with increasing temperature, reaching a transition 
temperature close to 200 °C followed by a decrease. Figure 8 shows that the relative 
activity of the basal slip exhibits very slight evolution with evolving temperature. 
An increase in the relative activity of the prismatic slip is observed with increas-
ing temperature. A significant drop in the activity of the ⟨a⟩ pyramidal slip with 
increasing temperature, reaching almost zero at 300 °C, can be observed. ⟨c + a⟩ 
pyramidal slip shows an increase in the relative activity, reaching a transition at 
200 °C followed by a decrease. From Figure 8, twin deformation is observed to 
be very active at RT, a very minor activity at 100 °C is noticed, and then almost 
no presence of twinning is measured at higher temperatures. While contraction 
twin activity is comparable to ⟨a + c⟩ pyramidal slip at RT, tensile twinning does 
not show any activity at the beginning of the deformation and starts picking up 
at 5% strain but still exhibits very small relative activity. A decrease in the ani-
sotropy is generally reported with increasing temperature, as different tempera-
ture-dependent intra- and inter-granular deformation mechanisms are activated. 
GBS and pyramidal slip are the main contributors to the reported decrease in 
anisotropy at high temperature [41,42,92]. The relative activities of the different 
slip and twin systems presented in Figure 8 were obtained without considering 
GBS in the model. The average relative activity of the ⟨a + c⟩ pyramidal slip, when 

Table 2. Model parameters of the crystal plasticity model and the GBS framework.

Parameter Values
𝛾̇
0

Slip reference shearing rate 10−6 s−1

𝛾̇
0twin Twinning reference shearing rate 10−6 s−1

m* Hardening sensitivity 2.25
h0twin Initial hardening rate 1.0 MPa
rtwin Latent hardening parameters 1.4

𝛾̇gbs
0

GBS reference shear rate 𝜀̇ s−1

k Boltzmann constant 1.38 × 10−23  m2 kg s−2 K−1

dg Average grain size 8.2 μm
τ0 Initial shear resistance 150.0 MPa
s0sp Initial rotation shear resistance 0.9 MPa
mgbs Rotation rate sensitivity 5.0
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Figure 7. Comparison between the modelling results and the stress–strain responses of the TRC 
AZ31B obtained at 10−1, 10−2, 10−3, and 10−4 s−1 strain rates at different temperatures: (a) RT, (b) 
100 °C, (c) 200 °C, and (d) 300 °C.
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compared to RT values, shows an increase at 100 °C, a stabilisation at 200 °C, and 
then a decrease at 300 °C. We can argue that, as reported in the literature, elevated 
temperatures contribute to increase the relative activity of ⟨a + c⟩ pyramidal slip 
[41,42,92] as a result of the activation of inter-granular deformation mechanisms. 
Therefore, not considering the activation of inter-granular mechanisms in the 
model can explain the observed transition of the ⟨a + c⟩ pyramidal slip relative 
activity at 200 °C (Figure 8(c)).

4.2.  Texture prediction

Figure 9 shows a comparison between the experimental and simulated texture for 
samples tested at RT for 0.1 and 0.0001 s−1 strain rates. The comparison between 
the experimental and numerical texture for samples tested at RT for 0.1 s−1 are pre-
sented in Figure 9(a). The numerical texture presents a (0 0 0 2) 

⟨
1 1 2̄ 0

⟩
 fibre with 

similar intensity distribution to the experimental texture. The numerical (0 0 0 2) 
pole figure is characterised by the texture component located at the centre and two 
intensity distribution observed at the poles that result from the contraction twins 
that rotated the lattice of few grains by 86°, as shown by the relative activities pre-
sented in Figure 8. The 

(
1 0 1̄ 0

)
 pole figure presents six intensity maxima appearing 

at the hexagonal positions with two intensity maxima being aligned along the TD 
direction. The numerical texture for samples tested at RT for 0.0001 s−1 strain rate 
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Figure 8.  (Colour online) Relative activities of the different slip and twin systems at strain rate 
of 0.1 s−1 and temperatures of (a) RT, (b) 100  °C, (c) 200  °C, and finally (d) 300  °C. Embedded 
in each figure we integrated the corresponding fracture surface observed with SEM and the 
corresponding r-value.
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is compared with the experimental texture in Figure 9(b). Similar to the experi-
mental texture and with comparable intensity distribution, the numerical texture 
presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 fibre. The texture component located at the centre of 

the numerical (0 0 0 2) pole figure is again observed. However, in contrast with the 
experimental texture that shows a spread of the basal toward the pole along the 
RD direction, the numerical texture shows two-intensity distribution at the poles 
of the RD direction. In addition, six intensity maxima appearing at the hexagonal 

