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Abstract:    The recently developed elastic-viscoplastic self-consistent model with various self-consistent schemes was applied to 
study the effect of basal texture on the mechanical behavior of magnesium alloy AZ31B sheet. The influence of the basal texture 
was investigated using various initial textures generated by artificially tilting the measured texture of the reference AZ31B sheet 
around in a transverse direction. The material parameters for the various models were fitted to experimental uniaxial tension and 
compression along the rolling direction and were then used to study the effects of the basal texture on the yield stress, R value, 
ultimate stress and uniform strain under uniaxial tension. The effect of the basal texture on sheet metal forming was further as-
sessed by calculating the limit strain under in-plane plane strain tension. An assessment of the predictive capability of polycrystal 
plasticity models was made based on comparisons of predictions and experimental observations. Among the available 
self-consistent approaches, the Affine self-consistent scheme resulted in the best overall performance. 
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1  Introduction 
 

There has been considerable societal and gov-
ernment legislative pressure on automotive producers 
to reduce fuel consumption and exhaust gas emissions 
of vehicles. One of the most effective ways to achieve 
this is to reduce weight by replacing steel and alu-
minum with magnesium in the vehicle structure and 
body panels. However, magnesium alloys have a 
number of perceived and real technological limita-
tions, the most significant of which is their reduced 
formability compared to aluminum or conventional 
steel. This may be eliminated by the development of 
improved materials, or circumvented by the devel-
opment of new application methods, so that these 
alloys can be used effectively in the volume manu-

facturing of lighter automobiles. However, knowl-
edge of magnesium and its alloys is far less advanced 
than that of steel and aluminum. From experience of 
other materials like aluminum and steel, appropriate 
constitutive modeling is an important and necessary 
part of building up the knowledge of magnesium and 
its alloys.  

Various polycrystal plasticity models have been 
developed for polycrystalline materials. Among them, 
the classic Taylor model (Taylor, 1938) has been 
widely used. The Taylor model assumes that all grains 
must accommodate the same plastic strain equal to the 
macroscopically imposed strain. It is well known that 
the Taylor assumption is reasonable for materials that 
show a mildly anisotropic plastic response and which 
are comprised of crystals with many slip systems of 
comparable strength. Consequently, the Taylor model 
works quite well for face centered cubic (FCC) and 
body centered cubic (BCC) materials having high 
crystallographic symmetries. However, the use of the 
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Taylor model in other situations may lead to predic-
tions of excessively high stresses, incorrect texture 
evolutions, or both (Lebensohn et al., 2003). The 
modeling of polycrystals with a hexagonal close 
packed (HCP) crystallographic structure is consistent 
with these trends. MacEwen et al. (1989; 1990) have 
shown that the Taylor-type approach does not work 
well for the prediction of residual grain-interaction 
stresses in zirconium alloys. Muransky et al. (2008) 
and Xu et al. (2008) have demonstrated that the 
evolution of internal strains and stresses in HCP 
polycrystalline AZ31 and Zircaloy-2 can be predicted 
based on elastic-plastic self-consistent models. A 
self-consistent approach appears to be more suitable 
than the full constraint Taylor approach for constitu-
tive modeling of HCP polycrystals. 

The viscoplastic self-consistent (VPSC) model, 
proposed by Molinari et al. (1987) and Lebensohn 
and Tomé (1993), has been successfully applied to 
simulate large strain behavior and texture evolution of 
HCP polycrystalline Mg under various deformations 
(Agnew and Duygulu, 2005). Very recently, Wang et 
al. (2010a) have developed a finite strain elastic- 
viscoplastic self-consistent (EVPSC) model for 
polycrystalline materials. The EVPSC model is a 
completely general elastic-viscoplastic, fully anisot-
ropic, self-consistent polycrystal model, applicable at 
large strains and to any crystal symmetry. They have 
shown that at large monotonic strains elasticity satu-
rates and the EVPSC model gives results very close to 
the very popular VPSC model. For deformations 
involving elastoplastic transients associated with 
unloading and strain path changes, EVPSC predicts 
clear and gradual transitions, while VPSC gives stress 
discontinuities due to the lack of elastic deformation. 
It has been also demonstrated that the EVPSC model 
can capture some important experimental features 
which cannot be simulated using the VPSC model. 
However, Wang et al. (2010a) have found that nu-
merical results based on the VPSC and EVPSC 
models are extremely sensitive to the stiffness of the 
grain-matrix interaction associated with various 
self-consistent schemes (SCSs) including the Secant, 
Affine, Tangent and the effective interaction meff. 
Therefore, it is necessary to carry out an assessment 
of the predictive capability of the VPSC/EVPSC 
model with various SCSs. 

