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Abstract. In this work, a crystal plasticity finite element (CPFE) model to predict cyclic loading 
behaviors at elevated temperatures of a wrought magnesium alloy, i.e., AZ31B sheet, is proposed. 
The temperature-dependent mechanical behavior is systematically modeled by modifying the 
strain-hardening model. The twinning-detwinning, a key deformation mechanism that occurs 
during the cyclic loadings in the magnesium sheet, is also modeled based on the well-known 
predominant twinning reorientation (PTR) scheme. Furthermore, to better predict the detwinning 
behavior, a concept of residual twin is also introduced and employed in the PTR scheme. The 
modified strain-hardening and enhanced-PTR model considering the twinning-detwinning are 
implemented in the CPFE framework. Using the developed model, mechanical responses of the 
AZ31B sheet under cyclic loading conditions at various testing temperatures up to 200°C are 
predicted and compared with the experimental data, and the prediction results are promising. 
Introduction 
Magnesium and its alloys are the lightest structural metallic material and attract more attention as 
a lightweight material. However, the wide application of magnesium alloys is hindered by their 
poor formability at room temperature (RT) due to the limited number of independent deformation 
mechanisms [1]. However, non-basal slip systems become more active at higher temperatures 
since their critical resolved shear stresses (CRSSs), known to be significant temperature dependent 
[2–4], decrease, and they can accommodate the plastic deformation with other slip or twin systems 
of magnesium alloys with its hexagonal close-packed (HCP) crystal structure.  

To overcome the limited formability and asymmetric mechanical responses of magnesium alloy 
sheets at room temperature, temperature-assisted forming of such alloys is widely employed. 
Therefore, the material modeling for the magnesium alloy sheets considering complicated slip and 
twin mechanisms under elevated temperature conditions as well as strain-path changes is vital.  

Crystal plasticity is useful for understanding underlying deformation mechanisms and 
predicting micro- and macro-properties as a consequence of such deformation mechanisms. To 
date, the crystal plasticity models consider the heterogeneous CRSSs of available slip and twin 
systems for the HCP-structured magnesium alloys [5–9]. Among them, several attempts have been 
made to model the temperature-dependent mechanical responses [7,10]. In addition, the crystal 
plasticity models to predict abnormal mechanical responses under the cyclic loading scenarios 
considering the twinning-detwinning phenomenon have been proposed [8,9]. However, a material 
model based on a crystal plasticity framework for cyclic loading scenarios at elevated temperatures 
for magnesium alloys has not been proposed yet.  

The main focus of the current work is to develop a CPFE model that can reproduce the 
mechanical responses of HCP-structured magnesium (and its alloys) under various temperatures 
and cyclic loading scenarios at the same time. In the newly developed model, there are two main 
advancements compared to conventional CPFE model: (a) the temperature dependency of non-
basal slip systems is systematically modeled by modifying the strain-hardening model, i.e., 
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extended Voce hardening, as a function of temperature, and (b) the well-known predominant 
twinning reorientation (PTR) scheme is enhanced by incorporating the twinning-detwinning 
mechanism and introducing the concept of residual twin as a criterion for detwinning termination.  
Materials 
A commercially available AZ31B magnesium alloy sheet with a thickness of 1.4 mm is 
investigated in the current study. The chemical composition of the corresponding magnesium alloy 
is listed in Table 1.  
 

Table 1. Chemical composition of AZ31B sheet (unit in wt%) 

Al Zn Mn Si Fe Cu Mg 

2.5-3.5 0.6-1.4 0.2-1.0 <0.1 <0.005 <0.05 Balance 

 
To obtain the initial crystallographic texture of the AZ31B, an X-ray diffraction test was 

conducted. Using the measured pole figures shown in Fig. 1, the orientation distribution function 
(ODF) was estimated, and 1,000 discrete Euler angles were extracted from the estimated ODF. 
They were then used as input for the CPFE simulation afterward.  

