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A B S T R A C T

The EVPSC-TDT model is employed to mimic the stabilized stress-strain hysteresis loops of the 
rolled AZ31B plate under cyclic loading in different material orientations. The predicted stabi-
lized stress-strain hysteresis loops for different material orientations are generally in good 
agreement with the corresponding experimental data. The key features associated with twinning 
and detwinning are interpreted in terms of activities of deformation modes. To appropriately 
mimic the cyclic plastic response of the rolled AZ31B plate, cyclic loading experiments should 
also be accounted for in determining the Voce-type hardening law parameters in the current 
model. The equation proposed in the literature is used in the current model to describe the 
evolution of residual twinning during cyclic loading, and a threshold equation with a new 
parameter is proposed to constrain fresh twinning and retwining. The effects of parameters in the 
two equations on cyclic plastic response are investigated. To approximately describe the apparent 
easier reverse motion of twin boundaries, the initial CRSS of detwinning is set to be half of that of 
twinning, and for simplicity the other voce-type hardening law parameters are kept the same for 
both twinning and detwinning. The effect of initial CRSS of detwinning on plastic response during 
reverse loading is also investigated. The inelastic behavior is predicted to occur at the very end of 
the unloading process for the 90◦ (ND) material orientation, which is ascribed to detwinning. It is 
assumed that the magnitude of internal tensile stress upon unloading together with that of the 
activation stress for detwinning determine when or whether detwinning will occur during 
unloading. The discrepancies between numerical simulations and experiments of the pseudo- 
elasticity behavior might be because the current mean field model based on self-consistent 
schemes might not properly describe some microstructure related properties of the AZ31B 
plate and so underestimates the internal tensile stresses of twinned grains before unloading, 
which deserves further investigation.   
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1. Introduction 

Magnesium alloys have gained much attention in the past decades for their great potential of applications in the automotive, 
aircraft, aerospace and transportation industries due to the low density and high specific strength as well as ample global supply of 
primary magnesium (Nový et al., 2009). Wrought magnesium alloys have superior mechanical properties compared with cast alloys 
and so have great potential for use as structural components, however, the use of wrought magnesium alloys is very few compared with 
cast alloys due to the low formability at room temperature of such alloys (Nascimento et al., 2010; You et al., 2017). Wrought Mg alloys 
suffer from an increased asymmetry of yield behavior and differential work hardening because of the strong texture generated by 
fabrication process (e.g., rolling or extrusion) (Bettles and Gibson, 2005). The deformation mechanism with strong anisotropy of 
wrought Mg alloys arises from the limited deformation modes at room temperature and so is closely related to tensile twinning which is 
the only deformation mode that can provide straining along the c-axis at room temperature. Tensile twinning and detwinning is often 
observed to alternate during cyclic loading and so play an important role in dictating cycle fatigue behavior of wrought magnesium 
alloys (Wu et al., 2008). 

Extensive experimental studies have been conducted in investigation of the cyclic deformation mechanisms and fatigue of Mg (Yu 
et al., 2011; Morrow et al., 2014; Murphy-Leonard et al., 2019) or wrought Mg alloys under fully reversed cyclic loading (e.g., Wu 
et al., 2008; Park et al., 2010; Yu et al., 2012; Hama et al., 2012; Xiong et al., 2012; Wu et al., 2014; Dong et al., 2015; Roostaei and 
Jahed, 2016; Wang et al., 2019, 2020a, 2020e; Anten and Scholtes, 2019; Ling et al., 2019; Shafaghi et al., 2020; Xie et al., 2021). 
Efforts have also been made to study the ratcheting behavior and fatigue characteristics of Mg alloys under asymmetric 
stress-controlled cyclic loading (e.g., Lin et al., 2011; Zhang et al., 2011; Kang et al., 2014; Chen et al., 2015; Castro and Jiang, 2017; 
Wu et al., 2020; Lei et al., 2021). In addition, studies on the pseudoelastic behavior of Mg alloys under cyclic loading-unloading 
conditions can also been found in literature (e.g., Cáceres et al., 2003; Mann et al., 2007; Zhou et al., 2008; Muránsky et al., 2009; 
Lee et al., 2013; Chen et al., 2017; Fallahi et al., 2020; Wang et al., 2020b, J. 2021). 

Numerical modeling has been a very powerful tool to assist understanding of deformation mechanisms of HCP metals and becomes 
very active in very recent years in investigating the twinning and/or detwinning behavior of HCP metals (e.g., Bhattacharyya et al., 
2019; Bong et al., 2020; Feng et al., 2020; Feather et al., 2021; Frydrych et al., 2021; Ganesan et al., 2021; Habib et al., 2019; Han et al., 
2020; Hu et al., 2021; Indurkar et al., 2020; Lftikhar et al., 2021; Li et al., 2020a, 2020b; Ma et al., 2019; Nakata et al., 2019; Nagra 
et al., 2020; Paramatmuni et al., 2020, C. 2021; Sahoo et al., 2020; Tang et al., 2020; Wang et al., 2020c, 2020d; Xing et al., 2021; Zhu 
et al., 2021), however, comparatively scare numerical studies focusing on study of the cyclic deformation mechanisms of Mg or Mg 
alloys have been reported in literature. The most common numerical strategies could fall into two categories: continuum phenome-
nological plasticity approach and crystal plasticity approach. The phenomenological constitutive modeling has a great potential for 
large-scale simulations of structural components under complex loading conditions due to its relatively low computational cost, and 
much efforts have been devoted in this aspect to study the cyclic deformation behavior of Mg alloys (e.g., Lee et al., al.,2008; Li et al., 
2010; Kim et al., 2013; Nguyen et al., 2013; Muhammad et al., 2015; Roostaei and Jahed, 2018; Denk et al., 2019; Anes et al., 2019; 
Lee et al., 2020), however this is beyond the scope of this paper. 

Crystal plasticity modeling is another important alternative tool for understanding plastic responses of HCP metals under cyclic 
loading conditions. In this context, the following crystal plasticity-based models are worth to be mentioned. Firstly, a Taylor-Lin elasto- 
viscoplastic polycrystal model (Lin, 1957; Zouhal et al., 1996; Tóth et al., 2000) accounting for twinning and detwinning was first 
applied by Gu and Tóth (2012) to model low cycle deformation behavior of AZ31 by using a quantitative volume transfer scheme, and 
the model was then employed by Gu et al. (2014) using a new variant selection criterion based on the minimum elastic energy of the 
twin to simulate the fatigue behavior of a AZ31 alloy under small strain amplitudes at room temperature. The Taylor-Lin model is 
questionable for applications at large strains because it does not account for grain shape evolution and any interaction between a grain 
and the homogeneous equivalent medium. Secondly, to describe the cyclic deformation of the Mg alloys under stress-controlled cyclic 
loading conditions, Yu et al. (2014) proposed a crystal plasticity based constitutive model where an explicit scale-transition rule 
considering the inelastic accommodation of grains was adopted to construct the polycrystalline constitutive model from the single 
crystal level. The model was successfully employed to describe the uniaxial ratchetting of polycrystalline magnesium alloy at room 
temperature. Thirdly, the crystal plasticity based finite element (CPFE) has been used to study the inelastic behavior under cyclic 
loading and unloading (Hama et al., 2013, 2018), and the fatigue behavior under cyclic loading (Briffod et al., 2019), the muti-scale 
mechanisms of twinning-detwinning under compression and reverse tension (Zhang et al., 2019) in rolled AZ31/AZ31B alloys. Very 
recently, Jalili et al. (2020) proposed a uniaxial 3D full-field CPFE model to simulate the micro-mechanisms of cyclic plastic defor-
mation of an extruded ZK60 alloy. In addition, Singh et al. (2020) studied the twinning-detwinning behavior of E-form Mg alloy sheets 
during in-plane reverse loading where the authors used the CPFE simulation to explain the experimentally observed detwinning ki-
netics. It is noting that in these CPFE models mentioned above, the reorientation scheme associated with twinning and detwinning of 
the material point was based on the predominant twinning reorientation (PTR) scheme (Tomé et al., 1991). In contrast, Yaghoobi et al. 
(2020) proposed a multiscale CPFE modeling strategy to capture the deformation mechanisms associated with twinning and det-
winning of HCP polycrystals where both the untwinned region and all twin variants could coexist at a material point under Taylor-type 
constraints. It is also worth mentioning that Zhang et al. (2021a) proposed a phenomenological CPFE model to study the cyclic 
deformation and fatigue behavior of a Mg-RE alloy that accounted for basal, prismatic and pyramidal slips (including the effect of 
backstress) and twining/detwinning. Finally, a twinning and detwinning model (TDT) was proposed by Wang et al. (2012, 2013a) to 
describe detwinning behavior of HCP metals. The TDT model has been implemented into the elastic-viscoplastic self-consistent 
(EVPSC) model by Wang et al. (2010b) and the EVPSC-TDT model has been employed to simulate the cyclic shear deformation 
behavior of an AZ31B sheet (Wang et al., 2015), the cyclic deformation behavior of an extruded ZK60A plate (Qiao et al., 2015b), and 
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the inelastic deformation behavior of Mg alloys under cyclic loading and unloading (Wang et al., 2013b; Lee et al., 2014, 2020b). To 
ours’ knowledge, the EVPSC-TDT model is one of the most powerful tools to describe twinning and detwinning behavior in HCP metals 
and has been successfully used to simulate the plastic response of HCP metals under various loading conditions (see Qiao et al., 2021 
for a summary). Although the EVPSC-TDT model has been used to either study the cyclic deformation behavior of Mg alloys during 
only the first few cycles of fully reversed cyclic loadings or analyze the pseudoelastic behavior under cyclic loading and unloading, it 
has not been employed to investigate the effect of material orientation on the stabilized cyclic plastic deformation of Mg alloys under 
fully reversed cyclic loadings where the accumulation of residual twins during each cycle will affect the plastic response. It is very 
important to point out that in the research area of numerical simulation of twinning and detwinning in Mg alloys under cyclic loadings, 
almost all investigations have been restricted to very few cycles, where both the descriptions of the hardening associated with twinning 
and residual twinning are not critical because the accumulated plastic strain is limited. When the number of cycles is large, however, 
both the descriptions become important. Yu et al. (2014) proposed an empirical equation to describe the residual twinning and its 
accumulation in a Mg single crystal during cyclic loading. They addressed the importance of the empirical equation in predicting the 
cyclic deformation responses, however, their predictions were not in good agreement with the experimental results, which may be 
caused by the imposed twinning/detwinning model. In fact, there has not been any numerical work that can successfully simulate the 
entire cyclic loading process when the number of cycles is large. 

