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Abstract. The Elastic Visco-Plastic Self-Consistent (EVPSC) model, with the recently developed Twinning and De-

Twinning (TDT) description, is applied to study the mechanical behaviour of hot-rolled Mg alloy AZ31 under 

uniaxial tension. Numerical results are compared to the experimental uniaxial tensile tests reported earlier by Chapuis 

et al. [29] for the out-of-plane directions of a thick plate along angles of α=0°, 30°, 45°, 60° and 90° between the 

normal direction and longitudinal specimen axis. It is shown that accounting for the initial texture and calibrating the 

EVPSC-TDT model by using uniaxial tension tests along the rolling direction and normal direction permits prediction 

of the strength anisotropy and strain hardening behavior along all five tensile directions, i.e. for cases in which the 

contribution of twinning is dominating, negligible or intermediate. 

1. Introduction 

Modeling mechanical behaviour of textured magnesium 

(Mg) alloys has been a hot research topic (see e.g. [1-

23]).However, it is noted that most of the research has 

been restricted to uniaxial straining along directions of 

orthotropic symmetry, where the straining is either 

essentially twinning dominated or essentially devoid of 

twinning. The works of Oppedal et al. [24] and Guo et al. 
[25] are exceptional. Oppedal et al. [24] performed 

uniaxial compression testing along off-axis directions 

within an extruded AM30 bar. They employed these data 

to illustrate the need for a new model, which specifically 

accounts for the dislocation density evolution, as well as 

the “transmutation” of that dislocation density due to 

twinning. Guo et al. [25] studied, both experimentally 

and numerically, the anisotropy in a hot-rolled AZ31 

plate under uniaxial compression. The experimental tests 

covered a wide range of tensile twinning activity: from 

twinning dominated, through intermediate twinning 
activity to negligible twinning. The numerical 

simulations were based on the Elastic Visco-Plastic Self-

Consistent (EVPSC) model of Wang et al. [26], with the 

Twinning and De-Twinning (TDT) description later 

introduced by Wang et al. [27,28]. It has been 

demonstrated that accounting for the initial texture and 

calibrating the EVPSC-TDT model using in-plane 

uniaxial tension and compression along the rolling 

direction (RD) permits prediction of the strength 

anisotropy and monotonic strain hardening behavior 

along any tilt angle with respect to the normal direction 

(ND). It is very interesting to note that this capability is 

achieved without requiring a complex, dislocation 

density-based latent hardening approach. 

In the present paper, the mechanical anisotropy of hot-

rolled Mg alloy AZ31 under uniaxial tension is investigated 

numerically, based on the EVPSC-TDT model. Numerical 

results are compared with the experimental results reported 

by Chapuis et al. [29]. In the experimental work, five 
uniaxial tension tests along angles of  α=0°, 30°, 45°, 60° 

and 90° between the ND and longitudinal specimen axis 

were performed to experimentally study the mechanical 

anisotropy. The paper is organized as follows. Section 2 

introduces the EVPSC-TDT model. In Section 3 we show 

both the experimental and predicted results with 

emphasizing on relationships between twinning and 

anisotropy in the sheet under uniaxial tension. Conclusions 

are drawn in Section 4. 

2. Constitutive Model 

In this section, we briefly recapitulate the EVPSC-TDT 

model. For details, we refer to Wang et al. [26,28].  The 

plastic deformation of a crystal is assumed to be due to 

crystallographic slip and twinning on crystallographic 

system , with  and  being the 

slip/twinning direction and the normal of the 

slip/twinning plane for system , respectively. For Mg 

alloys, Basal <a>, Prismatic <a>, and Pyramidal 

<c+a>slip systems, and {1012}<1011> extension twin 

system are usually considered.  
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Regardless of slip or twinning, the driving force for 

shear rate, 
 , is the resolved shear stress,
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where
0  is a reference shear rate,  cr

 is the critical 

resolved shear stress (CRSS), and m is the strain rate 

sensitivity. The TDT model assumes that a grain has four 

potential operations associated with twinning and 

detwinning. Operation A is twin nucleation and initiates a 

twin band or „child‟. Operation B is a propagation of the 

child into the parent grain. Operations A and B increase 
the twin volume fraction and thus correspond to 

twinning. Operation C is a propagation of the parent into 

the child. Operation D splits the twin band and decreases 

the twin volume fraction through re-twinning. Operations 

C and D decrease the twin volume fraction and thus 

correspond to detwinning. Furthermore, the TDT model 

treats new twin band (child) as a new grain, and all twin 

variants are possibly present. 

