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ABSTRACT 

We investigate the nonlinear response arising during unloading under in-plane uniaxial 

compression of a rolled magnesium alloy sheet using a crystal plasticity finite-element method, 

focusing on the effects of twinning and detwinning, and discuss the mechanism that causes the 

nonlinear response to be more pronounced under uniaxial compression than under uniaxial 

tension. In the simulation, we employed a twinning and detwinning model recently proposed by 

the authors. From numerical experiments, we confirmed that, as already noted in previous studies, 

detwinning activity plays an important role in the nonlinear response during unloading. However, 

we also found that the basal slip could become very active during unloading because of the 

dispersion of crystallographic orientations caused by twinning activity during loading, which is 

another factor in the pronounced nonlinear response during unloading under uniaxial 

compression. We conclude that the nonlinear response during unloading is more pronounced 

under uniaxial compression than under uniaxial tension because of these 2 factors—i.e., the 

detwinning activity and the pronounced basal slip activity—which are not present under uniaxial 

tension. 
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1. Introduction 

Lightweight materials are increasingly in demand to reduce the environmental impact of 

transport equipment [1, 2]. Magnesium (Mg) alloys, the lightest metals used for structural 

components, recently have received much attention and the formability of Mg alloy sheets has 

been studied extensively [3-10]. 

It is well established that most rolled Mg alloy sheets show characteristic deformation 

behaviors, including an asymmetric deformation behavior between tension and compression [11, 

12] and an anisotropic work-hardening behavior [13, 14], because of the hexagonal close-packed 

(hcp) structure. A strong nonlinear response during unloading is also a well-known characteristic 

behavior. Cáceres et al. [15] and Mann et al. [16] first examined this behavior in detail 

experimentally and concluded that the observed nonlinear response could be understood in terms 

of the partial reversal of  1 0 1 2  twinning, i.e., detwinning, during unloading. Thereafter, 

other researchers studied this behavior, with similar conclusions [17, 18]. A detailed survey of 

the literature on this behavior can be found in Hama and Takuda [19].  

Previously, we experimentally examined the nonlinear response during unloading under 

various loading paths, such as under tension, compression, and compression followed by tension 

(compression–tension) [19]. We found that the nonlinear response was much more pronounced 

when the twinning and the detwinning were active, i.e., under compression and 

compression–tension, respectively, than it was when they were not active, i.e., under tension. 
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Similar results were reported in Muránsky et al. [18]. Clearly, the mechanism causing the 

nonlinear response during unloading would be different under tension and compression. The 

difference in the detwinning activity during unloading may be responsible for the difference in 

the nonlinear response between tension and compression as explained in the previous study [19], 

but the detailed mechanism of the nonlinear response is still unclear. For instance, twinning 

activity involves a significant change in texture during deformation. Such a significant change in 

the texture also would affect the nonlinear deformation during unloading because the initial 

texture of the material affects the deformation during unloading [19, 20]. However, the effect of 

the texture change during loading on the nonlinear deformation during unloading has not been 

investigated. 

Crystal plasticity models are powerful tools that can be used to understand the interaction 

between mesoscopic crystalline and macroscopic deformation in metals. An increasing number 

of studies have actively employed the models to analyze the deformation of Mg alloys [14, 19, 

21-43]. The present authors simulated the deformation during unloading of a rolled Mg alloy 

sheet using a crystal plasticity finite-element method [19]. The nonlinear response under in-plane 

uniaxial tension was predicted well in the simulation and the simulation result indicated that this 

nonlinear deformation is attributable to the activity of the basal slip during unloading. It should 

be noted that detwinning was neglected in the simulation because no well-established detwinning 

model existed at the time of the simulation. However, detwinning should be taken into account 

when the unloading process under in-plane uniaxial compression is simulated with a significant 

amount of twinning activity. Recently, Wang et al. [20] proposed a detwinning model and 

simulated the deformation of extruded Mg alloys during cyclic loading–unloading. They reported 

that detwinning activity was the most important factor in nonlinear deformation during unloading 
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when twinning was activated during loading. However, the effect of the texture change during 

loading on the nonlinear deformation during unloading was not investigated in their study. 

Recently, the present authors also proposed a simple detwinning model and showed that the 

stress–strain curves under various loading paths, including compression–tension and 

tension–compression–tension, could be predicted well [36]. Such progress in the simulation 

technique permits a study that numerically examines the effect of twinning and detwinning on 

the nonlinear response during unloading. 