Various SCSs have been evaluated by comparing 

their predicted mechanical responses and texture 
evolutions with finite element calculations, full field 
simulations or available experimental evidence for 
polycrystals (e.g., Molinari and Tóth, 1994; Tomé, 
1999; Lebensohn et al., 2007). Note that those 
evaluations were based on the assumption that all the 
material parameters at the single crystal level are the 
same for various SCSs. A real challenge in modeling 
HCP polycrystals is that it is almost impossible to 
directly measure single crystal properties. Differences 
in stress experienced by differently orientated single 
crystals in an HCP polycrystal are thought to be due 
mainly to the orientation of a single crystal and the 
interaction of the single crystal with its surrounding 
grains, and that the interaction is sensitively de-
pendent on the SCS employed. Therefore, for a tex-
tured HCP polycrystal, the only practical way to de-
termine the single crystal properties in a polycrystal 
plasticity model is by curve-fitting numerical simu-
lations based on the polycrystal model to the corre-
sponding macroscopic experimental data. The predi-
cative capability of the polycrystal plasticity model is 
then assessed by comparing its predictions based on 
the fitted material constants with the corresponding 
experimental data other than those used in the fitting. 
To the best of our knowledge, an assessment of the 
VPSC and EVPSC models with various SCSs has not 
been systematically carried out for Mg alloys. How-
ever, it is clear that such an assessment is meaningful 
only if the number of experiments employed is large 
enough to cover various different deformation proc-
esses for a given material.  

In a series of studies evaluating various SCSs, 
Wang et al. (2010b) numerically studied the large 
strain behavior of magnesium alloy AZ31B sheet 
under different deformation processes. Predictions 
were compared with the corresponding experiments 
by Jain and Agnew (2007), which provided the most 
complete set of experimental data for Mg alloys. 
Values of the material parameters for the various 
models were fitted to experimental uniaxial tension 
and compression along the rolling direction (RD) and 
were then used to predict uniaxial tension and com-
pression along the transverse direction (TD) and 
uniaxial compression in the normal direction (ND). 
An assessment of the predictive capability of the 
polycrystal plasticity models was made based on 
comparisons of the predicted and experimental stress 
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responses and R values. Wang et al. (2010b) con-
cluded that, among the examined models, those with 
an interaction stiffness halfway between the Secant 
(stiff) and Tangent (compliant) give the best results. 
In particular, no model gives a better overall per-
formance than the Affine self-consistent approach. 
While Wang et al. (2010b) performed the evaluation 
based on deformation processes that do not involve 
significant shear; Wang et al. (2010)1 evaluated 
various SCSs by studying large strain homogeneous 
simple shear and fixed-end torsion of HCP polycrys-
tals. They showed that the predicted second-order 
axial force is very sensitive to the initial texture, tex-
ture evolution and the constitutive models employed. 
Numerical results suggested that the torsion test can 
provide an effective means for assessing the adequacy 
of polycrystal plasticity models for HCP polycrystal-
line materials. 

