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Anisotropic constitutive response of a rare-earth magnesium alloy sheet: 
characterization of yield locus evolution 
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Abstract. The constitutive response of a rare-earth magnesium alloy rolled sheet (ZEK100) was evaluated at room 

temperature under quasi-static conditions for a range of stress states including shear, uniaxial tension, uniaxial 

compression, plane-strain tension, and equal-biaxial tension. Material anisotropy, tension-compression asymmetry, 

and distortional hardening of the ZEK100 alloy are described, highlighting the need for new phenomenological 

modelling strategies. Using the experimental results, the CPB06 yield function was calibrated at different plastic work 

levels to investigate the evolution of the shape of the yield locus in proportional loading.  

1 Introduction  

The automotive industry is experiencing growing demand 

to reduce vehicle weight to address issues of energy 

conservation and environmental protection. Vehicle 

lightweighting can be accomplished by a shift from 

traditional steel alloys towards the adoption of low 

density alloys such as aluminum and magnesium. 

However, these non-ferrous alloys usually exhibit lower 

ductility and more anisotropy compared to conventional 

steels. As a result, these alloys require extensive material 

characterization to develop and calibrate advanced 

constitutive models and fracture criteria. In the present 
study, the constitutive response of a rare-earth 

magnesium alloy rolled sheet (ZEK100) was investigated 

in various loading conditions to characterize the flow 

stress and plastic anisotropy at different levels of 

deformation. Furthermore, the CPB06 yield criterion [1] 

was calibrated with the experimental results to evaluate 

the degree of evolving anisotropy and yield asymmetry of 

the material. 

2 Experiments and Methodology  

A rare-earth rolled magnesium sheet, ZEK100 (O-
temper), with a nominal thickness of 1.55 mm was used 

in the present study (1.3%wt. Zn, 0.2%wt. Nd, 0.25%wt. 

Zr and 0.01%wt. Mn). The experiments performed on the 

ZEK100 were selected to cover a wide range of stress 

states to reveal the anisotropic yielding and distortional 

hardening behaviour of the material. The experimental 

tests are briefly explained in this section. It should be 

noted that all the experiments were performed at room 

temperature under quasi-static conditions with at least 
four repeated tests per orientation. Furthermore, stereo 

digital image correlation (DIC) techniques were 

employed to obtain full-field strain measurements for all 

of the experiments. In order to highlight the evolving 

anisotropy of the material, three different plastic work 

levels of 2.24 MPa, 9.53 MPa, and 22.46 MPa were 

considered that correspond to the true plastic strains of 

0.01, 0.04, and 0.09, respectively, for a uniaxial tension 
test in the rolling direction. 

2.1. Uniaxial tension and compression  

Uniaxial tensile tests were conducted using sub-sized 

ASTM E8 specimens with samples extracted from the 

rolling (0°), diagonal (45°), and transverse (90°) 

directions of the sheets. The true stress and Lankford 

ratios (r-values) were extracted until the onset of necking 

and the respective values are presented in Table 1 for the 

three levels of plastic work. The flow stress response in 

the rolling direction can be described to high accuracy 
using Hockett-Sherby hardening law as 
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To demonstrate the tension-compression asymmetry 

of the material, the results of stacked compression 

experiments by Kurukuri et al. [2] for ZEK100 are also 

included in Table 1. 

2.2. Equal-biaxial tension  
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In the present study, two different equal-biaxial tension 

test methods were adopted, namely, the cruciform test [3] 

and the bulge test [4]. These two methods are 

complementary in that the cruciform specimen is limited 

to low plastic strains due to fracture in the arms while the 

bulge test has poor stress resolution at low strains. In 

Table 1, the biaxial stress at the lowest plastic work level 

of 2.24 MPa was taken from the cruciform experiments 
and the bulge test data was used for the higher plastic 

work levels.  

2.3. Plane-strain tension  

A plane-strain tension condition can be achieved by 

applying loads to specimens with a large gauge width 

relative to the sheet thickness. In the present study, the 

plane-strain specimen of Vegter et al. [5] was used to 

perform the plane-strain tests in the rolling and transverse 

directions of the ZEK100 sheet and the major true stress 

results are presented in Table 1. Note that this type of 
plane-strain specimen is susceptible to local necking at 

the edges that alters the stress state in the gauge region. 

Consequently, the results in Table 1 are only available at 

plastic work levels of 2.24 MPa and 9.53 MPa. 

2.4. Shear state  

Shear tests were performed using a shear specimen 

adopted from Piers et al. [6] using the so-called mini-

shear specimen. The anisotropic shear stress response of 

the material was characterized by applying the load in the 

45°, 90°, and 135° orientations with respect to the rolling 
direction of the sheet as suggested by Abedini et al. [7] 

and the results are provided in Table 1. 

2.5. Yield Function  

The CPB phenomenological yield criterion for HCP 

materials was selected to represent the ZEK100 yield 

locus. As proposed by Plunkett et al. [1], the flexibility of 

the CPB06 model can be increased by using two stress 

transformations (denoted as CPB06ex2) in the form: 
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where k and kʹ are material parameters that account for 

the strength differential effects in compression and 

tension, and a is the degree of homogeneity. Also, Σ and 

Σʹ, are transformed stress deviators written as: 

S:C  and  S:C             (3,4) 

where S is the deviatoric stress tensor and the fourth-

order transformations tensors, C and Cʹ, each contain 9 

unique calibration parameters and are described in [1]. 

The two strength differential parameters and 14 
transformation coefficients (in the absence of out of plane 

shear data) were determined using a genetic algorithm 

optimization procedure with a custom Matlab® script to 

minimize the difference between the experimental data 

and the values predicted by the yield function. 