In the present study, a simulation of the loading–unloading process in a rolled Mg alloy 

sheet under uniaxial compression was performed using a crystal plasticity finite-element method 

that considers detwinning, and the effect of twinning and detwinning on the deformation during 

unloading was examined. We also discuss the mechanism that causes the nonlinear response to 

be more pronounced under uniaxial compression than under uniaxial tension. 

 

2. Crystal Plasticity Finite-Element Method 

2.1 Basic Formulation 

The crystal plasticity finite-element method used in the present study follows that used in 

our previous studies [14, 19]. The new detwinning model [36] is also employed. In the following, 

the formulations for the crystal plasticity model are explained briefly. The reader is referred to 

the literature [14, 19, 36] for detailed information.  

A static finite-element method based on an updated Lagrangian rate formulation is used [44, 

45]. The rate-dependent crystal plasticity model [46, 47] explained below is incorporated into 

each Gauss point in finite elements. The rate tangent modulus method [46] is used for explicit 

time integration. The so-called rmin-strategy [48] is employed and the size of an increment is 
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limited to prevent an excessive increase of the nonequilibrium between external and internal 

forces. 

The crystalline slip is assumed to follow Schmid’s law. The slip rate    of the -slip 

system is assumed given by the viscoplastic power law as follows 
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      ,                (1) 

where    is Schmid’s resolved shear stress,  
Y

  is the current slip resistance of the -slip 

system with  
Y 0

   initially, 0  is the reference strain rate, m is the rate-sensitivity exponent, 

and q with =  and with ≠  are the self- and latent-hardening moduli, respectively. The 

unit vectors  
s
  and  

m
  are the slip direction and the slip plane normal, respectively. h is the 

rate of hardening; the hardening laws will be explained later.  

It is established that kinematic hardening plays an important role when metals are subjected 

to reverse loading [49-51]. On the other hand, it was also reported that the effect of kinematic 

hardening on the deformation of a Mg alloy sheet during unloading under in-plane tension was 

negligible [19]. Therefore, to simplify the simulation model, the kinematic hardening is not taken 

into account in the present study.  

 

2.2 Slip Systems 

Following previous studies [14, 19, 23, 36], families of basal <a> slip systems, prismatic 

<a> slip systems, and pyramidal-2 <a + c> slip systems, and 1 family of  1 0 1 2  tension 

twinning systems, are used to model the mechanical behavior of a Mg alloy sheet. There are 3 

basal, 3 prismatic, 6 pyramidal-2, and 6 tension-twinning systems. The slip/twinning plane 
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normal and slip direction vectors for the employed systems are shown in Table 1. A treatment of 

twinning systems will be explained in the next section.  

Two evolution laws are used for the rate of hardening, h [Eq. (1)], in the forms 

0h h                     (2) 

and 

0 0
0 1 exp

h
h h

 

   
     

   

 
 

,                     (3) 

where   is the cumulative shear strain on all the slip systems and is given by 

  dt 



  .                         (4) 

Linear hardening [Eq. (2)] is assumed for the basal slip and Voce hardening [Eq. (3)] is assumed 

for the prismatic slip and the pyramidal-2 slip.  

 

2.3 Twinning Systems 

In the framework of crystal plasticity analysis, several twinning models have been proposed 

[52-58], whereas the number of detwinning models is much smaller [27, 59]. In the present study, 

we employ a twinning model originally proposed by Van Houtte [52] and a detwinning model 

recently proposed by the authors [36]. The detwinning model was developed by extending the 

twinning model to detwinning. In the present models, the twinning systems are assumed to 

represent the twin boundary and the activity of the -twinning system is assumed to be described 

in terms of the resolved shear stress,   , on the twin boundary, i.e., the plane of the  twinning 

system. The idea is described briefly as follows. 
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In the twinning model, twinning is assumed to have a polar character, in which each system 

can be activated only by tension of the c-axis (   0  ). Because the shear strain that arises in a 

grain due to twinning is mesoscopically similar to the shear induced by an activated slip system, 

the shear strain rate induced by twinning is calculated using Eq. (1), as is the case for slip 

deformation. The linear hardening [Eq. (2)] is assumed for the rate of hardening, h.  

A statistical approach is used to model the lattice rotation due to twinning. Using the 

cumulative shear strain induced by twinning,  
twin

 , the volume fraction of the -twinning 

system in a grain,  
f

 , is calculated by    
twin reff /

   , with ref  being the shear strain 

when the grain is twinned entirely. This approximation holds if we assume that the shear in the 

grain is uniform [52, 60]. Meanwhile a pseudo-random threshold value of volume fraction  
thf
  

is initially determined between 0.3 and 1.0 for each twinning system [19, 21, 26]. The volume 

fraction of the  twinning system,  
f

 , is compared with  
thf
  at each time increment, and 

when    
thf f

   is satisfied, all of the slip systems are rotated to a specific twinning orientation. 