In this paper, the EVPSC model with various 
SCSs is further evaluated by studying the effect of the 
basal texture on the mechanical behavior of magne-
sium alloy AZ31B sheet. The study was motivated by 
the fact that although conventionally rolled or ex-
truded magnesium alloys inevitably result in a 
dominant basal texture and thus show low formability 
because of the limited number of plastic deformation 
modes available, room temperature formability of 
magnesium alloys can be significantly improved 
through texture optimization mainly by re-orientating 
the basal plane. For example, Mukai et al. (2001) and 
Agnew et al. (2004) have shown that enhanced duc-
tility can be achieved through equal channel angular 
extrusion (ECAE), where the basal planes are pref-
erentially inclined –45° to the extrusion direction. 
Chino et al. (2008) have observed enhanced tensile 
ductility of AZ31 bar through torsional extrusion 
(TE), where the basal poles are inclined –30° to the 
extrusion direction. Huang et al. (2008) have reported 
an increase in the uniform strain prior to necking in 
AZ31 sheet produced by differential speed rolling 
(DSR), where the basal poles are tilted –15° in the RD. 
Although these shearing processes also result in sig-
nificant grain refinement, which is known to enhance 
formability, Mukai et al. (2001) have been able to 

demonstrate that ductility is dramatically enhanced in 
AZ31 through texture optimization even without 
refining its grain structure. These experimental find-
ings have been numerically reproduced by Wang et al. 
(2010c), who numerically assessed the influence of 
basal texture on the flow stress, R value and uniform 
strain under uniaxial tension as well as the limit strain 
under in-plane plane strain tension for AZ31B. How-
ever, all the simulations reported by Wang et al. 
(2010c) were based on the EVPSC model with the 
Affine SCS only. In the present paper, the EVPSC 
model with various SCSs including Secant, Affine, 
Tangent and the effective interaction meff is applied to 
study the effect of basal texture on mechanical be-
havior under uniaxial tension and on the limit strain 
under in-plane plane strain tension for magnesium 
alloy AZ31B sheet. An assessment of the predictive 
capability of the SCSs is made based on comparisons 
of the predictions and corresponding experimental 
observations. We expect that the present study and 
those reported by Wang et al. (2010b) and Wang et al. 
(2010)1 will lead towards a comprehensive evaluation 
of various polycrystal plasticity models for magne-
sium alloys. 

 
 

2  Polycrystal plasticity models 
 
Plastic deformation of a crystal is assumed to be 

due to crystallographic slip and twinning on slip and 
twinning systems (sα, nα). Here, sα and nα are re-
spectively the slip/twinning direction and normal 
direction of the slip/twinning system α in the present 
configuration. The following equation gives the grain 
(crystal) level plastic strain rate dg (Asaro and Nee-
dleman, 1985):  
 

,gd Pα α

α

γ= ∑ &                           (1) 

 
where αγ&  is the shear rate of slip (twinning) on sys-
tem α, and Pα is the associated Schmid tensor: 
 

( ) / 2.α α α α α= +P s n n s                 (2) 
For slip, 
 

1/

0 cr/ sgn( ),
mα α α αγ γ τ τ τ=& &               (3) 

 
1 Wang, H., Wu, P.D., Neale, K.W., 2010. Numerical analysis of large 
strain simple shear and fixed-end torsion of HCP polycrystals. Mod-
elling and Simulation in Materials Science and Engineering (sub-
mitted) 
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and for twinning, 
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where 0γ&  is a reference value of the slip/twinning rate, 
m is the slip/twinning rate sensitivity, and τα is the 
resolved shear stress defined by the product of 
Cauchy stress gσ  of grain g and :Pα  
 

: .gσ Pα ατ =                            (5) 
 

cr
ατ  is the critical resolved shear stress (CRSS), and 

sgn is the sign function. The evolution of cr
ατ  is taken 

the form of  
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where ac | |α

α

γ γ= ∑  is the accumulated shear strain 

in the grain, and hαβ is the latent hardening coupling 
coefficient which empirically accounts for the obsta-
cles on system α associated with system β. If there are 
k crystallographically equivalent slip/twinning modes 
and the ith mode has ni slip/twinning systems, we take 
hαβ in the form of 
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where qij is the ratio of the latent hardening rate of 
mode j to the self-hardening rate of mode i, and 

i jn nA × is an ni by nj matrix fully populated by ones. ˆατ  

is the threshold stress and is characterized by 
 

0
0 1 1 ac ac

1

ˆ ( ) 1 exp .
h

h
α

α α α α
ατ τ τ γ γ

τ
⎛ ⎞⎛ ⎞

= + + − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
     (8) 