 

 
Fig. 1. {𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎} and {𝟏𝟏𝟏𝟏𝟏𝟏�𝟎𝟎} pole figures of as-received AZ31B sheet measured by X-ray 

diffraction 
Experimental 
Uniaxial tension tests of the AZ31B sheet were conducted using an ASTM E8 specimen with a 
gauge length of 25 mm. The samples were heated up using a heating chamber. The strain fields 
were measured using the ARAMIS digital image correlation (DIC) system, and recorded images 
were analyzed to obtain stress-strain data along with the load data from the universal testing 
machine and r-value defined as r = −𝜀𝜀𝑊𝑊/(𝜀𝜀𝑊𝑊 + 𝜀𝜀𝐿𝐿). The r-value is calculated from the recorded 
DIC image during the test.  

The mechanical responses under the cyclic loading conditions were obtained by conducting in-
plane cyclic tests. The testing apparatus and dimensions of the testing sample are shown in Fig. 2. 
The clamping dies were heated up using cartridge heaters. The temperature of the sample was 
measured using attached thermocouples and tests were initiated once the target temperature of the 
sample was reached. Out-of-plane buckling was prevented by applying side force to the anti-
buckling plates of 2 kN for tests at RT and 100 °C and 1 kN for the tests at 150 and 200 °C. The 
biaxial stress induced by the side force and frictional force between the anti-buckling plates and 
the sample was corrected according to the procedure reported elsewhere [11]. Using the sample 
testing apparatus, the in-plane uniaxial tension tests were also conducted at the same temperature 
conditions.  

The uniaxial tension, uniaxial compression, and cyclic tests were conducted along the rolling 
direction at a strain rate of ~0.001/s and RT, 100, 150, and 200 °C.  
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Fig. 2. In-plane cyclic testing apparatus and dimension of testing sample 

Crystal plasticity modeling 
A CPFE model to model temperature dependency under cyclic loading conditions based on a rate-
dependent crystal plasticity framework [12,13] was developed. The basic formulations of the 
crystal plasticity for the HCP-structured metallic materials can be found elsewhere [5], and only a 
summary of the CPFE model is presented in this section along with the core formulation for the 
temperature-dependency and twinning-detwinning model [14]. 

The temperature dependency of the non-basal slip systems is addressed by modifying the Voce 
hardening model as 

𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼 (𝑇𝑇, Γ) = 𝜏𝜏0𝛼𝛼(𝑇𝑇) + (𝜏𝜏1𝛼𝛼(𝑇𝑇) + θ1𝛼𝛼(𝑇𝑇) ⋅ Γ) �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− θ0𝛼𝛼(𝑇𝑇)⋅Γ
𝜏𝜏1
𝛼𝛼(𝑇𝑇) �� (1) 

where Γ is the total accumulated shear strain over all available slip and twin systems, and 𝜏𝜏0𝛼𝛼(𝑇𝑇), 
𝜏𝜏1𝛼𝛼(𝑇𝑇), θ0𝛼𝛼(𝑇𝑇), and θ1𝛼𝛼(𝑇𝑇) are temperature-dependent hardening parameters of α-th non-basal slip 
systems and they are modeled as follows according to Singh et al. [15]:  

⎝

⎛

𝜏𝜏0𝛼𝛼(𝑇𝑇)
𝜏𝜏1𝛼𝛼(𝑇𝑇)
θ0𝛼𝛼(𝑇𝑇)
θ1𝛼𝛼(𝑇𝑇)⎠

⎞ = k(𝑇𝑇)

⎝

⎛

𝜏𝜏0𝛼𝛼(𝑇𝑇𝑅𝑅)
𝜏𝜏1𝛼𝛼(𝑇𝑇𝑅𝑅)
θ0𝛼𝛼(𝑇𝑇𝑅𝑅)
θ1𝛼𝛼(𝑇𝑇𝑅𝑅)⎠

⎞ (2) 

where 𝑇𝑇𝑅𝑅 is the reference temperature, and k(𝑇𝑇) is the temperature-dependent scaling factor. 
Twinning-detwinning based on the PTR scheme is proposed, and the details are elsewhere [14]. 