The lattice rotation tensor due to twinning, Rtw, is given in the following form: 

   2R m m I
tw     ,                 (5) 

where I is the unit tensor and  
m

  is the plane normal vector for the  twinning system. It 

should be noted that the twinning systems are not subjected to the lattice rotation because the 

twinning systems represent the twin boundary that corresponds to the twin planes of the matrix, 

as explained above. The shear strain due to twinning cannot arise in the grain after the lattice 

rotation due to twinning arises. 
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When the shear strain due to twinning once arises in the  twinning system under   0  , 

detwinning can be activated thereafter when    becomes negative. It is assumed that the shear 

strain rate and the rate of hardening for detwinning are also given by Eqs. (1) and (2). Denoting 

the cumulative shear strain that arises on the  twinning system during twinning as 
 
twin

max , 

detwinning can be activated on the  twinning system until the cumulative shear strain due to 

detwinning, ut , reaches  
twin

max . If    
thf f

   has been satisfied in the grain in question and 

all of the slip systems of the grain have been subjected to the lattice rotation in the  twinning 

system during twinning, all of the slip systems are re-rotated to a specific detwinning orientation 

using the lattice rotation tensor (Rtw)T when  
ut twin

max   is satisfied. If    
thf f

   has not 

been satisfied in the grain and the slip systems have not been subjected to the lattice rotation due 

to twinning, the slip systems are not rotated using the lattice rotation tensor (Rtw)T, even when 

 
ut twin

max   is satisfied. The shear strain due to detwinning cannot arise in the grain after 

 
ut twin

max   is satisfied, in any case. 

The experimental results reported in the literature [11, 12] indicate that the initial strength of 

detwinning may be smaller than that of twinning. To simplify the model, in the present study, the 

initial strength of detwinning is regarded as an independent material parameter. Therefore, the 

kinematic hardening also is not taken into account for twinning and detwinning. The rate of 

hardening h for detwinning is assumed to be the same as that of twinning. 

The calibration of the material parameters, including ref , used in the twinning model will 

be explained in the following sections. 
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3. Experimental Procedure 

Using a commercial rolled AZ31 Mg alloy sheet with a thickness of 0.8 mm (Osaka Fuji 

Corporation), stress–strain curves were obtained under various loading paths, such as monotonic 

tension and compression, compression–tension, tension–compression–tension, and cyclic 

loading–unloading, to determine the material parameters and to verify simulation results. The 

sheet material and the experimental procedures are the same as those used in our previous studies 

[12, 61]. The material was annealed at 350°C for 1.5 h to obtain an O temper before the 

experiment. Specimens were machined parallel to the rolling direction. The experiment was 

performed at room temperature. A strain gauge (Kyowa Electronic Instruments Co., KFEM) was 

used to measure the strains during loading and unloading. The tests were performed at an initial 

strain rate of 0.0007 s-1. The experimental data were recorded by a data logger approximately 

every 10 ms. To suppress buckling during in-plane uniaxial compression, comb-shaped dies were 

used to give compressive forces in the thickness direction of the specimen [12, 19, 61, 62]. The 

reader is referred to the literature [19, 61, 62] for the details of the experimental procedure. 

 

4. Simulation Procedures 

4.1 Material Modeling 

The finite-element model used in this study follows those used in Hama and Takuda [14, 

19]. The schematic of the finite-element model used in the present study is shown in Figure 1. A 

cube was divided into 10 uniform 8-node isoparametric brick elements using selective reduced 

integration in each direction, producing a total of 1000 elements. The initial crystallographic 

orientations assigned to the model were artificially created to simulate the rolling texture of Mg 

alloy sheets [22, 23, 26, 63]. The same initial crystallographic orientation was assigned to all the 
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8 Gauss integration points in an element, thus the model had 1000 initial crystallographic 

orientations. Figure 2 shows the initial (0001) pole figure assigned to the model.  

The finite-element model and number of initial crystallographic orientations described 

above were employed because these models give acceptable simulation results for the 

deformation behaviors of Mg alloy sheets, including the deformation during unloading under 

tension [19] and anisotropic work-hardening behavior [14].   