For both slip and twinning, the evolution of CRSS,
 cr

, is given by: 
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where 


 dt  is the accumulated shear strain in 

the grain, and 
h  are the latent hardening coupling 

coefficients, which empirically account for the obstacles 

on system   associated with system  . 
̂ is the 

threshold stress and is characterized by:  
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Here, 0 , 0h , 1h , and 10    are the initial CRSS, the 

initial hardening rate, the asymptotic hardening rate, and 

the back-extrapolated CRSS, respectively. 

Because it is rare that a grain can be fully twinned, a 

threshold twin volume fraction is defined in the model to 
terminate twinning. Consequently, the TDT model 

introduces two statistical variables: accumulated twin 

fraction, accV , and effective twinned fraction, effV . More 

specifically, accV and effV  are the weighted volume 

fraction of the twinned region and volume fraction of 

twin terminated grains, respectively. The threshold 

volume fraction, thV , is defined as 
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AAV 21  ,0.1min , where 1A  and 2A  are two 

material constants.   

The response of a polycrystal comprised of many 

grains is obtained by applying the self-consistent 

approach. Various self-consistent schemes have been 

proposed. Wang et al. [26] have demonstrated that the 
predicted response of a polycrystal is very sensitive to the 

self-consistent scheme employed. Wang et al. [30] have 

evaluated various self-consistent schemes used in self-

consistent modeling by applying them to the large strain 

behavior of magnesium alloy AZ31B plate under 

different deformation processes. It was found that the 

Affine self-consistent scheme gave the best overall 

performance among the self-consistent approaches 

examined. Therefore, the Affine self-consistent scheme is 

employed in the present study.  

3. Results and discussion 

The material reported by Chapuis et al.[29] and 

considered in the present paper is a 50 mm thick rolled 

magnesium alloy AZ31, annealed for homogenization at 

4000C for 1h. The rolled and annealed plate has an 

average grain size of about 40μm. In the present paper the 

RD, TD and ND stand for the rolling, transverse and 

normal directions, respectively. The initial texture of the 

material was measured using an EBSD map with a step 

size of 2μm. It is shown in Fig. 1 in terms of the {0001}, 

{11-20} and {10-10} pole figures. Clearly, the material 
exhibits a strong basal texture.  

 
Figure 1. Initial texture presented in terms of the {0001}, {11-
20} and {10-10} pole figures. 

Uniaxial tension tests along different directions with 

respect to the ND have been performed by Chapuis et al. 

[29]. More specifically, as shown in Fig. 2, five different 

specimen orientations with tilt angles of  =0°, 30°, 45°, 

60° and 90° between the ND and loading direction (LD) 

were used to study the mechanical anisotropy under 

uniaxial tension. These tests are very similar to those 

carried out by Wang and Choo [31] on samples with 

different mean grain sizes in the range of 26 ~127 μm. 

In all the simulations reported in the present paper, 

the reference slip/twinning rate 
0  and the rate sensitivity 

m are prescribed to be the same for all slip/twinning 

systems: 1

0 0.001s  and 05.0m , respectively. The 

room temperature elastic constants of the magnesium 

single crystal are taken as 0.5811 C , 0.2512 C ,

8.2013 C , 2.6133 C  and 6.1644 C  (units of GPa). 

Values of the hardening parameters are estimated by 
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curve-fitting numerical simulations of monotonic uniaxial 

tension along the ND and uniaxial tension along the RD 

to the corresponding experimental data.  

 
Figure 2. Schematic representation of a uniaxial tension sample 
with an angle α rotating around the TD from the ND to the 
loading direction (LD). 

Fig. 3 presents the measured and simulated true stress 

and true strain curves under uniaxial tension along =0  

(ND) and =90  (RD). The importance of extension 

twinning under uniaxial tension along the ND ( =0 ) is 

clearly revealed by the characteristic S-shape of the flow 

curve, while uniaxial tension along the RD ( =90 ) 

exhibits a typical slip dominated plastic deformation. It is 

found that the EVPSC-TDT model can fit the 

experimental curves very well. The determined values of 

the material constants are listed in Table 1. 

