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Abstract: To gain a better understanding about texture evolution during rolling process of AZ31 alloy, polycrystalline plasticity
model was implemented into the explicit FE package, ABAQUS/Explicit by writing a user subroutine VUMAT. For each individual
grain in the polycrystalline aggregate, the rate dependent model was adopted to calculate the plastic shear strain increment in
combination with the Voce hardening law to describe the hardening response, the lattice reorientation caused by slip and twinning
were calculated separately due to their different mechanisms. The elasto-plastic self consistent (EPSC) model was employed to relate
the response of individual grain to the response of the polycrystalline aggregate. Rolling processes of AZ31 sheet and as-cast AZ31
alloy were simulated respectively. The predicted texture distributions are in qualitative agreement with experimental results.
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1 Introduction

Magnesium alloys are promising light structural
metals in aerospace and automobile applications because
of their high specific strength and recyclability.
Compared with other forming methods such as powder
metallurgy technique, rapid solidification and equal
channel angular extrusion, rolling process provides a
common way that can fabricate large dimension products
[1]. Recent experimental researches [2—3] show that the
texture evolution during rolling process of AZ31 alloy
has great impacts on its mechanical properties. For
example, rolled sheets of AZ31 alloy show tension—
compression yield asymmetry, which can be attributed to
the formation of strong basal texture during rolling
process. Thus, prediction of texture evolution in rolling
process has attracted a lot of attention from the point of
view of industrial significance.

Polycrystalline plasticity has been proven as a
useful tool to simulate texture evolution in magnesium
alloy during the last decade. STYCZYNSKI et al [4]
performed the texture modeling of cold rolling by
adopting a viscoplastic Taylor model, the best agreement

with experiment was achieved with a combination of
basal {(a) slip, prismatic (a) slip, pyramidal {c+a) slip and
tensile twinning. WALDE and RIEDEL [5] simulated
texture evolution during hot rolling process with
viscoplastic self-consistent (VPSC) model. AGNEW et al
[6] also employed polycrystalline plasticity model to
study the hardening mechanism of AZ31 alloy and the
development of internal strain.

Although there have been a lot of progresses in
texture modeling of AZ31 alloy, we should note that
most of the simulations were conducted with Taylor
model or VPSC model. Simulation of texture evolution
in AZ31 alloy during rolling process with elasto-plastic
self consistent (EPSC) model is not found. Research [7]
showed that Taylor model could lead to the prediction of
excessively high stresses or incorrect texture distribution
for material with strong anisotropy. Compared with
EPSC model, VPSC model does not account for
hydrostatic stresses or for the elastic deformation
component, and cannot be used to study internal stress
evolution [8].

In this work, we implement EPSC model into the
commercial finite element code ABAQUS/Explicit.
Texture evolution during rolling processes of AZ31 sheet
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and as-cast AZ31 alloy are simulated respectively, and
the predicted texture distributions are compared with the
experimental results [1, 4]. The influence of grain
numbers per element on the simulation result is also
studied.

2 Crystal plasticity model

2.1 Single crystal plasticity model
2.1.1 Kinetics
The velocity gradient is expressed as

L=F-F'=D+Ww (1)

where F is the deformation gradient, D is the symmetric
part of the deformation rate and W is the skew symmetric
spin tensor. D and W can be decomposed into elastic
parts (D°, W*) and plastic parts (D", W’):
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DP and W are related to the plastic shear strain rate as

DP = Py
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where the slip direction is designated by the unit vector
m and the slip plane normal by the unit vector n, the
superscript « is the number of deformation systems.

A single crystal constitutive rule [9] which relates
the grain level plastic strain rate y and shear stress
% is employed:
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where g% denotes the critical resolved shear stress,
which describes the current strain hardening state of the
crystal, a® is the reference shear rate and m is the
material rate sensitivity. The solution of y“ is making
use of tangential modulus method [10].
2.1.2 Hardening model

An extended form of Voce-type hardening rule [11]
is adopted here to describe the evolution of critical
resolved shear stress (CRSS):
g =g"nN=gq +(g +<91“7)[1—exr{— 80—]] (6)
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where gg is the initial CRSS; g is the saturation
stress; y is the accumulated shear at the current instant;
0y and 6 are the initial and final slopes of the
hardening rate. In each increment, the actual hardening
for each deformation system is updated by
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where q“ﬂ is introduced to describe the self and latent
hardening, qaﬂ can be expressed in a form [12]:

¢ =q+(1-9)57 (8)

where ¢ is latent-hardening ratio.
2.1.3 Lattice reorientation by slip

A crystal orientation tensor @, is used to define the
orientation of the crystal coordinate system with respect
to the global coordinate system. At the end of each
increment, grain reorientation caused by slip can be
calculated based on the following equation [13]:

0,- exp{[W - fk“y’“]Ar}in )

a=l1

2.1.4 Lattice reorientation by twinning

For magnesium alloys, twinning also plays an
important role in lattice reorientation. Predominant twin
reorientation (PTR) scheme [14] is employed to calculate
the contribution of twinning to the grain reorientation.
The procedure is listed next. At each increment, the
twinned fraction (AV*") in grain n associated with each
twinning system a is calculated using the shear strain
(Ay™") to which the twinning mode contributes

Aya,n
Ve

AV = (10)

where y, is the characteristic shear of the twinning mode.
Twinned fraction is accumulated after each increment:

Va,n — z

steps e c

Aya,n

(11)

A summation over all grains and all twinning
systems gives the volume fraction Vy:

Ve = DD AV (12)
stepsa,n

A threshold value (Fr) for reorientation is defined
by

Ve

R

Fr=a+b (13)

where Vg is the effective twinned fraction, Vy is the total
volume fraction of accumulated twins, and a and b are
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material constants. At every increment, if the
accumulated twinned fraction of the most active
twinning system exceeds threshold value, the whole
grain is reoriented following the predominant twinning
system. The new grain orientation can be calculated with
the following equation [15]:

0., =(2n®n-1)Q (14)

where Q.i, is the orientation matrix after twinning
reorientation; » is the normal twining plane; 7 is identity
matrix. Then this reoriented grain is added to the
effective twinned fraction, V. As more grains are
reoriented by twinning, Frr increases by the increment of
VE. Further reorientation by twinning is inhibited until Vg
catches up.

2.2 Elasto-plastic self consistent (EPSC) model

In the EPSC approach, each individual grain is
treated as an ellipsoidal elasto-plastic inclusion
embedded in the homogeneous effective medium (HEM)
representing the polycrystalline aggregate. The
calculation procedures of EPSC model in the current
study are briefly summarized as follows.

The instantaneous elasto-plastic tensor L. for the
individual crystal relates o, and strain rate D, by

6, =1L, :D, (15)

A similar relation is adopted to link the overall
stress rate and strain rate by L;, L, is defined as the
instantaneous elasto-plastic tensor for HEM:

6y = Ly : Dy (16)

The strain rate in individual grain can be related to
strain rate in the polycrystalline aggregate according to

D, = A.D, (17
A.is defined as
A, = (Lo + L) (L« + Ly) (18)

where L. is the constraint tensor for the ellipsoidal
inclusion. L. is a function of Ly, and Eshelby’s
tensor .S as follows:

LS =L,(I-S) (19)

L. and L,; are unknown during each increment
and have to be calculated self-consistently until the
condition that the average of the grain stresses increment
coincides with the macroscopic stress increment is
reached (Eq. (20)). Then, the stress of polycrystalline
aggregate can be updated according to Eq. (21):

doy, =(doy) (20)

O-M, new — O-M, new + do_M (2 1)

3 Simulation of texture evolution during
rolling process

3.1 Rolling process of AZ31 sheet

In this section, the model is applied to predicting
texture evolution during rolling process of AZ31 sheet.
The simulation result is compared with the experiment
outlined in LIANG et al [1] which is summarized as
follows. The dimensions of initial sample were 80
mmx50 mmx9.8 mm. The roller temperature was
selected at 673 K and the original sheets were maintained
at room temperature. The rolling speed was 5 m/min.
The thickness reduction was 20%. Texture distribution
was measured by electron backscatter diffraction (EBSD).
Figure 1 shows the texture distribution of original and
deformed samples with the observed plane perpendicular
to ND. The initial sample shows the {0002}(1010) type
texture, while the texture distribution in (0002) pole
figure is a little scattered. The deformed sample shows
stronger basal texture and the {0002} 1010 Ytype texture
does not exist.