 A loading–unloading simulation under uniaxial compression along the rolling direction 

was performed. The planes x = 0, y = 0, and z = 0 of the cube (Fig. 1) were fixed in the x, y, and z 

directions, respectively, and the small displacement increments were given to the plane x = l to 

compress and to unload the cube. It should be noted that the displacement increments during 

unloading were set to be five to ten times smaller than those during loading in order to avoid a 

numerical oscillation of the stress especially at the beginning of unloading. 

 

4.2 Material Parameters 

Isotropic elasticity with Young’s modulus E = 42 GPa and Poisson’s ratio  = 0.3 [7, 12] 

were assumed. The reference strain rate was set to 0 0 001.  s-1. The effect of the rate 

sensitivity exponent, m, on the unloading curve was examined under tension in our previous 

study [19], and m = 0.02 gave the most appropriate results for the Mg alloy sheet. Therefore, m = 

0.02 was employed also in the present study. Following previous studies [14, 19, 36], the 

latent-hardening parameters shown in Table 2 were adopted. The self-hardening parameters were 

set to 1. ref was set to 0.12.  

The hardening parameters used are shown in Table 3. These parameters were calibrated by 

modifying slightly the parameters used in Hama and Takuda [36] to fit experimental stress–strain 
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curves under various loading paths. The identification of the hardening parameters was explained 

in detail in Hama and Takuda [19].  

The simulated and experimental stress–strain curves under uniaxial tension and uniaxial 

compression are shown in Figure 3. The (0001) pole figures at a strain of 0.05 under tension and 

at a strain of -0.05 under compression that were obtained from the simulation are shown in 

Figure 4. A large dispersion of crystal orientations arose in the RD direction when the sheet was 

subjected to uniaxial compression, whereas the change in the texture was very small when the 

sheet was subjected to uniaxial tension. These tendencies are in good agreement with 

experimental observations [11].  

Figure 5 shows the stress–strain curves under compression–tension and 

tension–compression–tension. The sigmoidal shape that arose during tension following 

compression is predicted well in the simulation results. As already explained in Hama and 

Takuda [14, 19], the texture evolutions predicted in the simulations also are qualitatively in good 

agreement with the experimental results [11]. The above results indicate that the assumption that 

the rate of hardening for detwinning is assumed to be the same as that of twinning may not be far 

removed from the reality.  

 

5. Results and Discussion 

5.1 Macroscopic Unloading Curve 

Figure 6 shows an example of the stress–strain curves obtained by cyclic loading–unloading 

under compression. The variation of the instantaneous gradient d/d during unloading 

calculated from the stress–strain curves is used to examine the nonlinear deformation during 

unloading in detail, as in Hama et al. [61] and Hama and Takuda [19]. Figures 7 and 8 show the 
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results of the experiment and the simulation, respectively. The gradient was calculated using two 

data points for every 100 successive data points in the experiment and for every data point in the 

simulation. Therefore, in the experiment, the gradient at the end of unloading was not calculated 

because there is not enough number of data points. The strain at the beginning of unloading is 

hereafter termed the unloaded strain, u. The legends give the absolute values of the unloaded 

strain. The horizontal and vertical axes of the figures are nondimensionalized using the stress at 

the beginning of unloading, 0, and Young’s modulus, E, respectively.  

The overall trend of the variation during unloading in the experiment (Fig. 7) is as follows. 

At the beginning of unloading, the gradient is larger than Young’s modulus and decreases at a 

relatively large rate. Thereafter, the decreasing rate becomes moderate and this tendency is 

maintained until the end of unloading. These overall trends remain almost unchanged regardless 

of the unloaded strain. However, the decreasing rate at the beginning of unloading becomes large 

as the unloaded strain increases. Moreover, the magnitude of the overall decrease increases as the 

unloaded strain increases and the nondimensional gradient at the end of unloading eventually 

becomes less than 0.5. Finally, the variation curve tends to saturate. As already reported in our 

previous study [61], the variation of the gradient observed under compression is clearly different 

from those observed under tension. For example, the amount of the overall decrease in the 

gradient is much larger under compression than it is under tension, which shows that the 

nonlinear deformation during unloading is much more pronounced under compression. Moreover, 

the variation curve saturates at a higher unloaded strain under compression than under tension. 

In the simulation (Fig. 8), the overall trend of variation is not in good agreement with the 

experiment. For instance, in the simulation, the rapid decrease in the gradient at the beginning of 

unloading is much sharper than is observed experimentally, and there is a region where the 
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nondimensional gradient maintains unity during unloading; this is not observed in the 

experimental result. However, in the simulation, the amount of overall decrease in the gradient 

increases as the unloaded strain increases; this is in good agreement with the experiment. In 

addition, in the simulation, the nondimensional gradient at the end of unloading eventually 

becomes less than 0.5 and the variation curve saturates at a higher unloaded strain under 

compression than under tension [61], as in the experiment. These tendencies are clearly different 

from that observed under tension. The above results show that the simulation results are 

qualitatively acceptable although they do not quantitatively agree with the experiment. 