 
Here, τ0, h0, h1, and τ0+τ1 are the initial CRSS, the 

initial hardening rate, the asymptotic hardening rate, 
and the back-extrapolated CRSS, respectively. 

Note that although we use the same symbols, 
such as m, 0 ,γ&  and cr ,

ατ  for all the slip and twinning 
systems in the above equations, the values of these 
parameters are different for different slip systems and 
twinning systems. 

Various homogenization methods have been 
developed to characterize the mechanical behavior of 
polycrystalline aggregates from the responses of their 
single crystals. A popular homogenizing method is 
the self-consistent approach, which assumes that each 
grain is an ellipsoidal inclusion embedded in a ho-
mogeneous effective medium (HEM), which is the 
aggregate of the grains. The Eshelby inclusion for-
malism (Eshelby, 1957), modified for incompressible 
media by Lebensohn et al. (1998), is used to describe 
the interaction between each grain and the aggregate. 
During each deformation step, the single crystal con-
stitutive rule, which describes the grain-level re-
sponse, and the self-consistency criteria are solved 
simultaneously. This enables the grain-level stresses 
and strain rates to be consistent with the boundary 
conditions imposed on the surrounding polycrystal-
line aggregate.  

To apply the inclusion formalism, in connection 
with the non-linear viscoplastic response, first it is 
necessary to linearize the response. The linearized 
behavior of an inclusion (single crystal) can be writ-
ten as 

 
0: ,g g g gd M σ d= +                     (9) 

 
where Mg and 0

gd  are the viscoplastic compliance and 
the back-extrapolated term of grain g, respectively. 
The linearized behavior of the HEM (polycrystal) is 
analogous to the inclusion and is written as 
 

0: ,= +D M Σ D                       (10) 

 
where ,M  D, Σ, and D0 are the viscoplastic compli-
ance, strain rate, stress, and the back-extrapolated 
term of the HEM, respectively.  

Different SCSs depend on different choices for 
the linearization. Among various SCSs, the Secant 
SCS employs the following linearization: 
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while the Affine SCS applies the linearization: 
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The relation of the grain-level stress and strain 

rate to the aggregate response is obtained self-  
consistently by 
 

( ) : ( ),g gd D M σ Σ− = − −%                (13) 
 
with the interaction tensor M%  being given by 
 

1( ) : : ,−= −%M I S S M                  (14) 
 
where S is the Eshelby tensor for a given grain, and I 
is the identity tensor.  

With the aid of the Tangent and Secant relation: 
Tangent Secant m=M M  (Hutchinson, 1976), the inter-

action tensor in the Tangent SCS is given by 
 

1 Secant1 ( ) : : .
m

−= −%M I S S M             (15) 

 
Based on the upper and lower limits represented 

by the Secant and Tangent approaches, Molinari and 
Tóth (1994) and Tomé (1999) explored the use of an 
empirical adjustable parameter meff, such that 
m<meff<1. The meff scheme provides an intermediate 
interaction tensor: 

 
1 Secant

eff

1 ( ) : : .
m

−= −%M I S S M           (16) 

 
A comprehensive discussion of the different 

linearization procedures can be found in Lebensohn et 
al. (2007).  

Several twinning models have been developed 

(Tomé et al., 1991; Staroselsky and Anand, 1998; 
Proust et al., 2009; Beyerlein and Tomé, 2010). The 
predominant twin reorientation (PTR) scheme pro-
posed by Tomé et al. (1991) is the most popular and is 
used in this study to model the reorientation by 
twinning. PTR prevents grain reorientation by twin-
ning until a threshold value Ath1 is accumulated in any 
given system and rapidly raises the threshold to a 
value around Ath1+Ath2. 