In this paper, we aim to study, by using the EVPSC-TDT model, the stabilized plastic deformation behavior of a rolled AZ31B plate 
under fully reversed cyclic loading in five different material orientations, and with three different strain amplitudes. The equation 
proposed by Yu et al. (2014) is used in the current model to describe the evolution of residual twinning, and a threshold equation with a 
new parameter is proposed to constrain fresh twinning and retwining during cyclic loading. In Section 2, the EVPSC-TDT model is 
briefly introduced. In Section 3, the deformation behavior of the AZ31B alloy plate under monotonic and cyclic loadings in different 
material orientations is numerically investigated. The effect of material parameters on cyclic plastic response is then interpreted in 
terms of activities of various deformation modes, twin volume fractions, plastic shear rate, etc. Meaningful discussions regarding 
detwinning behavior and residual twinning are also included. The conclusions are drawn in Section 4 based on the simulations. 

2. EVPSC-TDT model 

In the current study, we aim to investigate the stabilized plastic response of a rolled AZ31B alloy under cyclic loading in different 
material orientations based on the EVPSC-TDT model. As is well known, the twinning and detwinning mechanisms play an important 
role in accommodating plastic deformation during cyclic loading. Therefore, the basic concept of the twinning and detwinning (TDT) 
scheme employed in the current model is necessary to be briefly reviewed although one can refer to the work by Wang et al. (2012, 
2013a) for more details. In addition, other relevant input parameters for the model are also introduced here. 

The plastic deformation rate, dp, within a crystal can be calculated as the sum of that due to each of the individual slip or twinning 
systems, α (e.g., Asaro and Needleman, 1985), 

dp =
∑

α
γ̇αPα (1)  

where Pα is the Schmid tensor on a given crystallographic plane in a given crystallographic direction, corresponding to the shear rate, 
γ̇α, of the slip or twinning system α. The relationship between the resolved shear stress, τα = Pα : σ, within the crystal and the 
resulting shear rate, γ̇α, can be described by a power-law viscoplastic constitutive rule (σ is the Cauchy stress tensor). For slip, the 
power-law rule is simply written as, 

γ̇α = γ̇0

⃒
⃒τα/

τα
cr

⃒
⃒

1
m sgn(τα) (2)  

where γ̇0 is a reference shear rate, m is the strain rate sensitivity, ‘sgn’ denotes the sign function, and τα
cr is the critical resolved shear 

stress (CRSS). For twinning, treated as pseudo-slip and described using four operations (A, B, C, and D) in the TDT model, the shear 
rates associated with the four operations can be respectively denoted as γ̇αA, γ̇αB, γ̇αC, and γ̇αD. For the detailed expressions of these 
shear rates, one can refer to Wang et al. (2012). 

In the EVPSC-TDT model, a newly generated twin is treated as a new grain (child) and the orientation of the child grain is initially 
related to that of the parent through the crystallographic-twin relationship. It is important to note that there is no special enforcement 
equilibrium or compatibility between the twin and the parent, rather, the twin and the parent are forced to satisfy equilibrium and 
compatibility with the homogeneous equivalent medium that surrounds each of them based on self-consistent schemes (Liao et al., 
2016). Four operations are defined in the TDT scheme to describe the twinning and detwinning processes (Wang et al., 2012, 2013a). 
Operations A and B describe twinning process, while operations C and D handle detwinning. The driving forces for operations A and C 
are from the parent grain and the child grains provide the driving forces for operations B and D. Based on the defined four operations, 
the net evolution of twin volume fraction (VF) associated with twin system α can be written as, 

ḟ
α

= f 0
(

ḟ
αA

+ ḟ
αC

)
+ f α

(
ḟ

αB
+ ḟ

αD
)

(3)  

where f0 (f0 = 1 −
∑

α
fα) is the VF of the parent. ḟ

αA
, ḟ

αB
, ḟ

αC
, and ḟ

αD
respectively denote the evolution of twin VF associated with 

operations A, B, C and D, and can be calculated as (γtw is the characteristic twinning shear), 
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ḟ
αA

=

⃒
⃒γ̇αA

⃒
⃒

γtw , ḟ
αB

=

⃒
⃒γ̇αB

⃒
⃒

γtw , ḟ
αC

= −

⃒
⃒γ̇αC

⃒
⃒

γtw , ḟ
αD

= −

⃒
⃒γ̇αD

⃒
⃒

γtw (4) 

At the beginning of deformation, the VF of twin system α is zero (fα = 0). If twinning occurs with further straining, fα should 
increase with decreasing the VF of the parent, f0, during which detwinning could not be activated and the twin VF rates for operations 

C and D should be zero (ḟ
αC

= ḟ
αD

= 0). When detwinning happens, fα decreases with increasing the VF of the parent, where the twin 

VF rates for operations A and B are zero (ḟ
αA

= ḟ
αB

= 0). If the twin variant formed during previous loading process could not 
completely be detwinned upon load reversal, residual twin forms and it could accumulate at previous twin boundaries during sub-
sequent cyclic twinning-detwinning process (Yu et al., 2011). 

In order to include the evolution of residual twinning during cyclic loading in the current model, the evolution equation of residual 
twin VF with deformation proposed by Yu et al. (2014) will be employed here, 

f α
res = f α

sat

(

1 − exp
(

−
f α
c

bα
tw

))

(5)  

where fα
res is the residual twin VF for twinning system α, fα

sat denotes the saturated residual twin VF, fα
c is the accumulated twin VF, bα

tw 
represents the material parameter governing the rate of saturation of residual twins. As an illustration, Fig. 1 presents the residual twin 
VF versus the accumulated twin VF plot for twinning system α when the saturated residual twin VF is fixed to be fα

sat = 0.035 and the 
material parameter, bα

tw, is set to be 0.25 or 0.5. 
In addition, the extended Voce law (Tomé et al., 1984) will be employed in the current model to describe the threshold stress τα

cr for 
slip or twinning system α, 

τα
cr = τα

0 +
(
τα

1 + hα
1Γ

)
(

1 − exp
(

−
hα

0

τα
1

Γ
))

(6)  

where τα
0, hα

0, hα
1 and τα

0 + τα
1 are the initial CRSS, the initial hardening rate, the asymptotic hardening rate, and the back-extrapolated 

CRSS, respectively. Γ is total accumulated shear strain within the grain due to all slip and twinning systems. The evolution of the 
threshold stress τα

cr for slip or twinning system α during plastic deformation can be written as, 

τ̇α
cr =

dτα
cr

dΓ
∑

β
hαβγ̇β (7)  

where γ̇β is the shear rate for slip or twinning system β. hαβ denotes the latent hardening coupling coefficients which are introduced to 
empirically account for the obstacles on system α associated with system β. 