For comparison, the simulation result obtained in the cyclic loading–unloading test under 

tension is shown in Figure 9. It should be noted that the detwinning was considered when the 

simulation in Figure 9 was performed, whereas it had been neglected in our previous study [19]. 

Nonetheless, the result shown in Figure 9 is in close agreement with that reported in Hama and 

Takuda [19]. This shows that the effect of detwinning on the nonlinear deformation is negligible 

under tension, as had been presumed in Hama and Takuda [19]. This result is consistent with the 

results reported in Wang et al. [20]. 

 

5.2 Activities of Slip and Twinning Systems 

In the following, the transition of the activities of each family of slip and twinning systems 

is used to examine the mechanism by which the nonlinear deformation during unloading is larger 

under compression than under tension. The activity of each family of slip or twinning systems, i, 

is evaluated by the plastic strain increment contributed by i, summed over all of the grains in the 

following form [19]: 

 n k

i
n k

r
,  ,                        (6) 
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where n is the number of grains and k is the number of systems of the family i. The twinning and 

detwinning are evaluated separately. As explained in Hama and Takuda [19], the relative activity 

[53], which is often used in crystal plasticity analyses, may not be suitable in the present study 

because the magnitude of the plastic strain increment is significantly different during loading and 

unloading. Therefore, the absolute value of the plastic strain increment [Eq. (6)] is used directly, 

instead of the relative value. 

The transition of the plastic strain increment with absolute logarithmic strain during 

monotonic compression is shown in Figure 10. The absolute logarithmic strain–absolute true 

stress curve is also shown. At the beginning of the plastic deformation, the basal slip and the 

twinning are very active and the prismatic slip is also active. This tendency is maintained until an 

absolute strain of about 0.03. Thereafter, the twinning activity starts decreasing, whereas the 

activities of the prismatic slip and the pyramidal-2 slip begin increasing. At the same time, the 

rate of work hardening in the stress–strain curve starts increasing and persists for a time. The 

detwinning activity is very small throughout the process. This result shows that, as already 

reported in the literature [29], the twinning activity is dominant at low strains, whereas several 

families of slip systems, including the pyramidal-2 slip, are active at high strains. The fluctuation 

observed in the activity of the basal slip occurs because of the lattice rotation due to twinning.  

Figure 11 shows the evolution of the plastic strain increment during cyclic 

loading–unloading with the accumulated absolute strain. The sheet was unloaded periodically at 

every 0.01 strain increment. Figure 12 shows the enlarged figures of the designated shaded areas, 

A and B, in Figure 11, during which the sheet was unloaded at strains of 0.05 and 0.07, 

respectively. When the unloading of the sheet begins, the activities of all of the systems vanish at 

once; immediately after, the basal slip is activated. The basal slip is activated exclusively during 
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unloading at low strains. However, at high strains, only the basal slip is activated until the middle 

stage of unloading, whereas detwinning is activated also at the later stage. Interestingly, the 

activity of the basal slip becomes large as the unloaded strain increases. The above results show 

that the nonlinear deformation during unloading is governed by the activity of the basal slip at 

low strains, whereas it is controlled by the activities of both the basal slip and detwinning at high 

strains. 

The observation that the activity of the basal slip is large during unloading under 

compression is very similar to the result observed under tension [19]. As explained in Hama and 

Takuda [19], the basal slip may be active during unloading under tension because of its low 

strength compared to that of the prismatic slip, which governs the deformation during loading. A 

similar mechanism may explain the results obtained under compression, as follows: The stress 

level during loading is determined primarily by the twinning because the twinning activity is 

dominant during loading at low strains. As a result, the basal slip can be activated easily during 

unloading at low strains because the strength of the basal slip is lower than that of the twinning 

(Table 3). However, at high strains, the twinning as well as the prismatic slip and the pyramidal-2 

slip are activated during loading; hence, the stress level is much higher than that at low strains, as 

shown in Figure 6. Consequently, both the basal slip and the detwinning—which are weaker than 

the nonbasal slip—are activated during unloading. The detwinning may be activated later than 

the basal slip (Fig. 12) because the strength of the detwinning is larger than that of the basal slip.  