Here, only a flowchart describing the activation of twinning and detwinning is presented in Fig. 3. 
According to the PTR model, when the volume fraction of twins in a particular grain exceeds the 
threshold value 𝑓𝑓𝑐𝑐, that grain will be re-orientated. 𝑓𝑓𝑐𝑐 evolves as 

𝑓𝑓𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚 �1.0,𝐴𝐴 + 𝐵𝐵 𝐹𝐹𝐸𝐸
𝐹𝐹𝐴𝐴
� (3) 

where 𝐹𝐹𝐸𝐸 �= ∑ 𝑤𝑤𝑚𝑚𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑚𝑚=1  � is the effective twin volume fraction and 𝐹𝐹𝐴𝐴 �=

∑ �𝑤𝑤𝑛𝑛 ∑ 𝑓𝑓𝛽𝛽𝑁𝑁𝑇𝑇𝑇𝑇
𝛽𝛽=1 �𝑁𝑁𝑁𝑁

𝑛𝑛=1  �. Here, 𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝑁𝑁𝑁𝑁, and 𝑤𝑤, 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 are the total number of fully twinned 
grains, total number of grains, volume fraction of the corresponding grains overall grains, and 
numbers of twin variants, respectively.  

The basic assumption of the proposed twinning-detwinning model is that only one of two, i.e., 
twin and detwin, will be active during each loading step. It is worthwhile to note that slip systems 
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are active at all time steps. During the first loading, the twin should be active. Then, at the onset 
of the second loading, the grains are categorized into the following three different twinning-
detwinning scenarios according to the twin volume fraction. In Case Ⅰ, the volume fraction exceeds 
the threshold at the first loading and the grain is completely re-oriented. In such a case, it can be 
assumed that detwinning is activated at the second loading. In Case Ⅱ, the grain is not completely 
re-oriented at the first loading, but some amount of twin is created more than 𝑓𝑓𝑟𝑟, the residual twin 
fraction. The residual twin represents persisting twins, even after full reverse loading. If the 
fraction of twin generated at first loading is greater than 𝑓𝑓𝑟𝑟, detwin will be activated during the 
second loading, otherwise this Case Ⅲ is assumed. In this case, the grain does not have the right 
orientation for the twin to take place, and the twin is activated during the second loading. During 
the next loading sequence, twin occurs again in the grain that is detwinned at the second loading. 
However, in Case Ⅲ in the second loading, the three cases can be assumed again as shown in Fig. 
3.  

 

 
Fig. 3. Flowchart of proposed twinning-detwinning model [14].  

Results 
The material parameters are identified by simultaneously fitting using a representative volume 
element (RVE) incorporated with the developed CPFE model to stress-strain curves obtained from 
the uniaxial tension and compression tests, and (accumulated) r-value obtained from the uniaxial 
tension tests at all investigated testing temperatures. The RVE model consists of 1,000 finite 
elements (FEs) represented by 8-node brick element with reduced integration. Each FE represents 
a single crystal, and thus, the RVE represents a polycrystal with 1,000 grains. Periodic boundary 
condition is imposed as described in previous studies by the author [16,17]. The following four 
slip/twin systems are assumed to be active: {𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎}〈𝟏𝟏𝟏𝟏𝟐𝟐�𝟎𝟎〉 basal slip, {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏}〈𝟏𝟏𝟏𝟏𝟐𝟐�𝟎𝟎〉 prismatic 
slip, {𝟏𝟏𝟏𝟏𝟐𝟐�𝟐𝟐}〈𝟏𝟏𝟏𝟏𝟐𝟐�𝟑𝟑〉 pyramidal <a+c> slip, and {𝟏𝟏𝟏𝟏𝟏𝟏�𝟐𝟐}〈𝟏𝟏�𝟎𝟎𝟎𝟎𝟎𝟎〉 tensile twin. 
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The fitting results are shown in Fig. 4. The identified constitutive parameters for the extended 
Voce hardening model are listed in Table 2. The PTR model parameters in Eq. (3) are identified 
as A=0.7 and B=1 for all the testing temperatures. It is worthwhile to note that the Voce hardening 
parameters for the tensile detwin are identified by fitting to the cyclic loading data obtained from 
the in-plane cyclic tests, which will appear later on.  