Finally, it is worth mentioning that a threshold twin VF is introduced here to terminate twinning in a grain as it is rarely observed 
that twinning can occupy the entire grain during deformation, 

Vth = min
(

1.0, A1 + A2
Veff

Vacc

)

(8)  

where Vacc and Veff are two statistical variables denoting the weighted VF of the twinned region and VF of twin terminated grains, 
respectively. A1 and A2 are two material constants. 

Fig. 1. The residual twin VF versus the accumulated twin VF plot for twinning system α when the saturated residual twin VF is fixed to be fα
sat =

0.035 and the material parameter, bα
tw, is set to be 0.25 or 0.5.
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3. Results and discussions 

The EVPSC-TDT model is employed here to study the stabilized plastic response of a rolled AZ31B plate under cyclic loading in 
different material orientations. The material studied in the present paper is a rolled AZ31B (Mg-3Al-1Zn-0.5Mn) alloy consisting of 
mostly equiaxed grains with an average grain size of approximately 50 um. Different testing specimens with the loading axes along 
0◦ (rolling direction, RD), 22.5◦, 45◦, 67.5◦, and 90◦ (normal direction, ND) with respect to the RD were machined from a rolled plate 
with a thickness of 76.2 mm. The material has been experimentally investigated by Wang et al. (2020e). As shown in Fig. 2, the initial 
texture of the material is a very strong basal texture with the c-axes of most grains aligning parallel to the ND, and {10–10} pole figure 
shows a uniformly distributed prismatic planes in the RD-TD (transverse direction) plane. The initial texture is discretized as 6740 
different orientations with equal volume fractions for all simulations. The plastic deformation is assumed to be accommodated by 
prismatic ({10–10}<11−20>), basal ({0001}<11−20>), pyramidal 〈c + a〉 ({11–22}<11−23>) slips, and {10–12}<10−11> tensile 
twinning as well as {10–11}<10−12> compressive twinning. The room temperature elastic constants of Mg single crystal are taken to 
be (GPa) C11 = 59.5, C12 = 26.1, C13 = 21.8, C33 = 65.6 and C44 = 16.3 (Slutsky and Garland, 1957). In addition, the Affine 
self-consistent scheme is employed for all simulations (Wang et al., 2010a; Qiao et al., 2015a). The loading (strain) rate is set to be 8 
×10−4 s−1 according to Wang et al. (2020e). The reference slip/twinning rate, γ̇0, and the rate sensitivity, m, are set to be the same for 
all the slip/twinning systems: γ̇0 = 8 × 10−4 s−1 and m = 0.05. 

It is known that the strain rate dependency induced by Eq. (2) potentially affects the predicted mechanical behavior of Mg alloys 
deformed at room temperature. From a numerical point of view, very low rate sensitivity (e.g., m << 0.05) will cause numerical 
difficulties in rate sensitive constitutive models. Therefore, the rate sensitivity parameter, m = 0.05, is commonly used to facilitate easy 
convergence in such crystal plasticity-based models, including the VPSC (e.g., Maldar et al., 2020; Zecevic et al., 2020), EVPSC (e.g., 
Ma et al., 2019; Wang et al., 2020f; Guo et al., 2021), and some CPFE models (e.g., Hama et al., 2018; Briffod et al., 2019; Jalili et al., 
2020; Zhang et al., 2021a). To model nearly rate insensitive materials, some studies set the reference shear rate equal to the imposed 
strain rate (Kok et al., 2002; Knezevic et al., 2013, 2016; Zhao et al., 2019; Qiao et al., 2021). By doing so, the rate sensitivity m is no 
longer physically meaningful but allows easy convergence (Chapuis and Liu, 2018), however, the parameter m is still involved in 
solving non-linear governing equations, and so the dependency of mechanical behavior on the parameter m cannot be ignored 
especially with relatively high rate-sensitivity (e.g., m > 0.1). Recently, an adaptive time stepping scheme (Wu et al., 1996) was used 
by Wang et al. (2018) in the EVPSC model to enhance its numerical robustness for very low rate sensitivity. In this study, high number 
of loading cycles will cause extremely long computation time even with the improved version of EVPSC model, so we still choose to set 
the reference shear rate equal to the applied loading rate with the parameter m = 0.05 for all simulations, as a compromise between 
computational efficiency and accuracy. 

3.1. Monotonic loading 

In this Subsection, the monotonic stress-strain responses in different material orientations of the AZ31B plate is numerically 
investigated. The Voce-type hardening law parameters for various deformation modes could be mainly determined by curve-fitting the 
calculated stress-strain curves to corresponding experimental data, and in order to appropriately mimic the mechanical response under 
cyclic loadings, cyclic loading experiments should also be accounted for in determining some of these parameters. Discussions in this 
aspect will be addressed in subSection 3.2.1. Table 1 lists the obtained parameters for the current model. It is noted that the initial CRSS 
of detwinning is set to be different from twinning, τ0C(τ0D)=0.5τ0A(τ0B), while the other hardening parameters are kept the same for 
twinning and detwinning. Detwinning is not activated during monotonic loadings and so the material parameters associated with 
detwinning will be discussed in Section 3.2. 

Fig. 3 presents the measured (symbols) and fitted (lines) stress-strain curves under monotonic tension and compression for the 
different material orientations. It is clear that the calculated stress-strain curves for tension and compression along all the material 
orientations concerned are generally in good agreement with experimental data. It is also observed that the current model slightly 
overestimates the experimental data under monotonic compression for the 0◦ (RD) and 22.5◦ material orientations (Figs. 3a and b) 
while underestimates the measured stress-strain curves at the early stage of deformation under tension for the 67.5◦ and 90◦ (ND) 
material orientations (Figs. 3e and f). In addition, for the 45◦ material orientation, a relatively less agreement could be found between 

Fig. 2. Initial texture of the rolled AZ31B plate in terms of {0001} and {10–10} pole figures.  
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the simulation and corresponding compression test (Fig. 3d). 
Fig. 4 shows the predicted relative activities under monotonic tension and compression for the material orientations of 0◦ (RD), 45◦

and 90◦ (ND). For tension along the RD (Fig. 4a), prismatic and basal slips dominate plastic deformation with prismatic slip being the 
major contributor, and tensile twinning is almost not activated during deformation due to the initial strong basal texture. For the 45◦

material orientation (Fig. 4b), prismatic slip is strongly constrained at the early stage of deformation, and tensile twinning becomes 
active and acts as a complement to the primary basal slip. For tension along the ND (Fig. 4c), tensile twinning becomes most active and 
it dominates plastic deformation together with basal slip up to the strain of ~x223C0.03, after that prismatic slip starts to contribute to 
the deformation and increases with the decrease of tensile twinning and finally becomes the most active deformation mode after the 
strain of ~x223C0.08, which is caused by the accumulation of twinned grains that favor the activation of prismatic slip. In addition, 
the predicted tensile twin VFs at large strains under tension for the 0◦, 22.5◦, 45◦, 67.5◦ and 90◦ (ND) material orientations are 

Table 1 
List of material parameters for the EVPSC-TDT model. The parameter hαβ denotes latent hardening effect of the slip/twin mode β upon the other 
deformation mode α.  