The above results and discussion suggest that the nonlinear deformation during unloading 

may be larger under compression than under tension because of the detwinning activity. This 

result is consistent with the experimental and numerical observations reported in the literature 

[17, 18, 20, 61]. 
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5.3 Effect of Detwinning  

If the above-mentioned mechanism is correctly described by the model, the decrease in the 

instantaneous gradient during unloading may become much smaller when detwinning is not 

taken into account in the simulation. To confirm this presumption, we performed a cyclic 

loading–unloading simulation that did not consider the detwinning model. The variations of the 

instantaneous gradient during unloading obtained by the simulation are shown in Figure 13. 

Clearly, the decrease in the gradient in the later stage of unloading is smaller than the original 

result (Fig. 8), indicating that detwinning plays an important role in the nonlinear deformation, 

particularly in the later stage of unloading. This result is consistent with the detwinning activity 

shown in Figure 12. 

However, the decrease in the instantaneous gradient in the middle stage of unloading 

remains pronounced and is larger than that under tension (Fig. 9), even when detwinning is taken 

into account. As a consequence, the overall decrease is still larger than that observed under 

tension (Fig. 9). Because the decrease in the middle stage is induced primarily by the activity of 

the basal slip, as shown in Figure 12, other mechanisms in addition to detwinning would induce 

the pronounced nonlinear deformation under compression. 

 

5.4 Effect of Lattice Rotation 

It is established that, as shown in Figure 4, the texture changes significantly during 

compression compared to during tension because of twinning activity. Clearly, the 

inhomogeneity of the material is more pronounced as the sheet is compressed and the twinning is 

activated. In our previous study [19], numerical experiments showed that a sheet with random 
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orientations exhibited a larger nonlinear deformation during unloading under tension than a sheet 

with a rolling texture. This difference in the nonlinear deformation during unloading arose 

because the activity of the basal slip during unloading was enhanced by the inhomogeneity of the 

material. A similar explanation may be given for the difference obtained under tension and 

compression, particularly at high strains: the nonlinear deformation during unloading may be 

more pronounced under compression because the activity of the basal slip may become more 

pronounced owing to the dispersion of crystallographic orientations. This presumption is 

consistent with the observation that the activity of the basal slip during unloading becomes large 

as the unloaded strain increases (Fig. 11). 

If this presumption is correct, the decrease in the gradient would lessen when the twin 

reorientation is not considered in the simulation. To confirm this, a cyclic loading–unloading 

simulation was performed that ignored both detwinning and the twin reorientation. It should be 

noted that twinning and detwinning were treated merely as slip in this simulation, as in Graff et 

al. [23]. The variations in the instantaneous gradient during unloading that were obtained in this 

simulation are shown in Figure 14. As we expected, the decrease in the gradient in the middle 

stage is smaller than in the simulation that ignores detwinning (Fig. 13). Figure 15 shows the 

transition of the plastic strain increment during unloading. The unloaded strains are 0.05 and 0.07. 

Compared to the original results (Fig. 12), the total amount of plastic strain induced by the basal 

slip is smaller and this tendency is more pronounced at the unloaded strain of 0.07 than that at the 

unloaded strain of 0.05. The above results indicate that the more pronounced nonlinear 

deformation during unloading under compression than under tension is the result of two factors: 

1) detwinning and 2) the increased basal slip induced by the dispersion of crystallographic 

orientations, which is the result of twinning during loading. Wang et al. [20] did not mention the 
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effect of texture change on the nonlinear deformation during unloading. This may be because 

they examined the deformation only at low strains, at which the effect of texture change might 

not be significant. 

It should be noted that the overall decrease in the gradient observed in the simulation that 

ignores both detwinning and the twin reorientation (Fig. 14) is still slightly larger than that 

observed under tension (Fig. 9). This indicates that other mechanisms, in addition to those noted 

above, may be at play. For example, the stress state in each grain may be significantly different 

under compression and under tension. The strain in the RD direction is determined by the 

boundary conditions, as explained in section 4.1. The through-thickness strain may arise more 

easily under compression than under tension, because the activities of both the twinning and the 

pyramidal-2 slip are larger under compression than under tension. This clearly shows that the 

strain distribution differs significantly under tension and under compression and indicates that 

the 3-dimensional stress state in each grain, including factors such as the distribution in each 

direction and the magnitude of each component, may also differ. This difference in the stress 

state in each grain may affect the nonlinear deformation during unloading. Because the plastic 

deformation examined in the present study is relatively large, contraction twinning [64-66] may 

also affect the nonlinear deformation during unloading. This will be the subject of our future 

work.  