For simplicity, EVPSC models with Affine, Se-
cant, Tangent, and meff SCSs are respectively called 
the Affine, Secant, Tangent, and meff models in the 
rest of this paper. 

 
 

3  Results 
 

An assessment of the predicative capability of a 
polycrystal plasticity model is meaningful only if the 
number of experiments employed is large enough to 
cover various different deformation processes for a 
given material. The Mg alloy with the most complete 
set of experimental data is the AZ31B sheet studied 
by Jain and Agnew (2007). Therefore, this material 
was the reference sheet (or ‘as received’ sheet) in the 
present study. The initial texture in terms of the {00.1} 
and {10.0} pole figures is shown in Fig. 1. It is a 
typical rolling texture with major and minor peaks 
close to the ND, at about 5° and −5° along the RD, 
respectively. Fig. 1 also shows the textures obtained 
by rotating the reference texture by an angle α about 
the TD. In the {00.1} pole figures, this rotation results 
in a vertical downward translation of the peaks in the 
reference texture (i.e., a downward translation of the 
peaks along RD). The intensity of the basal texture as 
a function of the tilt angle α  is shown in Fig. 2. The 
intensity is calculated as the ratio of the number of 
grains with a maximum orientational difference from 
the ideal basal orientation of less than 15°, to the total 
number of grains. The ideal grain orientation corre-
sponds to a perfect alignment of the basal pole with 
the ND. The intensity decreases rapidly when the tilt 
angle is relatively large. Note that the calculated in-
tensity for α=5° is higher than for α=0° (reference 
texture). The reason is that the reference texture has 
its major peak at around 5° with respect to the RD. 
For α=5°, this peak is translated into the centre of the 
pole figure (i.e., the ideal orientation), resulting in the 
observed intensification of the basal texture. 
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Following Wang et al. (2010c), plastic deforma-

tion of AZ31B sheet is due to the basal  
({0001} 1120 ),a〈 〉 〈 〉  prismatic ({10 10} 1120 ),a〈 〉 〈 〉  

and pyramidal ({1 122} 1 123 )c a〈 + 〉 〈 〉  slip systems, 

and the {10 12} 1011〈 〉  tensile twin system (Fig. 3). 
We assume that the reference slip/twinning rate 0γ&  
and rate sensitivity m are the same for all 
slip/twinning systems, and are taken as 0γ& =0.001 s−1 
and m=0.05, respectively. These values are typical for 
magnesium alloys. We further assume that there are 
no latent hardening effects between slip systems, i.e., 
qij=1 for i, j=1, 2, 3. Values of the other material pa-
rameters in the EVPSC model with various SCSs 
were estimated by curve-fitting numerical simulations 
of uniaxial tension and compression along the RD to 
the corresponding experimental data. Note that tensile 
twinning occurs rarely during uniaxial tension within 
the plane of a sheet with a strong basal texture. Uni-
axial tension thus allows us to independently fit the 

material parameters associated with the slip systems. 
The material parameters related to the tensile twin-
ning can be determined by uniaxial compression 
along the RD, where tensile twinning is the pre-
dominant plastic deformation mode at small strains. 
Fig. 4 shows the uniaxial tension and compression 
true stress and true plastic strain curves along the RD. 
All the models employed could reasonably fit the 
experimental curves, and the importance of twinning 
in compression is clearly revealed by the characteris-
tic S-shape of the flow curves. The determined values 
of the material constants are listed in Table 1, where 
qi4 represents the latent hardening effect between a 
slip/twining system (i=1, basal slip; i=2, prismatic 
slip; i=3, pyramidal slip; i=4, tensile twinning). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

We proceeded by numerically predicting the ef-
fect of the basal texture on uniaxial tension along the 
RD, using the polycrystal plasticity models and the 
corresponding values of material parameters deter-
mined above. Fig. 5 shows the predicted engineering 
stress-engineering strain curves under uniaxial tension 
along the RD based on various models for the four 
initial textures shown in Fig. 1. The symbol shown in 
Fig. 5 indicates the necking or uniform strain, the strain 
corresponding to the maximum engineering stress. All 
the models predicted a general trend: the influence of 
tensile twinning increases with tilt angle α. 