Mode τ0 (MPa) τ1 (MPa) h0 (MPa) h1 (MPa) hαβ A1 A2 

Basal 14 15 180 0 2.0   
Prismatic 82 55 380 0 0.2   
Pyramidal 90 115 1600 0 1   
Extension twin τ0A (τ0B)=27 

τ0C (τ0D)=13.5 
20 50 0 1 0.60 1.15 

Compression twin 148 60 250 0 1 0.35 0.00  

Fig. 3. Measured (symbols) and fitted (lines) stress-strain curves under monotonic tension and compression for the material orientations of 0◦ (RD) 
(a), 22.5◦ (b), 45◦ (c and d), 67.5◦ (e) and 90◦ (ND) (f). 
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~x223C0.048, ~x223C0.28, ~x223C0.55, ~x223C0.87 and ~x223C0.92, respectively. 
For compression along the RD, Fig. 4d shows that tensile twinning dominates plastic deformation up to the strain of ~x223C0.06, 

and after that basal slip becomes the most dominant deformation mode, in addition, pyramidal slip starts to increasingly accommodate 
plastic deformation with the accumulation of twinned grains having their c-axes approximately aligned to the compressive axis, which 
causes a rapid strain hardening rate (Wu et al., 2017). For the 45◦ material orientation (Fig. 4e), the activity of tensile twinning 
decreases much more compared with that under compression along the RD and so basal becomes much more active to contribute to 
plastic deformation. For compression along the ND (Fig. 4f), pyramidal 〈c + a〉 increases rapidly with decreasing the activity of basal 
slip at the very early deformation stage. Compressive twinning is observed to be activated at the strain of ~x223C0.02 and the pre-
dicted compressive twin VF reaches ~x223C0.2 at the strain of 0.10. Furthermore, numerical results show that the predicted tensile 
twin VFs under compression for the 0◦, 22.5◦, 45◦, 67.5◦ and 90◦ (ND) material orientations can respectively reach ~x223C0.92, 
~x223C0.75, ~x223C0.41, ~x223C0.1 and ~x223C0.02 at large strains. 

The above results indicate that the EVPSC-TDT, with a single set of material parameters, permits predictions of the strength 
anisotropy and the strain hardening behavior under monotonic loading along all five orientations involving cases in which the 
contribution of twinning is dominated, negligible and intermediate, which further supports the findings by Guo et al. (2015). It is 
important to point out that the work performed by Guo et al. (2015) and reported in this section is only for monotonic loading, where 
detwinning is not observed. The present work aims to study, by using the EVPSC-TDT model, the stabilized plastic deformation 
behavior of a rolled AZ31B plate under fully reversed cyclic loading in five different material orientations with respect to the RD on the 
RD-ND plane at three different strain amplitudes. For the total of 15 cases of cyclic loading considered in the present work, detwinning 
plays a critical role and will be investigated in the following section. 

3.2. Cyclic loading 

In this Section, we will numerically study the cyclic stabilized plastic response of the rolled AZ31B plate in different material 
orientations. As mentioned before, twinning and detwinning alternately contribute to plastic deformation during the fully reversed 
cyclic loading with relatively large strain amplitudes (e.g., 2%, 3%, and 4% in this study). Residual twins will accumulate during the 
twining-detwinning associated cyclic deformation, and Eq. (5) is used here to describe the process of residual twinning. The effect of 
the material parameter governing the rate of saturation of residual twins, bα

tw, and the saturated VF of residual twin, fα
sat, on plastic 

deformation will be discussed in this Section. In addition, based on the direct observation of twinning-detwinning-retwinning on Mg 
single crystal under cyclic tension-compression in [0001] direction, Yu et al. (2011) concluded that residual twins accumulate with 
increasing loading cycles resulting in the reduced activities for fresh twins, retwining and detwinning, and the twin area at the current 
tensile peak stress is only slightly increased compared with that at the previous tensile peak stress. Therefore, we introduce a threshold 
equation with a parameter, q, to constrain the fresh twinning and retwining, 

f th,α
(k+1)T = f α

kT + q
(
f α
res(kDt) − f α

res[(k−1)Dt]

)
(0 < q ≤ 1, k ≥ 2) (9) 

Fig. 4. Predicted relative activities under monotonic tension and compression for the material orientations of 0◦ (RD) (a and d), 45◦ (b and e) and 
90◦ (ND) (c and f). Symbols of “T” and “C” denote tension and compression, respectively. 
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Fig. 5. Measured (symbols) and calculated (lines) stabilized stress-strain hysteresis loops under cyclic loadings in the material orientations of 
0◦ (RD) (a), 22.5◦ (b), 45◦ (c), 67.5◦ (d) and 90◦ (ND) (e) at various strain amplitudes of 2%, 3%, and 4%. The dashed lines are the calculated stress- 
strain curves at the 80th cycle for 2% strain amplitude. 
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where fα
kT denotes the twin VF for twin system α at the end of twinning during the kth twinning-detwinning pair, and fα

res(kDt) is the 

residual twin VF for twin system α at the end of detwinning during the kth twinning-detwinning pair. f th,α
(k+1)T is the threshold value of 

twin VF for twin system α during the twinning process within the (k + 1)
th twinning-detwinning pair. It is assumed that twin system α 

will be terminated once the twin VF of the twin system reaches its threshold value as described by Eq. (9). 
It is very important to distinguish the kth twinning-detwinning pair and the kth loading cycle. A twinning-detwinning pair is defined 

as a process of twinning and subsequent detwinning, but before next twinning occurs. A loading cycle is defined as a process of 
straining from a designed peak (e.g., ε = 0.02, see Fig. 6b), unloading and reversal loading to its maximum value (ε = − 0.02), and 
reloading to the peak (ε = 0.02). It is important to keep in mind that in reality (i.e., in experimenting) a cycle is accounted even when 
loading and reversal loading do not reach their designed peaks due to difficulties involved in controlling process. 

It should also be noted that the parameters fα
sat, bα

tw, and q are determined based on the measured stabilized stress-strain responses of 
the 45◦ and 90◦ (ND) material orientations, and the determined parameters (fα

sat = 0.035, bα
tw = 0.05, and q = 0.5) will be employed in 

all simulations of the AZ31B plate under cyclic loadings if not specified otherwise. 

3.2.1. Stabilized stress-strain response 
The experimental study by Wang et al. (2020e) suggested that two kink points exist in the strain-life fatigue curve of any given 

material orientation of the AZ31B plate and twinning-detwinning could be obviously observed to occur during cyclic loading when the 
strain amplitude is higher than the higher kink point. Therefore, in order to focus on the twinning and detwinning behavior of the 
AZ31B plate, we constrain our attention on the cyclic plastic response of the AZ31B plate with only relatively large strain amplitudes 
(e.g., 2%, 3%, and 4%) in this study. In addition, the fatigue experiments also indicated that the number of loading cycles to failure for 
2% strain amplitude of each material orientation is less than 100, and it decreases with the increase of strain amplitude with it being 
less than 10 for the strain amplitude of 4%. So, for simplicity, we only run the simulations up to 10th and 20th cycles for the study of 
stabilized plastic response of each material orientation with strain amplitudes of 4% and 3%, respectively. For the strain amplitude of 
2%, only the calculated stress-strain curves up to 40th cycle will be reported thereafter if not specified. 

Fig. 5. shows the measured (symbols) and calculated (lines) stabilized stress-strain hysteresis loops for each material orientation 
under cyclic loading with strain amplitudes of 2%, 3%, and 4%. It can be seen that the current model can generally capture the main 
features of the stabilized stress-strain hysteresis loops associated with twinning and detwinning. For the 0◦ material orientation 
(Fig. 5a), the measured upper branches of the stress-strain hysteresis loops are underestimated from the strain of 0 to 2.0% especially 
for the strain amplitudes of 3% and 4% where detwinning is gradually saturated with the increase of non-basal slips. For the 22.5◦

material orientation (Fig. 5b), the predicted stabilized stress-strain hysteresis loops are in good agreement with the corresponding 

Fig. 6. Measured stabilized (symbols) stress-strain hysteresis loop and calculated (lines) stress-strain curves under cyclic loading up to 40th cycles 
for the 45◦ material orientation at 2% strain amplitude (a) the predicted relative activities (b) and twin volume fractions (c) versus the accumulated 
strain. Symbols of ‘C’ and ‘T’ denote compression and tension, respectively. f tw

A , f tw
B , f tw

C , and f tw
D respectively represent twin VF for operations A, B, C, 

and D. f tw is the total twin VF. 
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measured data. For the 45◦ material orientation (Fig. 5c), the current model could predict the measured stabilized hysteresis loops for 
strain amplitudes of 3% and 4% while both the upper and lower branches for strain amplitude of 2% are overestimated. For the 67.5◦

and 90◦ (ND) material orientations (Figs. 5d and 5e), the current model overestimates the upper branch of the stress-strain hysteresis 
loop for strain amplitude of 2% where twinning and basal slip dominates the plastic deformation during tension loading reversal, and 
for strain amplitudes of 3% and 4%, the measured lower branches of the stress-strain hysteresis loops are not well predicted which is 
caused by the predicted later start and completion of detwinning and will be discussed in Section 3.2.5. From Fig. 5, it is also seen that 
the predicted stress-strain hysteresis loop at the 40th loading cycle for each material orientation with strain amplitude of 2% is almost 
overlapped with that at the 80th loading cycle and so it is enough to represent the calculated stabilized stress-strain hysteresis loop. 