 

 

6. Conclusions 

In the present study, we performed a simulation of the loading–unloading process in a rolled 

Mg alloy sheet under in-plane compression using a crystal plasticity finite-element method that 
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considered detwinning and we examined the effect of twinning and detwinning on the 

deformation during unloading. The variation with stress of the instantaneous gradient during 

unloading was investigated for a macroscopic stress–strain curve and the activity of each family 

of slip or twinning systems was examined for mesoscopic deformation. We conclude the 

following: 

(1) Concerning the macroscopic stress–strain curve, the simulation results are in good agreement 

with the following experimental results: the amount of decrease in the instantaneous gradient 

increases as the unloaded strain increases and is much larger than that under tension, and the 

variation curve saturates at a higher unloaded strain under compression than under tension. 

These results show that the present simulation results are qualitatively acceptable. 

(2) A numerical experiment shows that the nonlinear deformation during unloading is less 

pronounced when detwinning is not taken into account. This result shows that the activity of 

detwinning during unloading plays an important role in the nonlinear deformation during 

unloading. However, the nonlinear deformation during unloading is still larger than under 

tension even when detwinning is not considered. This indicates that other mechanisms may 

induce the nonlinear deformation during unloading under compression. 

(3) The twin reorientation that arises during loading may induce the nonlinear deformation 

during unloading. This is because the activity of the basal slip during unloading may become 

more pronounced because of the dispersion of orientations caused by twinning. A numerical 

experiment in which both the detwinning and the twin reorientation are not considered shows 

that the nonlinear deformation during unloading becomes smaller, as expected. It can be 

concluded from the above results that the nonlinear deformation during unloading is more 

pronounced under compression than under tension, because of 2 factors: detwinning activity 
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and an increase in the activity of the basal slip induced by the dispersion of crystallographic 

orientations, caused by twinning activity during loading. 
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Figure and table captions 

 

Fig. 1 Finite-element model used in the simulation. 

Fig. 2 (0001) pole figure used in the simulation model with a rolling texture. 

Fig. 3 Stress-strain curves under monotonic loading. (a) Uniaxial tension and (b) uniaxial 

compression. 

Fig. 4 (0001) pole figures. (a) Result at 0.05tensile strain, and (b) result at 0.05 compressive 

strain.   

Fig. 5 Stress-strain curves under cyclic loading. (a) Compression-tension and (b) 

tension-compression-tension. 

Fig. 6 Stress-strain curves during cyclic loading-unloading obtained by simulation and 

experiment. 

Fig. 7 Variations in instantaneous gradient during unloading obtained by the experiment in the 

unloaded strain ranges: (a) from 0.0045 to 0.04 and (b) from 0.05 to 0.08. 

Fig. 8 Variations in instantaneous gradient during unloading obtained by the simulation in the 

unloaded strain ranges: (a) from 0.001 to 0.04 and (b) from 0.05 to 0.09. 

Fig. 9 Variations in instantaneous gradient during unloading under tension obtained by the 

simulation in the unloaded strain ranges: (a) from 0.001 to 0.008 and (b) from 0.009 to 0.03. 

Fig. 10 Plastic strain increment contributed by families of slip and twinning systems during 

uniaxial compression. 

Fig. 11 Plastic strain increment contributed by families of slip systems during cyclic 

loading-unloading in the accumulated absolute strain ranges: (a) from 0.04 to 0.08 and (b) from 

0.08 to 0.13. Shaded areas correspond to unloading processes. 
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Fig. 12 Enlarged figures of designated shaded areas in Fig. 11. Enlarged figure of (a) A 

(unloaded strain of 0.05) and (b) B (unloaded strain of 0.07) .  

Fig. 13 Variations in instantaneous gradient during unloading obtained by the simulation without 

considering detwinning in the unloaded strain ranges: (a) from 0.001 to 0.04 and (b) from 0.05 to 

0.09. 

Fig. 14 Variations in instantaneous gradient during unloading obtained by the simulation without 

considering detwinning and twin reorientation in the unloaded strain ranges: (a) from 0.001 to 

0.04 and (b) from 0.05 to 0.09. 

Fig. 15 Evolution of the plastic strain increment during unloading. Unloaded strains of (a) 0.05 

and (b) 0.07.  

 

 

Table 1. Plane normal and slip direction vectors of slip and twinning systems used in the present 

study. 

Table 2. Latent-hardening parameters qab used in the present study (Graff et al., 2007) . 

Table 3. Calibrated material parameters in Eqs. (4) and (5). 