0 15 30 45
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0.4
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Random texture

Fig. 2  Intensity of basal texture as a function of tilt 
angle α 

α (°) 

Fig. 3  Plastic deformation modes in hexagonal structure
(a) Basal a〈 〉  slip systems; (b) Prismatic a〈 〉  slip systems; 
(c) Pyramidal c a〈 + 〉 slip systems; (d) Tensile twin (Wang 
et al., 2010a) 

(a) (b) 

(c) (d) 
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RD
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Fig. 1  Initial textures represented in terms of the {00.1} 
and {10.0} pole figures  
The ‘as received’ texture is the measured initial texture of 
the reference sheet. The others are obtained by artificially 
rotating α degrees the reference texture around the TD to-
wards the opposite direction of the RD. m.r.d represents the 
multiples of a random distribution 
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Table 1  Material constants for various self-consistent models 

Model Mode 　τ0 　τ1 h0 h1 4iq  Ath1 Ath2 

Affine 

Basal 
Prismatic 
Pyramidal 
Tensile twin 

9
79

100
47

1
40

100
0

5000
590

5000
0

25
50
0
0

4 
4 
2 
4 0.72 0 

Secant 

Basal 
Prismatic 
Pyramidal 
Tensile twin 

13
73

110
31

4
35
83
0

5000
400

2500
0

30
60
0
0

4 
4 
2 
4 0.82 0 

meff 
(meff=0.1) 

Basal 
Prismatic 
Pyramidal 
Tensile twin 

17
77

148
33

6
33
35
0

3800
650

9600
0

100
50
0
0

4 
4 
2 
4 0.81 0 

Tangent 

Basal 
Prismatic 
Pyramidal 
Tensile twin 

21
90

145
38

5
15
30
0

3000
580

9600
0

140
70
0
0

4 
4 
2 
4 0.81 0 
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Fig. 4  True stress and true 
strain-plastic curves under 
uniaxial tension (a) and com-
pression (b) along the RD 
The experimental data are taken 
from Jain and Agnew (2007) 
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Fig. 5  Predicted influence 
of basal texture on tensile 
stress and strain curves 
under uniaxial tension 
along the RD based on 
various models 
(a) Affine; (b) Secant; (c) 
meff; (d) Tangent 
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The predicted influence of the basal texture on 
the mechanical behavior of magnesium alloy AZ31B 
under uniaxial tension can be more clearly demon-
strated in terms of variations in yield stress σy 
(Fig. 6a), ultimate stress σu (Fig. 6b) and uniform 
strain εu (Fig. 6c) with respect to the tilt angle α. All 
the models predicted that increasing the tilt angle α 
decreases the yield stress  σy. Fig. 6b shows that the 
calculated ultimate stress σu monotonically increases 
with α based on the Secant, meff and Tangent models. 
The results from the Affine model indicate that the 
ultimate stress σu increases with α up to a maximum at 
α=30°, then decreases slightly. The predicted effect 
of the basal texture on the uniform strain εu is sen-
sitively dependent on the polycrystal plasticity mod-
els (Fig. 6c). More specifically, a monotonic increase 
in uniform strain εu with respect to the tilt angle α was 
found to be very significant in the Affine model but 
very small in the Tangent model. The calculated 
uniform strain εu is almost independent of the tilt 
angle α if the meff model is used. The results ac-
cording to the Secant model indicate that the uniform 
strain εu even decreases rapidly with α down to a 
minimum at α=30°, and then increases slightly. 