For closer examination of discrepancies between the calculated and measured stabilized plastic response for the 45◦ material 
orientation at 2% strain amplitude, we present in Fig. 6 the measured stabilized (symbols) stress-strain curve and calculated (lines) 
cyclic stress-strain curves up to 40th cycle for the material orientation, and the predicted relative activities as well as twin VFs up to 
2nd cycle. In Fig. 6, f tw denotes the evolution of the net twin VF of the aggregate. f tw

A and f tw
B are the accumulated twin VFs for op-

erations A and B while f tw
C and f tw

D represent the accumulated VFs of detwinning for operations C and D. It is seen that, from Fig. 6b, 
basal slip and tensile twinning are the most and second active deformation modes, respectively. Prismatic slip increases with the 
decrease of tensile twinning during the late stage of each tension and compression reversals. Closer inspection of simulation results 
indicates that prismatic slip at tensile peaks gradually increases with the increase of loading cycles up to around 20th cycle and then 
stays almost unchanged while that at compressive peaks only increases with the increase of loading cycles up to ~x223C10th cycle, 
which causes the observed cyclic hardening at the tensile and compressive peaks. Fig. 6c shows that only tensile twinning occurs 
during the first compression to strain of −2%, and then twinning and detwinning simultaneously occurs during each of the following 
tension/compression reversals. The total calculated twin VF at the 40th tensile peak reaches about ~x223C0.185 indicating the limited 
twinning for the 45◦ material orientation as pointed out by Wang et al. (2020e). 

It is worth mentioning here that the overestimation of the measured stabilized stress-strain hysteresis loop for the 45◦ material 
orientation is closely related to the applied latent hardening coefficients for basal and prismatic slips due to tensile twinning. However, 

Fig. 7. Measured stabilized (symbols) stress-strain hysteresis loop and calculated (lines) stress-strain curves under cyclic loading up to 40th cycle for 
the 90◦ (ND) material orientation at 2% strain amplitude for bα

tw=0.1 (a), bα
tw=0.5 (b) and bα

tw=2.5 (c). The predicted twin VFs for the three cases (d) 
as well as the predicted relative activities of the 10th loading cycle for bα

tw=0.1 and bα
tw=2.5(e). The dashed lines in (a), (b), and (c) are the calculated 

stress-strain curves at the 10th cycle. 
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further decrease of the current latent hardening parameters (2 for basal slip and 0.2 for prismatic slip, see Table 1) will deteriorate 
other predictions. In addition, numerical tests show that obvious overestimation of cyclic hardening appears if we assign a high latent 
hardening parameter for twin-twin interaction to balance monotonic tension along the ND and compression along the RD/TD as did in 
previous works (Zhao et al., 2019; Guo et al., 2021; Qiao et al., 2021), therefore, in this study the latent hardening parameter for 
twin-twin interaction is still set to be the default value of 1. It is also worth mentioning that, to avoid unexpected cyclic hardening, the 
asymptotic hardening rate, hα

1, of the extended Voce law (see, Eq. (6)) for each deformation mode should be set to be zero. In summary, 
to appropriately mimic the cyclic deformation mechanisms of Mg alloys based on crystal plasticity-based models (e.g., EVPSC), cyclic 
loading experiments should also be accounted for along with the measured monotonic loadings to determine the material parameters 
especially for the latent hardening parameters. The importance of experimental cyclic stabilized stress-strain hysteresis loops in 
determining the material parameters in phenomenological constitutive modeling was previously pointed out by Roostaei and Jahed 
(2018). 

3.2.2. Effect of bα
tw 

To investigate the effect of the material parameter, bα
tw, governing the saturation rate of residual twins on the stabilized plastic 

response, Fig. 7 shows the cyclic stress-stain response for the ND material orientation at strain amplitude of 2% with various bα
tw values, 

and the predicted twin VF evolution with the accumulated strain up to 20th cycle as well as the predicted relative activities of the 10th 
cycle. From Fig. 7d, it is seen that the residual twin VF decreases with the increase of bα

tw from 0.1 to 2.5 at each compressive peak. 
Closer examination indicates that for the case of bα

tw = 0.1, the residual twin VF increases sharply during the first few loading cycles 
and saturates around the 20th loading cycle with twin VF being ~x223C0.5 at the tensile peak and residual twin VF being ~x223C0.17 
at the compressive peak. For the case of bα

tw = 0.5, the residual twin saturates at ~x223C80th cycle with residual twin VF being the 
same as the saturated value of ~x223C0.17 for bα

tw = 0.1. For the case of bα
tw = 2.5, the residual twin VF at the compressive peak of the 

Fig. 8. Measured stabilized (symbols) stress-strain hysteresis loop and calculated (lines) stress-strain curves under cyclic loading up to 10th cycle for 
the 90◦ (ND) material orientation at 4% strain amplitude for fα

sat=0.01 (a), fα
sat=0.035 (b) and fα

sat=0.06 (c). The predicted twin VFs for the three cases 
(d) as well as the predicted relative activities of the 10th loading cycle for fα

sat=0.01 and fα
sat=0.06 (e). The dashed lines in (a), (b), and (c) are the 

calculated stress-strain curves at the 10th cycle. 
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40th loading cycle only reaches ~x223C0.1, and so much more loading cycles are needed to reach saturation. In addition, it is worth 
noting that the twin VF at each tensile peak is also correlated to the parameter bα

tw through Eq. (9), which is also reflected in Fig. 7d. 
Fig. 7e presents the predicted relative activities during the 10th loading cycle (E1to E3). It is clear that prismatic slip increases with 

the decrease of tensile twinning during tension reversal from E12 to E2. It is also seen that prismatic slip is more active for bα
tw = 0.1 than 

for bα
tw = 2.5 as more residual twins could be created at the previous compressive peak for bα

tw = 0.1 than for bα
tw = 2.5. Closer ex-

amination shows that the relative activities of various deformation modes at the 40th loading cycle exhibit similar trend with those at 
the 10th loading cycle. Therefore, overestimation of the upper branch of the measured stabilized stress-strain hysteresis loop during 
tension reversal from the strain of 0 to 2% is expected to be stronger for bα

tw = 0.1 than for bα
tw = 2.5 (see dotted lines in Figs. 7a and c). 

Fig. 7e also shows that detwinning is observed to decrease with the increase of prismatic slip during compression reversal from E23 to 
E3, and prismatic slip is also more active for bα

tw = 0.1 than for bα
tw = 2.5. In addition, pyramidal slip is found to be activated near the 

compression peak for both bα
tw = 0.1 and bα

tw = 2.5 with relatively stronger activity for bα
tw = 2.5, although not so obvious. It is 

interesting that the discrepancies in activities for the concerned cases do not cause apparent changes in the lower branches of the 
predicted stabilized stress-strain hysteresis loops, however, the predicted stress-strain responses during each compression reversal of 
the first few loading cycles are quite different. It is thus clear that the lower the parameter bα

tw is, the higher the saturation rate of 
residual twins is. The higher saturation rate of residual twins for bα

tw = 0.1 could cause the earlier transition from detwinning to non- 
basal (prismatic) slip during the late stage of compression reversal of a given loading cycle and so lead to higher strain hardening 
compared with the case of bα

tw = 2.5 (Figs. 7a-c). Moreover, the cyclic plastic response of the material orientation for bα
tw = 0.5 lies 

between those for bα
tw = 0.1 and bα

tw = 2.5. 