(a) 

(b) 

Numerical CP

Experimental 
0 0 0 2 1 0 0

Experimental

Numerical CP
0 0 0 2 1 0 0

TD TD

0 0 0 2 1 0 0

0 0 0 2 1 0 0

TD TD

Figure 9.  (Colour online) Comparison between experimental and predicted texture evolution, 
using the crystal plasticity model (CP), of tensile tested samples at room temperature at a strain 
rate of (a) 0.1 s−1 and (b) 0.0001 s−1.
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(a)

Experimental 

Numerical CP 

0 0 0 2 1 0 0
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Experimental 
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0 0 0 2 1 0 0

TD TD

(b) 

Numerical CP 
0 0 0 2 1 0 0

TD TD

Numerical CP + GBS
0 0 0 2 1 0 0

TD TD

Figure 10. (Colour online) Comparison between experimental and predicted texture evolution, 
first using the crystal plasticity model (CP) and second by accounting for grain boundary sliding 
(GBS), of tensile tested samples at 300 °C at a strain rate of (a) 0.1 s−1 and (b) 0.0001 s−1.
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positions with two intensity maxima aligned along the TD direction are observed 
in the 

(
1 0 1̄ 0

)
 pole figure. In summary, the model is observed to reproduce the 

features of the experimental texture developed by the specimen loaded at RT.
For the purpose of highlighting the capability of the model combining the crys-

tal plasticity and the GBS in predicting the texture, we present the model texture 
predictions with and without GBS.8 Figure 10 shows a comparison between the 
experimental and the predicted (0 0 0 2) and 

(
1 0 1̄ 0

)
 pole figures, first by using the 

crystal plasticity (CP) model alone and then by accounting for GBS (CP + GBS) in 
the model, at 300 °C for 0.1 and 0.0001 s−1 strain rates. Obviously, the CP model 
alone is unable to accurately predict the experimental texture at those testing 
conditions. For the loading condition at 300 °C and 0.1 s−1 strain rate (Figure 
10(a)), the CP-predicted texture presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 fibre comparable with 

the experimental texture, yet, with higher intensity distribution. The (0 0 0 2) pre-
sents a high intensity texture component located at the centre while the 

(
1 0 1̄ 0

)
 

pole figure shows six intensity maxima with two intensity maxima being aligned 
along the RD direction however, the texture presents higher intensity compared 
to the experimental pole figures. For the loading condition at 300 °C and 0.0001 
s−1 strain rat (Figure 10(b)), the CP-predicted texture presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 

fibre that is not developed by the experimental results. The CP-predicted 
(
1 0 1̄ 0

)
 

pole figure (Figure 10(b)) shows six intensity maxima that are not observed in 
the experimental pole figures.

The predictions of the crystal plasticity model combined with the proposed 
GBS model (CP + GBS) are now compared to the experimental data. Using the 
CP model parameters presented in Figure 6 with the GBS model parameters given 
in Table 2 resulted in stress–strain curves with a lower stresses level compared to 
the plots in Figure 7. The overall mechanical response at higher temperature is 
considered the contribution of both the intra-granular and grain boundary-sliding 
mechanisms accounted for with a simple rule of mixture presented in Equation 
(8). The overall plastic deformation gradient is assumed to be the contribution of 
the crystal plasticity plastic deformation gradient and the GBS plastic deformation 
gradient and each term is multiplied by a complementary volume fraction of GBS. 
Therefore, depending on the volume fraction of GBS the crystal plasticity model 
parameters (mainly the CRSS) are adjusted to allow better fitting of the mechanical 
response. Figure 11 shows the new evolution of the critical resolved shear stresses 
(CRSS) of the different slip systems and the evolution of the GBS volume fraction 
with temperature. Consequently, the CP + GBS numerical stress–strain curves at 
different strain rates and temperatures were very close to those shown in Figure 6; 
hence, the authors did not find it relevant to show the predictions again.

The texture prediction capability of the combined crystal plasticity and GBS 
model is now verified for the 300 °C tests. Figure 10(a) (0.1 s−1, 300 °C) shows that 
the CP + GBS model predicted texture presents a (0 0 0 2)

⟨
1 1 2̄ 0

⟩
 fibre and a com-

parable intensity distribution to the experimental texture. The (0 0 0 2) presents a 
high intensity texture component located at the centre however, the spread along 
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the TD direction present in the experimental texture is not captured accurately. 
This basal spread is not associated with deformation twinning as no twin bands 
were observed in Figure 4 and furthermore, the estimated relative activities pre-
sented in Figure 8 shows no twinning activity at 300 °C. The 

(
1 0 1̄ 0

)
 pole figure 

shows six intensity maxima with two intensity maxima being aligned along the RD 
direction that presents similar intensity distribution to the experimental texture.