 
Figure 3. Measured (symbols) and simulated (solid lines) true 

stress and true strain curves under uniaxial tension along =0  

(ND) and =90 (RD). The experimental data are taken from 

Chapuis et al. [29]. 

Fig. 4 presents the relative activities of slip/twinning 

under uniaxial tension along =0 and =90 . The relative 

activities are defined as the ratios of the plastic shear 

rates of each deformation mode to the total plastic shear 

rate due to all the deformation modes at the applied strain. 

Under uniaxial tension along =0  and at strains 0.04  , 

tensile twinning is very active, and the remaining 

plasticity is accommodated by Basal slip. For strains

0.05  , the tensile twining activity is significantly 

reduced, and the EVPSC-TDT model predicts increasing 

Prismatic slip activity and little Pyramidal slip (Fig. 4a). 

As expected, there is negligible twinning activity under 

uniaxial tension along =90 . The model predicts that, 

under uniaxial tension along =90 , mostly Basal and 

Prismatic slip accommodate the plastic deformation.  

Table 1. List of values of the hardening parameters involved in 

the EVPSC-TDT model. 

Mode 0
/MPa 

1
/MPa 

0h

/MPa 

1h

/MPa 

sth  1A  
2A  

Basal 12 1 10 10 1   

Prismatic 78 55 650 15 1.4   

Pyramidal 100 140 2000 40 1   

Extension 

twin 
35 10 200 10 1 0.2 0.8 

 

 
Figure 4. Predicted relative slip and twinning activities and 

twin volume fraction under uniaxial tension along =0  (a), and 

=90  (b). 

It is noted that Pyramidal slip is almost inactive in 

uniaxial tension along =90 and little (<6%) in uniaxial 

tension along =0 . It is found that Pyramidal slip activity 

is always below 6% in all the uniaxial tension tests. This 

implies that the hardening parameters associated with the 

Pyramidal slip cannot be confidently determined from the 

uniaxial tension cases performed in the present study. 

However, it is also noted that during in-plane uniaxial 

compression of a rolled plate with strong basal texture, 
Pyramidal slip is very active at relatively large strains [4, 

19]. Thus, uniaxial compression allows us to confidently 

fit the material parameters associated with the Pyramidal 

slip system [25]. However, in-plane uniaxial compression 

was not carried out in the work of Chapuis et al.[29]. 

Nevertheless, based on the previous simulations 

performed on similar rolled AZ31 plates [19, 25], the 

values of the material parameters associated with the 
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Pyramidal slip system reported in Table 1 are found to be 

in a reasonably realistic range. 

 

 

 
Figure 5. Measured (symbols) and simulated (solid lines) true 

stress and true strain curves under uniaxial tension along =30  

(a), =45  (b), and =60  (c).The experimental data are taken 

from Chapuis et al. [29]. 

We proceed by studying uniaxial tension along =30 , 

=45 and =60 . Fig. 5 shows the measured and 

predicted stress and strain curves. In the case of =30  

(Fig. 5a), both the measured and predicted stress and 

strain curves are similar to the case of =0  (i.e. along 

the ND). An S-shaped stress and strain curve indicates 

that tensile twinning is an important plastic deformation 

mechanism. The EVPSC-TDT model reproduces very 

well the measured flow stress. For =60  (Fig. 5c), a 

“concave-down” stress and strain curve is observed both 

experimentally and numerically. This implies that the 

deformation under uniaxial tension along =60 is slip 

dominated. The agreement between the measured and 

predicted stress and strain curves is again very good. The 

uniaxial tension behavior of the =45  case (Fig. 5b) is 

between those of the =30 and =60  cases. The EVPSC-

TDT model slightly over-estimates the flow stress at 

small strains and slightly under-estimates the flow stress 
at large strain levels. 

Although not shown in the present paper, it was found 

that the EVPSC-TDT model predicts very well the 

measured texture evolution reported in Chapuis et al. 

[29]. 

4. Conclusions 

We have numerically studied the twinning and anisotropy 

in a hot-rolled AZ31 plate under uniaxial tension. It has 

been demonstrated that accounting for the initial texture 

and calibrating the EVPSC-TDT model by using uniaxial 
tension along the RD and ND permits prediction of the 

strength anisotropy and strain hardening behavior along 

other directions, for cases for which the contribution of 

twinning is large, small and intermediate. Notably, it is 

not required to parameterize any complex dislocation 

density-based hardening model. 
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