Fig. 9. Measured stabilized (symbols) stress-strain hysteresis loop and calculated (lines) stress-strain curves under cyclic loading up to 40th cycle for 
the 90◦ (ND) material orientation at 2% strain amplitude for q=0.1 (a), q=0.5 (b) and q=1.0 (c). The predicted twin VFs for the three cases (d) as 
well as the predicted relative activities of the 10th loading cycle for q=0.1 and q=1.0 (e). The dashed lines in (a), (b), and (c) are the calculated 
stress-strain curves at the 40th cycle. 
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3.2.3. Effect of fα
sat 

In this Subsection, the effect of the saturated residual twin VF, fα
sat, on cyclic stabilized plastic response of the ND material 

orientation at strain amplitude of 4% is to be investigated. Fig. 8 gives the calculated cyclic stress-strain curves up to 10th loading cycle 
with measured stabilized stress-strain hysteresis loop being included for comparison, and the predicted twin VF for three cases of fα

sat =

0.01, fα
sat = 0.035, and fα

sat = 0.06 as well as the predicted relative activities for the 10th loading cycle. From Fig. 8d, it is seen that the 
predicted residual twin VF at each compression peak gradually increases with the loading cycles and it reaches the values of 
~x223C0.038, ~x223C0.14, and ~x223C0.24 at the 10th loading cycle for the cases of fα

sat = 0.01, fα
sat = 0.035, and fα

sat = 0.06, 
respectively. The predicted twin VF at the tension peak of the 10th loading cycle slightly increases with the increase of bα

tw from 0.01 to 
0.06 and reaches ~x223C0.70, ~x223C0.75, and ~x223C0.80, respectively for the three cases. In addition, based on Eq. (9) and the 
definition of macroscopic loading cycle, it can be inferred that the incremental twin VF of the aggregate between two neighboring 
tension peaks of the macroscopic loading cycle can be related to the incremental residual twin VF between two neighboring 
compression peaks by ΔfN ≤ q(Δfres(N)). Base on simple derivation, the predicted twin VF at the tension peak of the 10th cycle for the 
three cases should be respectively less than 0.76, 0.81, and 0.86 (f10 ≤ f1 + 0.5fres(9) ≈ 0.74 + 0.5fres(9)). Therefore, it seems that the 
implementation of Eq. (9) in the current model is reliable in this respect. 

From Fig. 8e, it can be found that prismatic slip gradually increases with decease of tensile twinning during the tension reversal of 
10th loading cycle and it is predicted to be more active for fα

sat = 0.06 than for fα
sat = 0.01, which results in stronger strain hardening 

effect during tension reversal from strain of zero to 4% for fα
sat = 0.06 compared with that forfα

sat = 0.01 (Figs. 8a and c). Fig. 8e also 
indicates that prismatic slip needs to be activated at the early stage of the compression reversal to accommodate plastic deformation, 
and then decreases rapidly with increasing the VF of detwinning which reorients the twinned grains formed at the previous tensile peak 
back to their parent matrix orientation. With the saturation of detwinning at the very late stage of compression reversal, prismatic slip 
turns stronger again to accommodate plastic deformation with pyramidal slip also being activated. In addition, as expected, prismatic 
slip is found to be more active during the compression reversal for fα

sat = 0.06 than for fα
sat = 0.01 leading to stronger strain hardening 

effect especially at the late stage of the compression reversal (see, Fig. 8a and c). It is noted that better prediction of measured stabilized 
stress-strain hysteresis loop for the ND material orientation with 4% strain amplitude could be obtained by setting the parameter fα

sat to 
be fα

sat = 0.06, however, other simulation results where prismatic slip also matters (e.g., cyclic loading for the ND material orientation 
with 2% strain amplitude) will be deteriorated. 

3.2.4. Effect of q 
As mentioned before, we introduce a threshold equation with a parameter, q, to constrain the fresh twinning and retwining in the 

current model. The effect of the parameter on cyclic plastic response will be investigated for the 90◦ (ND) material orientation at strain 
amplitude of 2%. Fig. 9 presents the calculated cyclic stress-stain responses with various q values (q = 0.1, 0.5, and 1.0) and the 
predicted twin VF evolution with the accumulated strain up to 20th cycle as well as the predicted relative activities for the 10th cycle. 
From Fig. 9d, it is found that the residual twin VFs at each compression peak for all three cases concerned are almost the same during 
the first ten loading cycles, and closer examination shows that the differences slightly increase with further cyclic loading and the 
residual twin VFs at the 40th loading cycle for the three cases (q = 0.1, 0.5, and 1.0) are ~x223C0.152, ~x223C0.158, and 
~x223C0.164, respectively. Such small discrepancies should be caused by different accumulated twin VFs for these cases although the 
other two parameters bα

tw and fα
sat are kept unchanged (see Eq. (5)). The twin VFs at the tensile peak of the 40th loading cycle for the 

three cases (q = 0.1, 0.5, and 1.0) are predicted to be ~x223C0.46, ~x223C0.47, and ~x223C0.5, respectively. According to the 
subSection 3.2.3, the predicted twin VF at the tension peak of the 40th cycle for the three cases should be respectively less than 0.41, 
0.47, and 0.55 (f40 ≤ f1 + qfres(39) ≈ 0.39 + qfres(39)), however, for the case of q = 0.1, the predicted twin VF, f40, does not follow the 
inference (0.46 > 0.41), which may be caused by numerical error accumulation induced by a very low value of q. 

Fig. 9e gives the predicted relative activities during the 10th loading cycle for q = 0.1 and q = 1.0. It can be seen that for the two 
cases, prismatic slip increases with the decrease of tensile twinning during tension reversal from E12 to E2 and it becomes more active 
near the tensile peak for q = 0.1 than for q = 1.0. Similar trends for relative activities can be found at each loading cycle which causes 
the unexpected strain hardening effect close to tensile peaks for q = 0.1 (Fig. 9a). In addition, during compression reversals for the two 
cases, prismatic slip is observed to be activated from the strain of ~x223C−1% to −2% and rapidly increases with the rapid decrease of 
detwinning. Furthermore, for q = 0.1, pyramidal slip is found to be activated to contribute to plastic deformation at the very late stage 
of compression reversal, however, closer examination shows that the more active prismatic slip is still responsible for the stronger 
strain hardening effect at the late stage of compression reversal for q = 0.1 compared with the other two cases (Figs. 9a, b, and c). In 
general, it can be concluded that the smaller the parameter q is, the stronger the strain hardening effect at the late stage of tension and 
compression reversals would be. In addition, the cyclic plastic response for q = 0.5 seems much closer to that for q = 1.0 than for q =

0.1. 

3.2.5. detwinning behavior 
As is well known that detwinning plays a key role in deformation mechanisms of Mg alloys under cyclic loading. In this study, 

simulations show that detwinning occurs during each loading cycle of all material orientations with strain amplitudes of 2%, 3%, and 
4%. For the 0◦ (RD) and 22.5◦ material orientations, detwinning is found to contribute to plastic deformation during each tension 
reversal. Detwinning is also observed to be activated for the 45◦ material orientation during each tension and compression loading 
reversals while detwinning only occurs during each compression reversal for the 90◦ (ND) material orientation. From Figs. 5d and e, it 
can be seen that for the 67.5◦ and 90◦ (ND) material orientations, the current model overestimates the measured stabilized stress-strain 
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hysteresis loop during compression reversal from strain of 2% to 0 which is closely related to detwinning. However, the real issue 
might be that the current model could not well predict the measured inelastic stress-strain response (pseudo-elasticity) for the 67.5◦

and 90◦ (ND) material orientations under cyclic loading and unloading. 
Numerical and experimental studies have been conducted in literature on the pseudo-elasticity behavior during loading-unloading 

process and concluded that the inelastic stress-strain response during unloading arises from the activation of basal slip and/or det-
winning depending on the initial texture and deformation history. The general consensus on this topic is that basal slip contributes to 
inelastic strain during unloading if twinning is not activated during the loading process (e.g., Hama et al., 2011; Lee et al., 2014), and 
the pseudo-elasticity behavior is mainly ascribed to detwinning if twinning dominates previous deformation before unloading (e.g., 
Cáceres et al., 2003; Mann et al., 2007; Muránsky et al., 2009; Hama et al., 2013). However, controversies do exist on when detwinning 
is activated upon the subsequent unloading process if twinning is a main contributor during the previous loading. Some concluded in 
their studies that detwinning occurs immediately upon unloading (Wu et al., 2008; Zhang et al., 2021b) or at the early stage of 