Only one quarter of the initial sample is built in
simulation due to symmetry. The C3D8R type of element
(the 8 node solid brick elements with reduced integration
in ABAQUS terminology) is employed to mesh the blank.
The FE model consists of 120 elements, while each
element represents 40 grains. The input texture (4 800
grains) is shown in Fig. 2. The grain orientation is
assigned to each element randomly. For each individual
grain, basal (a), prismatic (@), pyramidal {(c+a) slip
systems and tensile twinning systems are chosen as the
deformation mechanisms of AZ31 alloy. The values of
the parameters in elastic moduli are [16]: C;;=58 GPa,
C1=25 GPa, C5=20.8 GPa, (C5;=61.2 GPa, Css=16.6
GPa, and the values of the hardening parameters are
listed in Table 1 [6]. The latent hardening ratios for slip
systems are set to be 1.4, while it is set to be 4.0 for
twinning system to represent that the dislocation
movement is inhibited by twinning boundary.

Table 1 Plasticity parameters for AZ31 alloy (MPa) [6]

Mechanism ) g1 6o 0,
Basal (@) 10 30 100 0
Prismatic {a) 55 80 500 0
Pyramidal (c+a) 60 90 1500 0
Tensile twinning 30 0 30 30

Figure 3 shows the contours of rolled sheet. The
predicted texture is shown in Fig. 4. Compared with the
input texture (Fig. 2), the {0002}(1010) type texture
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Fig. 1 Texture distributions of initial and deformed samples [1]: (a) Initial (0002); (b) Initial (1010); (c) Deformed (0002);
(d) Deformed (1010)
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Fig. 2 Initially texture (4 800 grains) for simulation: (a) (0002); (b) (1010)

disappears and a more concentrated basal texture is experimental result (Fig. 1). To gain a better understand-
formed after rolling. This is in accordance with the ing on how the grain number in each element affects the
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simulation result, another simulation is performed with predicted with this model, but the texture distribution is
the same FE model. As a comparison, each element only scattered due to insufficient grain number. Hence, a large
contains five grains. A similar texture (Fig. 5) is grain number can predict a smooth texture distribution.
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Fig. 3 Contours of rolled sheet
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Fig. 5 Predicted texture with 600 grains: (a) (0002); (b) (1010)
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However, both of the simulation results indicate that
basal texture spreads along TD, while experiment result
does not show the same distribution. There are two main
reasons causing the difference between simulation result
and experiment result. The experiment result in LIANG
et al [1] was measured by EBSD, suggesting that a
smaller grain number is detected which is different from
the current simulation (4 800 grains and 600 grains). The
difference of measured grain numbers can possibly lead
to deviation between simulation and experiment. The
influence of dynamic recrystallization is precluded in the
current study to get a better computational efficiency.
This assumption does not hold true in reality since
dynamic recrystallization was observed during rolling
process of AZ31 alloy [1]. Although researches [17—18]
show that recrystallization in magnesium alloy does not
lead to a distinct change in texture distribution, to make a
quantitative comparison between the simulation result
and the experiment result, further effort to consider the
effect of dynamic recrystallization is necessary.

3.2 Rolling of cast material

In this section, the model is applied to predicting
texture evolution during rolling of AZ31 cast material.
The simulation result is compared with the experiment
outlined by STYCZYNSKI et al [4], which is
summarized as follows. The dimensions of initial sample
were 50 mmx30 mmx6 mm. The rolling was carried out
at room temperature. The rolling speed was 3 m/min.
The thickness reduction was fixed to a true strain of 0.1
per pass to the total strain of 0.5. Texture distribution was
measured by X-ray diffractometer (XRD). When the
observed plane is perpendicular to ND, the initial sample
shows a randomly distributed texture, while the strong
basal texture is formed after rolling process. The point
with the highest intensity in deformed sample tilts a
small angle away from ND, and the basal texture spreads
along TD.

Only one quarter of the blank is used for modeling
due to symmetry. The FE model also contains 120
elements (C3D8R) with 40 grains in each element. For
computational efficiency, the simulation is simplified to a
single pass to the total strain of 0.5 rather than multiple
passes. The elasticity parameters and hardening
parameters are set to be the same values as those in
section 3.1. Figure 6 presents the input (0002) pole figure
which is randomly distributed. The deformed texture
(Fig. 7) shows the formation of basal texture and the
basal texture splits along TD. This is similar to the

deformed texture in experiment.
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Fig. 7 Deformed (0002) pole figure
4 Conclusions

1) The model predicts the formations of basal
texture with different input texture distributions. The
simulation results are in qualitative agreement with the
experimental results.

2) A similar texture distribution is obtained with
different grain numbers per element. However, smoother
texture is predicted with the larger grain number,
suggesting that a good statistic result can be obtained if
the total grain number is large.

3) The deviation between the simulation result and
the experiment result is observed. To gain a better
simulation result, it is necessary to incorporate the
dynamic recrystallization model into EPSC model.
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