The so-called R value, defined as the transverse- 
to-thickness plastic strain-ratio under uniaxial tension 
within the sheet plane, is often used to characterize 
the anisotropy of the sheet in the sheet metal industry. 
The measured R values are often used to calculate 
material parameters involved in anisotropic yield 
functions (Wu et al., 2003; Barlat et al., 2007). Here, 
the prediction of R values will provide an independent 
test of the validity of each model. Fig. 7 shows the 
predicted R value vs. imposed strain curves under 
uniaxial tension along the RD. All the models showed 
general trends: the R value dramatically decreases 
with an increasing tilt angle and the R value evolves 
significantly with straining. Comparing the predicted 
and measured R values for the “as received” sheet 
(α=0°) at the strain ε=0.11 indicates that the Secant 
model grossly overestimates the R value. The results 
based on the Affine and meff models slightly overes-
timate the R value, while the Tangent model under-
estimates R slightly. The measured R values are often 
used to calculate material parameters involved in 
anisotropic yield functions. These anisotropic yield 
functions are such that R is often assumed to be con-
stant with strain. This assumption is reasonable in the 

yield functions designed for FCC and BCC poly-
crystalline sheets because variations in R values with 
applied deformation are relatively small (Barlat et al., 
2007). However, for HCP materials, such as the 
magnesium alloy AZ31B sheet in this study, the pre-
dicted R value evolves significantly with straining. 
Note that the variation in R value with imposed tensile 
straining shown in Fig. 7 is supported by experi-
mental results from studies of magnesium alloys at 
room temperature (Avery et al., 1965; Kaiser et al., 
2003; Agnew and Duygulu, 2005; Hartig et al., 2005; 
Lou et al., 2007; del Valle and Ruano, 2009). There-
fore, Fig. 7 clearly indicates that the assumption of a 
constant in-plane R value under uniaxial tension for 
determining material constants in anisotropic yield 
functions for HCP polycrystalline sheets is not ap-
propriate (Wang et al., 2010b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For a sheet under uniaxial tension at tensile 
plastic strain εp, the plastic strains in the transverse 
and thickness directions are −Rεp/(1+R) and 

Fig. 6  Predicted influence of basal texture on yield stress 
σy (a), ultimate stress σu (b), and uniform strain εu (c) 
based on various models 
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−εp/(1+R), respectively. A smaller R value thus im-
plies a larger accommodation of the imposed defor-
mation in the thickness direction than in the trans-
verse direction. Fig. 7 suggests that the influence of 
the basal texture on the formability of sheet under 
biaxial tension (i.e., the in-plane minimum principal 
strain is non-negative) is more significant than that 
under uniaxial tension. Therefore, the influence of the 
basal texture on the limit strain of sheet under 
in-plane plane strain tension was also studied in the 
context of the forming limit diagram (FLD). Fol-
lowing the numerical procedure developed by Wu et 
al. (1997), the EVPSC model with various SCSs, in 
conjunction with the M-K approach proposed by 
Marciniak and Kuczynski (1967), was implemented 
into a numerical code for constructing the FLDs 
(Wang et al., 2010)2. The basic assumption of the 
M-K approach is the existence of material imperfec-
tions in the form of grooves on the surface of the sheet. 
It was shown that a slight intrinsic inhomogeneity in 
load bearing capacity throughout a deforming sheet 
can lead to unstable growth of strain in the region of 
the imperfection, and subsequently cause localized 
necking and failure. 

Although the numerical procedure employed is 
able to calculate the entire FLD under proportional 
loading (−0.5≤(D22/D11)≤1, Dij are components of 
macroscopic strain rate D in Eq. (10)) (Wu et al., 1998; 
2004b) and effects of strain path changes on FLDs 
(Wu et al., 2005), here we studied only the limit strain 
under in-plane plane strain tension, in which the de-
formation outside the imperfection band was assumed 
to be such that D22=0, D12=0, W12=0. The initial 
geometric non-uniformity was assumed to be f0=0.99. 