Fig. 10. Measured (symbols) and calculated (lines) stress-strain curves under tension and reverse compression to strain of 2% for the 90◦ (ND) 
material orientation with different cases (Cases 1–5) (a), and the predicted relative activities versus accumulated strain for Cases 2 and 4 (b). The 
relative activities (c) and plastic shear rate (e) versus stress for Case 2. The predicted relative activities (d), and the resolved shear stresses (f) on the 
plane of twin system S1 of the single crystal and the twin variant (V1) corresponding to the twin system S1 for Case 5. PT and PDT respectively denote 
the stress values at the start of twinning and detwinning. P1, P2, and P3 are the stress values at the tension peak, zero stress, the stress at strain of 
zero, respectively. 
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unloading (Lee and Gharghouri, 2013), others found that detwinning is activated at the late stage of unloading process (Hama et al., 
2013; Wang et al., 2013, 2020b), and still others observed that no apparent detwinning occurs during unloading (Uota et al., 2009; Wu 
et al., 2013, 2014). In this subsection, we will numerically explore the roles of detwinning and basal slip in contributing to inelastic 
stress-strain response for the 0◦ (ND) material orientation upon unloading after previous tensile loading. 

Fig. 10 presents the measured and calculated stress-strain curves of the 0◦ (ND) material orientation under tension up to strain of 
2% and reverse compression to −2%. In this figure, we give the calculated stress-strain curves for five cases. Case 1, referred to as ‘DT 
0.5’, is the base case where the material parameters listed in Table 1 are used with the initial CRSS of detwinning is set to be half of that 
for twinning (τ0C(τ0D)=0.5τ0A(τ0B)). In Case 2, referred to as ‘DT 0.1’, we decrease the initial CRSS of detwinning to be τ0C(τ0D)=0.1τ0A 
(τ0B). Based on Case 2, we consider three other cases with different textures: the initial texture rotated around the TD by 10◦ (‘ROT 
10◦’, see Case 3) or 15◦ (‘ROT 15◦’, see Case 4) towards the RD and a single crystal with the orientation of (0◦,0◦,0◦) (Case 5). 

From Fig. 10a, it is seen that for the base case (Case 1), the current model could not capture the measured strong inelastic stress- 
strain response during unloading, and the calculated flow data exhibits no inelasticity until the very early stage of the reverse loading. 
It seems that detwinning could not be activated to contribute to inelastic deformation upon unloading, therefore, we decrease the 
initial CRSS of detwinning in Case 2. The calculated stress-strain curve shows a better agreement with experimental data than that in 
Case 1, however, the inelastic response is predicted to start only at the very end of the unloading process which can be confirmed by the 
fact that the plastic shear rate for all deformations modes is found to be almost zero from P1 to PDT and that for detwinning arises 
rapidly from PDT to P2 (See Fig. 10e), and the fact that the twin VF stays unchanged from P1 to PDT and slightly decrease from PDT to P2 
although twinning is observed to be relatively dominant within this range (See Fig. 10c). The simulation results of Case 2 indicate that 
the material deforms almost elastically from P1 to PDT and detwinning occurs to accommodate inelastic deformation from PDT to P2. In 
addition, since the initial texture of the ND material direction is a strong basal texture, we also consider a single crystal with the 
orientation of (0◦,0◦,0◦) as a simplified problem (Case 5). In Case 5, for clarity, we discard the strain hardening effect for twinning and 
detwinning, so the CRSS for twinning and detwinning should be 27 MPa and 2.7 MPa, respectively. Figs. 10d and f present the resolved 
shear stress (RSS) on the plane of twin system S1 of the single crystal and the twin variant (V1) corresponding to the twin system S1. It is 
seen that the single crystal elastically deforms up to PT and the RSS of the parent grain increases accordingly and reaches ~x223C27 
MPa at PT. Twinning dominates plastic deformation during PT to P1 and the twin VF reaches ~x223C0.28 at P1. During unloading 
process (P1 to P2), the single crystal elastically deforms up to the very end stage of unloading (PDT) with twin VF being unchanged from 
P1 to PDT, and the RSS of the parent grain decreases within this range and becomes negative at PDT while the RSS of its child (twin 
variant V1) increases accordingly and becomes positive at PDT. After that, detwinning starts to contribute to plastic deformation as the 
RSS of the child grain reaches ~x223C2.7 MPa and so twin VF starts to decrease. In summary, for the single crystal with the orientation 
of (0◦,0◦,0◦) under loading and unloading along the ND, the RSS of the child grain at the tensile peak (P1) is negative and the single 
crystal elastically deforms during subsequent unloading until the RSS of the child grain reaches its initial CRSS, after that detwinning is 
activated to accommodate inelastic deformation. Therefore, the initial CRSS of detwinning along with the RSS of the twinned grain at 
the end of previous loading can determine whether and when the twinned grain can undergo detwinning to generate inelastic 
deformation during unloading. Based on comparisons of stress-strain responses between Case 2 and Case 5, it seems that the ND 
material orientation deforms similarly to the single crystal with the orientation of (0◦,0◦,0◦) during the unloading process due to the 
initial strong basal texture. Therefore, it could be reasonable that inelastic behavior is only observed to start at the very end of 
unloading process even if the initial CRSS of detwinning is set to be one tenth of that for twinning. 

As mentioned before, basal slip is another contributor for inelastic response of stress-strain curve during unloading. To increase the 
effect of basal on plastic response, we consider the other two cases (Cases 3 and 4). Fig. 10a shows that the predicted stress-strain 
curves during unloading process almost remain unchanged for Cases 2, 3, and 4, however, a better agreement with the measured 
data during the reversed compression from strain of ~x223C−0.5% to −2.0% could be obtained for Cases 3 and 4 where basal is more 
active than that for Case 2 (Fig. 10b). Closer examination indicates that the plastic shear rate of basal slip during unloading process is 
almost zero (similar to Fig. 10e, not shown here) even for the texture rotated by 15◦ (Case 4). In addition, for Cases 2 and 4, the 
calculated weighted average values of the maximum Schmid Factor (SF) of all slip systems of each grain over the aggregate upon 
unloading at the tensile peak are respectively ~x223C0.243 and ~x223C0.3 which are not very favorable for the activation of basal 
slip. Furthermore, numerical tests show that decreasing the initial CRSS (τα

0) of basal slip will underestimate the initial macro-yielding 
of the 45◦ material orientation under monotonic tension and a lower back-extrapolated CRSS (τα

0 + τα
1) for basal slip will cause un-

derestimation of the measured monotonic tension flow curve at large strains. Therefore, it seems very hard to reproduce the measured 
inelastic response upon unloading by adjusting the material parameters for detwinning and basal slip based on the current EVPSC-TDT 
model and the initial texture. 

It is worth noting that the initial texture used in the current model may also contribute to the observed discrepancies between the 
simulations and experimental data as it could possibly be collected from different patches of the same material or different locations of 
the bulk material and may not be the good representative of the real texture of the measured specimens (Qiao et al., 2015b), which 
deserves further attention. 

3.3. Further discussion 

3.3.1. Inelastic behavior and initial CRSS of detwinning 
As mentioned above, Zhang et al. (2021b) investigated the onset of detwinning in a strongly basal-textured AZ31 alloy (grain size, 3 

umto 30 um) under tension (or compression) up to strain of 7.5% (−7.5%) and subsequent compression (or tension) along the ND (or 
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RD) with real-time in situ synchrotron X-ray diffraction and observed that detwinning occurs immediately upon unloading, regardless 
of whether the twins were generated previously under tension along the ND or compression along the RD. In contrast, Wu et al. (2014) 
concluded that for a strongly basal textured AZ31B alloy (grain size, 40 um), no apparent detwinning is experimentally observed 
during unloading subsequent to compression along the RD (up to strain of −7%) which was also confirmed by the numerical modeling 
based on the EVPSC-TDT model in their study. It is clear that the above two studies drew quite different conclusions on similar ma-
terials under similar pre-unloading deformation history. It is worth noting that Cáceres et al. (2003) pointed out that detwinning 
induced pseduoelastic effects could be enhanced by smaller grain size. In addition, Wang et al. (2020b) proposed that prismatic 〈a〉 or 
pyramidal 〈c + a〉 dislocations generated before unloading are effective to impede reversible movement of basal 〈a〉 dislocations and 
detwinning during unloading. In short, detwinning-induced inelastic behavior is closely related to sample microstructure, thermal 
treatment history (Zhang et al., 2021b), and deformation history. So the root causes of inelastic behavior are still not quite clear and 
deserve more experimental and numerical investigations. 