 
Fig. 4. Measured and simulated stress-strain curves under (a) uniaxial tension and (b) uniaxial 

compression, and (c) r-values under uniaxial tension 
Table 2 Identified constitutive parameters for the extended Voce hardening model 

Temperature Slip/Twin Systems 
0τ  1τ  0θ  1θ  ijq  

25 Basal 25 1 90 0 2.5 
Prismatic 105 21 390 10 2.5 

Pyramidal <a+c> 108 29 440 15 4 
Tensile twin 28 5 10 5 2.5 

Tensile detwin 21 5 10 5 2.5 
100 Basal 25 1 90 0 2.5 

Prismatic 74 16 280 7.5 2.5 
Pyramidal <a+c> 76 20.5 320 11 4 

Tensile twin 28 5 10 5 2.5 
Tensile detwin 21 5 10 5 2.5 

150 Basal 25 1 90 0 2.5 
Prismatic 50 12 185 6 2.5 

Pyramidal <a+c> 51 15 210 8.5 4 
Tensile twin 28 5 10 5 2.5 

Tensile detwin 21 5 10 5 2.5 
200 Basal 25 1 90 0 2.5 

Prismatic 33 7 130 3 2.5 
Pyramidal <a+c> 34 8 140 5 4 

Tensile twin 28 5 10 5 2.5 
Tensile detwin 21 5 10 5 2.5 
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The scaling factor representing the temperature dependency is determined by fitting the 
identified Voce hardening parameters of the non-basal slip systems at different temperatures in 
Table 2. The hardening parameters are normalized to those at a reference temperature, i.e., RT. 
The normalized hardening parameters are fitted using a phenomenological equation, k(𝑇𝑇) =
1/ �1 + �(𝑇𝑇 − 𝑇𝑇𝑅𝑅)/ℎ1�

ℎ2� as ℎ1=124 and ℎ2= 2.05. The normalized hardening parameters and 
the fitted curve are shown in Fig. 5. 

 

 
Fig. 5. Normalized Voce hardening parameters for non-basal slip systems at different 

temperatures and best-fit 
The stress-strain curves under cyclic loadings, namely, compression-tension-compression 

(CTC) and tension-compression-tension (TCT), at RT, 100, 150, and 200°C are predicted using 
identified constitutive parameters and compared with the experimental data. The results are shown 
in Fig. 6. 

During the first loading step in TCT, the tensile twin is hardly active. Therefore, the stress-
strain curve is concave down shaped. During the second loading step, a stress plateau is observed 
at the beginning since the tensile twin is active. However, as the twin activation is terminated, non-
basal slip systems are supposed to be active. Therefore, a concave down-shaped stress-strain curve 
is observed. During the third loading step, detwinning should be active in twinned areas during the 
second loading step, and a concave-up shaped stress-strain curve is observed with the stress plateau 
at the beginning. A similar phenomenon in terms of the stress-strain curve in consequence of twin 
and detwin activation in CTC. The CPFE well reproduce such abnormal stress-strain curves. The 
predictions at higher temperatures are also presented in Fig. 6, and the predictions are in good 
agreement with the measured data.  
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Fig. 6. Measured and predicted stress-strain curves under cyclic loading conditions at (a) RT, 

(b) 100°C, (c) 150°C, and (d) 200°C 
  

a
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Summary 
In the current work, a CPFE model to predict the mechanical behaviors of a magnesium alloy sheet 
under different temperature conditions and cyclic loading scenarios is developed. For such, the 
temperature dependency of the non-basal slip systems is modeled systematically by modifying the 
Voce hardening model, and the predominant twinning reorientation (PTR) scheme is further 
enhanced by incorporating the twinning-detwinning mechanism. The newly developed crystal 
plasticity model is applied in predicting mechanical responses under in-plane tensile loadings, 
compressive loadings, and cyclic loadings at different temperatures up to 200 °C. Finally, the 
predictions are compared with measured ones. The proposed model reproduces stress-strain 
responses under not only monotonic loadings but also cyclic loadings at various testing 
temperatures from room temperature to 200°C.  
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