The CP + GBS texture prediction for the specimen deformed at 300 °C with 
a strain rate of 0.0001 s−1, are presented in Figure 10(b). Although the intensity 
component located at the centre of the (0 0 0 2) pole figure indicates that the 
material has a strong basal texture, the model fails to predict the continuous 
spread along RD of the basal slip between the two poles of the (0 0 0 2) pole figure. 
Figure 10(b) highlights the effect of the CP + GBS model on randomising the 
texture in the 

(
1 0 1̄ 0

)
 pole figure. The six intensity maxima seems to be reduced 

and flattened to finally present a comparable texture to the experiments. In the 
proposed GBS model, only rotation around the c-axis is considered. However, 
several GBS rotation axes may exist and need to be identified by conducting a 

(a)

(b)

Figure 11. Crystal plasticity model combined with the GBS framework parameters evolution as 
a function of the temperature: evolution of the (a) critical resolved shear stresses (CRSS) of the 
different systems and (b) GBS volume fraction.
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thorough experimental investigation on different initial tested textures. Grain 
refinement and then growth has been reported at 300 °C at 10−4 s−1 strain rate [16]. 
A mechanism of grain fragmentation and growth needs to be taken into account 
in future works with the aim of improving the texture prediction.

5.  Conclusion

In this study the mechanical behaviour and the texture evolution of a twin roll cast 
AZ31 Mg alloy have been studied at different strain rates and temperatures. The 
stress–strain behaviour exhibits strain rate and temperature sensitivity. The analy-
sis of the microstructure and the texture evolution suggests that basal and ⟨c + a⟩ 
pyramidal slip are the main plastic deformation mechanisms, with twinning occur-
ring at lower temperatures and higher strain rates. Moreover, our results show that 
GBS makes an increasing contribution to the plastic deformation with increasing 
temperatures. A standalone crystal plasticity model accounting for slip and twinning 
has been developed following Kalidindi’s model [72]. The polycrystal response has 
been considered using the Taylor homogenisation approach. GBS has been taken 
into account by considering an isotropic flow coupled with a plastic spin inducing 
a rotation to the texture. The experimental results of the stress–strain behavior and 
texture evolution are in good agreement with the GBS-modified CP model.

Notes

1. � All of the tested specimens in this present study failed in the middle region (away 
from the shoulders) of the gauge section.

2. � The stress was calculated σ = F/A, with F being the measured load and A the current 
cross-sectional area. A was calculated by assuming that the material deforms at a 
constant volume, although this assumption does not hold true after necking.

3. � We decided not to show the image quality (IQ) maps, as they do not give any 
additional information; however, we preferred reporting on the observed twin that 
this method revealed.

4. � Throughout the text, the following notations have been used: Vector and tensor 
quantities are represented with bold-face symbols, while scalars and individual 
components of vectors and tensors are written in italics The superposed dot ‘.’ 
designates the time derivative, the double dot ‘:’ the double tensor contraction, the 
prime ‘′’ the deviatoric quantity, and the superscript ‘T’ the transpose quantity.

5. � In this section, tensors and vectors are denoted by bold-face symbols.
6. � This decomposition introduces the notion of an intermediate (relaxed) stress-free 

configuration.
7. � The deformation gradient is expressed as a function of the strain rate 

and time as follows for uniaxial tension and compression loadings: 
F(1, 1) = exp(𝜀̇t); F(2, 2) = exp(−𝜀̇t∕2); F(3, 3) = F(2, 2).

8. � The comparison is only presented for the tests conducted at 300 °C as at RT the GBS 
is considered negligible.
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9. � The elastic stiffness tensor is reduced, due to the one symmetry axis c, to have five 
independent components. Simmons and Wang [93] gave the values of the five 
independent components of the magnesium stiffness tensor; C11 = C22 = 58MPa;  
C12 = 25MPa; C13 = C23 = 20.8MPa; C33 = 61.2MPa; C44 = C55 = 16.6MPa; 
C66 = 1∕2

(
C11 − C12

)
.
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Appendix 1.  Single crystal plasticity framework

The stored Helmholtz free energy Ψ is expressed as follows:
 

With �e9 being the fourth order anisotropic elastic stiffness tensor and �e = 1∕2
(
�T� + �

)
 

the elastic Green-Lagrange deformation tensor. The elastic part of the deformation in a 
metallic single crystal is small compared to the plastic part. Therefore, in a metallic single 
crystal the constitutive equation for stress is taken to be the second Piola-Kirchhoff stress 
tensor, expressed as follows:
 

The Cauchy stress � can be related to the second Piola–Kirchhoff stress by the following 
relation:
 

A1.   Flow rules

We consider that the inelastic deformation is produced by an incremental uniform shear 
strain occurring in a small volume-element. When considering that only slip systems are 
activated, it can be assumed that each grain reorients gradually. The plastic deformation can 
be defined as an average over a representative volume element (REV) on a scale such that the 
slip dislocation mechanisms are inhomogeneous. Therefore, the plastic deformation gradient 
can be determined from �̇p = �p�p, expressed as a function of the plastic velocity and defor-
mation gradients. The plastic velocity gradient is expressed as the sum over the α slip systems 
of the product identity tensor with the plastic distortion as presented in Equation (A4):
 

where 𝛾̇𝛼 = 𝛥𝛾𝛼∕𝛥t is the slip shear rate on the α slip system, Δγα is the incremental shear 
strain induced by all the dislocation loops over the REV, Δt is the time increment, and 
�𝛼 = �𝛼

0 ⊗ �𝛼
0 is the Schmid tensor.

To take into account the contribution of twinning in the plastic deformation, the formu-
lation proposed by Kalidindi [72,88] is considered. In this model, the mechanical twinning is 
considered mathematically to be very similar to slip; however, additional model gradients are 
necessary. We define fβ as the volume fraction of twinning in the grain of the β twin-system. 
The activation of a β twinning system results in the reorientation by �� of a volume fraction of 
the single-crystalline parent. Considering that slip and twinning are expressed using similar 
mathematical formulations, the velocity gradient is expressed as shown in Equation (8) [88]:
 

where ���tw = �f �� twin is the twinning incremental shear rate; Δfβ is the incremental volume frac-
tion of the crystal that has undergone twinning; γtwin denotes the twin shear, which is a constant 
that depends on the single crystal geometry; ���slip−tw = Δ��f � is the slip in the twinning region 
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incremental shear rate; and Nslip and Ntwin are the number of slip and twin systems, respectively. 
Let us define a as the hexagonal base side dimension and c as the height. Then, the twin shear 
could be defined as � twin =

√
3
�
(c∕a) − (c∕a)

� √
3; for magnesium alloys, γtwin = 0.129.

Kalidindi [72] accounted for twinning and slip by expressing the Cauchy stress in a mixture 
rule between the twinning and the untwinning Cauchy stresses:
 

The evolution of the volume fraction of twinning is given by the following equation [72]:
 

For HCP metals, the induced rotation by twinning transformation of the parent crystal is 
defined by the following equation [3,72]:
 

The stiffness tensor in the twinning lattice �twin could be related to the stiffness tensor �e in 
the parent crystal lattice by a coordination transformation law as:
 

The slip/twinning direction in the α system could be written in the current configuration Ct 
as follows:
 

The orthogonality condition between the slip/twinning planes and direction imposes the fol-
lowing relation:
 

A2.   Constitutive equations

As mentioned earlier, the plastic deformation in the crystal is induced by the shear stress. The 
resolved shear stress τα on each slip/twinning system identified in the current configuration 
is written as:
 

As the aim of this work is to model the effect of strain rate on the behaviour of an AZ31 Mg 
alloy, a rate-dependent crystal plasticity framework has been chosen. It assumes that all slip 
and twinning systems are active and their contributions to the deformation are weighted by 
the value of the plastic shear rate. The plastic shear rate is defined with a power law, which the 
Pierce–Asaro–Needleman model [75,80] defined as:
 

Where 
𝛾̇0

 is the initial shear rate, the value of which is assumed in this study to be the same on 
all slip and twinning systems; m is the material rate sensitivity parameter; and sα is the initial 
slip/twinning systems’ critical resolved shear stresses (CRSS), which is taken to evolve as:
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where hαβ describes the instantaneous strain hardening on the slip/twinning α system due to 
shearing on the system β. The hardening modulus is defined as follows [56,57]:
 

where h0, r are material constants, ss is the saturation values of the critical resolved shear 
stresses, and δαβ is the Kronecker tensor.

Appendix 2.  Plastic spin related to GBS

By assuming that GBS induces rotation around the c-axis of the crystal, the transformation 
matrix � can be written as follows
 

Furthermore, the time derivation of the transformation matrix can be written as follows:
 

The plastic spin related to GBS yields to:
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