3 Results and Discussion  

Table 1 summarizes the experimental results from 

Section 2 at three different levels of plastic work and 

Table 2 contains the respective coefficients of the 

CPB06ex2 yield surface obtained from least-squares 
minimization. The corresponding yield loci for each 

plastic work level are shown in Figures 1-3 and it can be 

seen that although the shape of the loci are vastly 

different, the CPB model is flexible enough to describe 

them to reasonable accuracy. 

Table 1. Experimental results at different plastic work levels. 
Superscripts t and c show the tension and compression values 

and the subscripts indicate loading direction relative to the RD. 

Parameter 
Plastic Work= 

2.24 MPa 

Plastic Work=  

9.53 MPa 

Plastic Work= 

22.46 MPa 
t

0
  (MPa) 232.0 251.0 265.0 

r0 0.44 0.71 0.78 
t

45
  (MPa) 189.2 218.4 246.6 

r45 0.55 1.06 1.27 
t

90
  (MPa) 169.9 212.4 251.1 

r90 0.31 0.71 1.02 

c

0
  (MPa) 170.0* 253.0* 496.1* 

c

90
  (MPa) 147.1* 245.9* 370.0* 

t

b
  (MPa) 165.0 238.0 292.7 

rb 1.45 1.19 0.97 

45
  (MPa) 110.0 126.0 165.0 

90
  (MPa) 119.9 133.5 166.0 

135
  (MPa) 121.1 138.7 163.1 

PSt _

0
  (MPa) 243.0 266.6 - 

PSt _

90
  (MPa) 180.5 236.3 - 

*Compression data were taken from Kurukuri et al. (2014). 

 

 

Table 2. Coefficients of the CPB06ex2 yield criterion  

 
Plastic Work= 

2.24 MPa 

Plastic Work=  

9.53 MPa 

Plastic Work= 

22.46 MPa 

C11 1.0000 1.0000 1.0000 

C12 -2.6565 0.2227 2.1282 

C13 2.5305 0.0649 1.5451 

C22 -2.7377 -0.5825 4.0775 

C23 1.5599 0.0797 1.1342 

C33 1.0561 0.9542 -1.0935 

C66 0.0074 2.0095 0.1614 

k -0.0724 0.0276 -0.1091 

Cʹ11 1.0000 1.0000 1.0000 

Cʹ12 3.8507 0.2415 -1.6507 

Cʹ13 -0.2319 1.3080 1.0163 

Cʹ22 0.9005 0.8201 0.7517 

Cʹ23 0.1473 0.3897 0.8433 

Cʹ33 -1.6837 1.1317 2.8287 

Cʹ66 -3.4509 -0.2838 2.9866 

kʹ 0.1309 -0.0249 0.2891 

a 10 10 10 
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For the small plastic work level of 2.24 MPa (Figure 

1), which is close to the initial yielding of the material, 

the ZEK100 has a clear asymmetry with the tension 

region (first quadrant) having larger yield stresses than 

the compression region (third quadrant). This can be 

explained by deformation being slip-dominated in tensile 

loading while yielding in compression is mostly governed 

by the twinning mechanism which activates at lower 
stresses [2].  

-1 -0.5 0 0.5 1
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

RD Normalized Stress

T
D

 N
o

rm
a
li

z
e
d

 S
tr

e
ss

 

 

Plastic Work = 2.24 MPa

 
Figure 1. CPB06ex2 yield locus for the ZEK100 at the plastic 

work level of 2.24 MPa. Circles show the experimental results. 
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Figure 2. CPB06ex2 yield locus for the ZEK100 at the plastic 
work level of 9.53 MPa. Circles show the experimental results. 

 

The asymmetry of the locus reduces with deformation 

as shown in Figure 2 for the intermediate plastic work 

level of 9.53 MPa. This can be attributed to the 

exhaustion of the twinning mechanism in compression 

which coincides with a large increase in the hardening 

rate so that the compressive stress starts to catch up with 
the tensile flow stresses that have a higher yield but lower 

hardening rate. The rapid expansion of the yield surface 

in compression continues with deformation as shown in 

Figure 3 for the large plastic work level of 22.46 MPa 

resulting in higher yield stresses in compression than in 

tension. This behaviour is in total contrast with the 

behaviour at the onset of yielding and demonstrates the 

evolution of yield asymmetry with deformation. From 
inspection of Figures 1-3, it is also evident by the 

changing shape of the yield locus that there is distortional 

hardening and that plastic anisotropy is also evolving 

with deformation. The assumption of isotropic hardening 

based on the rolling (reference) direction is not 

appropriate for this material. The complex anisotropic 

behaviour of the ZEK100 alloy highlights the need to 

develop new phenomenological modelling approaches 

that can efficiently account for the activation of different 

deformation mechanisms. The evolution of the yield 
locus for forming and impact simulations will be 

considered in future contributions. 
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Figure 3. CPB06ex2 yield locus for the ZEK100 at the plastic 
work level of 22.46 MPa. Circles show the experimental results. 

4 Conclusions  

The elastoplastic response of a rare-earth magnesium 

alloy rolled sheet, ZEK100, was evaluated experimentally 

at room temperature under different stress states. The 

experimental results were used to calibrate an anisotropic 

yield criterion (CPB06ex2) at three different plastic work 

levels. It was shown that the degree of anisotropy and 

yield asymmetry of the material evolves with 
deformation suggesting that the associated distortional 

hardening effects should be considered for accurate 

modelling of the constitutive response of the ZEK100. 
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