 

A Self-archived copy inKyoto University Research Information Repositoryhttps://repository.kulib.kyoto-u.ac.jp



Fig. 1 Finite-element model used in the simulation. 
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Fig. 2 (0001) pole figure used in the simulation model 
with a rolling texture. 
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Fig. 4 (0001) pole figures. (a) Result at 0.05tensile strain, and (b) result 
at 0.05 compressive strain.   
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Fig. 6 Stress-strain curves during cyclic loading-
unloading obtained by simulation and experiment. 
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Fig. 7 Variations in instantaneous gradient during unloading 
obtained by the experiment in the unloaded strain ranges: (a) from 
0.0045 to 0.04 and (b) from 0.05 to 0.08. 
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Fig. 8 Variations in instantaneous gradient during unloading 
obtained by the simulation in the unloaded strain ranges: (a) from 
0.001 to 0.04 and (b) from 0.05 to 0.09. 
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Fig. 9 Variations in instantaneous gradient during unloading under 
tension obtained by the simulation in the unloaded strain ranges: 
(a) from 0.001 to 0.008 and (b) from 0.009 to 0.03. 
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Fig. 10 Plastic strain increment contributed by families of 
slip and twinning systems during uniaxial compression. 

0

5

10

15

0 0.02 0.04 0.06 0.08 0.1

0

50

100

150

200

250

300

Absolute logarithmic strain 

Prismatic 

Basal 

Twinning 

Pyramidal-2 

P
la

st
ic

 s
tr

ai
n 

in
cr

em
en

t 
co

nt
ri

bu
te

d 
by

 f
am

il
y 

of
 s

li
p 

sy
st

em
s 

 

Detwinning A
bs

ol
ut

e 
tr

ue
 s

tr
es

s 
/M

P
a 

A Self-archived copy inKyoto University Research Information Repositoryhttps://repository.kulib.kyoto-u.ac.jp



0

4

8

12

16

0.04 0.05 0.06 0.07 0.08

-0.08

-0.06

-0.04

-0.02

Fig. 11 Plastic strain increment contributed by families of slip 
systems during cyclic loading-unloading in the accumulated 
absolute strain ranges: (a) from 0.04 to 0.08 and (b) from 0.08 to 
0.13. Shaded areas correspond to unloading processes. 
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Fig. 11 Plastic strain increment contributed by families of slip 
systems during cyclic loading-unloading in the accumulated 
absolute strain ranges: (a) from 0.04 to 0.08 and (b) from 0.08 to 
0.13. Shaded areas correspond to unloading processes. 
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Fig. 12 Enlarged figures of designated shaded areas in Fig. 11. 
Enlarged figure of (a) A (unloaded strain of 0.05) and (b) B 
(unloaded strain of 0.07) .  
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Fig. 12 Enlarged figures of designated shaded areas in Fig. 11. 
Enlarged figure of (a) A (unloaded strain of 0.05) and (b) B 
(unloaded strain of 0.07) .  
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Fig. 13 Variations in instantaneous gradient during unloading obtained 
by the simulation without considering detwinning in the unloaded 
strain ranges: (a) from 0.001 to 0.04 and (b) from 0.05 to 0.09. 
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Fig. 14 Variations in instantaneous gradient during unloading obtained 
by the simulation without considering detwinning and twin reorientation 
in the unloaded strain ranges: (a) from 0.001 to 0.04 and (b) from 0.05 to 
0.09. 
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Fig. 15 Evolution of the plastic strain increment during unloading. 
Unloaded strains of (a) 0.05 and (b) 0.07.  
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Fig. 15 Evolution of the plastic strain increment during unloading. 
Unloaded strains of (a) 0.05 and (b) 0.07.  
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Table 1. Plane normal and slip direction vectors of slip and 
twinning systems used in the present study. 

 0 0 0 1

 1 0 1 0

 1 1 2 2

 1 0 1 2

1 1 2 0

1 1 2 0

1 1 2 3

1 0 1 1

Slip/twinning plane
Slip direction/shear direction

 due to twinning

Basal

Prismatic

Pyramidal-2

Twinning
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Table 2. Latent-hardening parameters qab used in the 
present study (Graff et al., 2007) . 

Basal Prismatic Pyramidal-2 Twinning

Basal 0.2 0.5 0.5 0.5

Prismatic 0.2 0.2 0.2 0.5

Pyramidal-2 1.0 1.0 0.2 0.25

Twinning 1.0 1.0 0.2 0.25
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Table 3. Calibrated material parameters in Eqs. (4) and (5). 

0


0h

Basal Prismatic Pyramidal-2 Twinning Detwinning

/MPa 10 85 160 45 30

/MPa - 260 360 - -

/MPa 25 700 750 50 50
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