From a mechanical point of view, Muránsky et al. (2009) pointed out that polycrystal grains which have experience twinning prior 
the peak stress of previous loading might in fact show quite high tensile stresses during loading at low applied compression stress, such 
internal tensile stress induced by redistribution of applied stress within the polycrystal upon unloading could cause detwinning during 
unloading. Therefore, we can consider that the magnitude of internal tensile stress upon unloading together with that of the activation 
stress for detwinning should govern when or whether detwinning will occur during unloading. 

It is noted that from a macroscopic perspective, detwinning appears easier than twinning because there is no requirement for 
nucleation of detwinning (Qiao et al., 2015b), and twin nucleation does require a higher stress level (Partridge, 1965; Cui et al., 2017; 
Louca et al., 2021). Therefore, we set the initial CRSS for the four twinning operations A, B, C and D as τ0C (τ0D) = 0.5τ0A (τ0B) to 
approximately describe the apparent characteristics in the current model, which is different from what we did in our previous study 
(Qiao et al., 2015b) where discrimination of initial CRSS was made between twin nucleation and twin growth as  τ0A > τ0B = τ0C = τ0D. 
Numerical results show that for the ND material orientation, setting a low value of initial CRSS of detwinning (τ0C(τ0D)=0.5(τ0B)) does 
give better prediction of the measured stress-strain curves during compression reversal, but the measured obvious inelastic response 
during unloading from tension peak to zero-stress point still could not be captured. It is admitted that a much lower initial CRSS of 
detwinning (e.g., τ0C (τ0D) = 0.1 (τ0B)) could further improve the prediction of stress-strain response during compression reversal from 
the zero-stress point to zero strain point, however, the measured inelastic behavior during unloading for the ND material orientation 
still could not be improved (see Case 2 in last subsection), and other simulation results would get worse (e.g., the upper branch of 
stabilized stress-strain hysteresis loop for the RD material orientation with 3% and 4% strain amplitude). Therefore, as a compromise 
we remain the initial CRSS of detwinning being half of that of twinning. The reason why the current model could not capture the 
measured strong inelastic behavior upon unloading could arise from the fact that the current mean field model based on self-consistent 
schemes might not properly describe some microstructure related properties of the Mg AZ31 plate and so underestimates the internal 
tensile stresses of twinned grains before unloading, which deserves further investigation. 

3.3.2. Evolution of residual twinning and strain hardening of detwinning 
It is noted that the lower branch of the measured stabilized stress-strain hysteresis loop of the 0◦ material orientation with 3% and 

4% strain amplitudes could not be predicted well especially from the zero-strain point to the compression stress peak. The reason could 
be explained in terms of the following two aspects. First, in the current study, we assume the evolution of residual twins during cyclic 
loading follow the equation (Eq. (5)) proposed by Yu et al. (2014). Two parameters are introduced in this equation with fα

sat denoting 
the saturated VF of residual twin and bα

tw representing the material parameter governing the rate of saturation of residual twins. The 
parameter bα

tw determines the number of loading cycles for residual twinning to be saturated at fα
sat, and the two parameters might not 

have to be the same for different material orientations with different strain amplitudes. Furthermore, numerical results show that the 
two parameters (bα

tw and fα
sat) along with the parameter (q) governing fresh twinning actually interact with each other. Therefore, more 

experiments are desired to quantify these parameters and further verify the predictability of the employed equation in describing 
residual twinning. Second, very recently, Zhang et al. (2019) and Zhang et al. (2021a) employed two different sets of hardening 
parameters for twinning and detwinning in their simulations. It would be admitted that by doing so, improved predictions might be 
obtained for detwinning-associated flow curves. However, without strong evidence and for minimization of the number of material 
parameters, we choose to use the same hardening parameters for both twinning and detwinning (see, Table 1). 

4. Conclusions 

In the present paper, the EVPSC-TDT model has been employed to mimic the stabilized stress-strain hysteresis loops of the rolled 
AZ31B plate under cyclic loadings along five different material orientations and with three different strain amplitudes. For the total of 
15 cases considered, we have very carefully examined numerical results for each cycle and compared them to the corresponding 
experimental data. It has been demonstrated that with the single set of the parameters, the EVPSC-TDT model with the improved 
empirical description of the residual twinning is able to capture the key features observed experimentally during the entire cyclic 
loading processes considered. In summary, the numerical results allow the following conclusions to be drawn:  

1 The predicted stabilized stress-strain hysteresis loops for the 0◦, 22.5◦, 45◦, 67.5◦, and 90◦ material orientations are generally in 
good agreement with corresponding experimental data. The key features associated with twinning and detwinning are interpreted 
in terms of activities of deformation modes. 
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2 The Voce-type hardening law parameters in the EVPSC-TDT model are mainly determined by curve fitting of numerical results to 
monotonic experiments, however, in order to appropriately mimic the mechanical response under cyclic loadings, cyclic loading 
experiments should also be accounted for in determining these parameters. Specifically, to avoid unexpected cyclic hardening, the 
asymptotic hardening rate, hα

1, of the extended Voce law for each deformation mode should be set to be zero, and cautious should be 
taken to employ large latent hardening coefficients in describing twin-slip and twin-twin interactions. It is also worth noting that 
the material parameters for basal slip are mainly obtained based on the measured data under monotonic tension/compression in 
the 45◦ material orientation.  

3 The equation proposed by Yu et al. (2014) is employed to describe the evolution of residual twinning during cyclic loading, and a 
threshold equation with a new parameter, q, is proposed to constrain fresh twinning and retwining. The saturated VF of residual 
twin fα

sat and the parameter bα
tw (see, Eq.(5)) governing the rate of saturation of residual twins as well as the parameter q in Eq. (9) 

are determined based on the measured stabilized stress-strain responses of the 45◦ and 90◦ (ND) material orientations. The effects 
of these parameters on cyclic plastic response have been investigated, and more experiments are desired to clearly quantify these 
parameters.  

4 To approximately describe the apparent easier reverse movement of twin boundaries, the initial CRSSs for four twinning operations 
A, B, C and D are set as τ0C(τ0D)=0.5τ0A(τ0B), while, for simplicity, the other voce-type hardening law parameters are kept the same 
for both twinning and detwinning. The effect of initial CRSS of detwinning on plastic response during reverse loading has been 
investigated.  

5 The inelastic stress-strain response of the 90◦ (ND) material orientation during reverse loading has been numerically investigated. 
The inelastic behavior is predicted to occur at the very end of the unloading process for the 90◦ (ND) material orientation, which is 
ascribed to detwinning. It is assumed that the magnitude of internal tensile stress upon unloading together with that of the acti-
vation stress for detwinning should determine when or whether detwinning will occur during unloading. The discrepancies be-
tween numerical simulations and experimental data of the pseudo-elasticity behavior might be because the current mean field 
model based on self-consistent schemes might not properly describe some microstructure related properties of the Mg AZ31B plate 
and so underestimates the internal tensile stresses of twinned grains before unloading, which deserves further investigation.  

6 Note that experimental validation of the calculated relative activities for various deformation modes is lack in the current study as 
the direct validation of the predicted relative activities is experimentally very hard, however, the deformation mechanisms ob-
tained from the current model might be validated by comparisons with intensity changes and internal strain evolutions observed 
using in-situ neutron diffraction, which deservers further study in future work.  

7 Tensile twinning and detwinning are closely related to fatigue damage and fracture of Mg alloys under cyclic loading with relatively 
large strain amplitudes. Numerical and experimental studies of the residual twinning, fresh twinning and retwining behavior under 
cyclic loading are important for better understanding of the mechanisms of accumulation of fatigue damage and final failure in Mg 
alloys, which should be valuable in developing reasonable fatigue damage and fracture models and can potentially facilitate 
manipulation of the microstructure and mechanical properties of Mg alloys for further structural applications. 
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