Fig. 8 shows the predicted effect of the basal 
texture on the limit strain under in-plane plane strain 
tension. The predicted formability based on all the 
models was found to be dramatically enhanced by 
tilting the basal orientation away from ND around TD. 
Note that the Secant model presented a rapid decrease 
in uniform and necking strain due to the tilt angle α. 
Furthermore, comparing Figs. 6c and 8 reveals that 
the effect of the basal texture on the limit strain under 
stretching is much more significant than that on the 
uniform strain under uniaxial tension. 

4  Discussion and conclusions 
 

In this paper, the effect of the basal texture on the 
mechanical behaviour of AZ31B sheet was studied 
using the EVPSC model with various SCSs. The 
material parameters for the various models were fitted 
to experimental uniaxial tension and compression 
curves along the RD. The effect of the basal texture 
was investigated using various initial textures gener-
ated by artificially tilting the measured texture of 
conventional AZ31B sheet around TD. Numerical 
results suggested that: 

1. The influence of tensile twinning increases 
with increasing tilt angle in all the models.  

2. The yield stress σy under uniaxial tension de-
creases with increasing tilt angle in all the models. 

3. The ultimate stress σu under uniaxial tension 
increases with increasing tilt angle in all the models. 

4. The R value under uniaxial tension decreases 
with increasing tilt angle in all the models. 

5. The limit strain εl under in-plane plane strain 
tension increases dramatically with increasing tilt 
angle in all the models. 

6. The uniform strain εu could be either raised or 
lowered with increasing tilt angle α, depending on the 
SCSs employed: (1) εu significantly increases with α 
in the Affine model; (2) εu slightly increases with α in 
the Tangent model; (3) εu is almost independent of α 
in the meff model; (4) εu rapidly decreases with α in 
the Secant model. 

Experiments have clearly shown that the uni-
form strain under uniaxial tension can be significantly 
improved through texture optimization mainly by 
re-orientating the basal plane. Based on comparisons 
of the predicted and experimentally observed uniform 
strain under uniaxial tension, our results confirm that 
the EVPSV model with the Affine self-consistent 
scheme gives the best performance (Wang et al., 
2010b). 

The current polycrystal plasticity models with 
both slip and twinning, including EVPSC, VPSC and 
the models developed by Kalidindi (2001) and Wu 
P.D. et al. (2007), involve a large number of fitting 
parameters, which may not be uniquely determined. 
Therefore, to some extent, the predictive capability of 
such polycrystal plasticity models relies on intro-
ducing more constraints such that the number of 
suitable parameter combinations can be significantly 

 
2 Wang, H., Wu, P.D., Boyle, K.P., Neale, K.W., 2010. On crystal 
plasticity formability analysis for magnesium alloy sheets. Interna-
tional Journal of Solids and Structures (submitted) 
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reduced. It is accepted that the evolution of elastic 
lattice strains during loading in different grain orienta-
tions can be used as a very sensitive indicator of plastic 
deformation mechanisms at microscopic levels. There- 
fore, an efficient way to do so is to obtain the material  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

parameters by not only fitting the macroscopic stress- 
strain curves and deformation textures, but also si-
multaneously fitting elastic lattice strains measured by 
in situ neutron diffraction. This work is in progress. 

Finally, the validity of a polycrystal plasticity 
model can be assessed by comparing numerical re-
sults predicted by the polycrystal plasticity theory 
with the corresponding finite element (FE) crystal 
plasticity simulation. In FE simulations an element of 
the FE mesh represents either a single crystal or a part 
of a single crystal, and the constitutive response at an 
integration point is described by the single crystal 
constitutive model. This approach enforces both 
equilibrium and compatibility throughout the poly-
crystalline aggregate in the weak FE sense (Anand 
and Kalidindi, 1994; Wu et al., 2004a). Furthermore, 
it facilitates consideration of grain morphology and 
the modeling of localized deformations in single and 
polycrystals (Wu et al., 2006; Wu X. et al., 2007; Shi 
et al., 2010). This work is also in progress.  
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