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a  b  s  t  r  a  c  t

The  effect  of  texture  evolution  of  AZ31  Mg  sheet  on cross-roll  rolling  process  has  been  investigated  for
the  commercial  AZ31  Mg  sheet.  The  large  ε23 was  operated  for the cross-roll  rolled  sample  throughout
the  whole  thickness,  leading  to the  homogeneity  of  the (0 0 0  2) basal  texture.  After  recrystallization
annealing  at  673  K  for 30 min,  cross-roll  rolled  sample  showed  uniform  texture  intensity  from  surface
layer  to middle  layer  different  from  the  normal-roll  rolled  sample.  An  excellent  formability  of the  cross-
eywords:
Z31 sheet
ross-roll rolling
-ray diffraction

rolled  specimen  was  achieved  due  to the  developed  homogeneity  of the  texture  and  microstructure
refinement  for  the cross-roll  rolled  specimen.  The  strain  conditions  of surface  and  center  layers  were
discussed in  terms  of experimental  evaluations  and  three-dimensional  finite  element  method  (FEM) for
conventional  rolling  and cross-roll  rolling.
hree-dimensional finite element method
exture

. Introduction

Mg  alloys are one attractive material in applications of trans-
ortations and mobile electronics [1],  because of their low densities
nd high specific strength [2]. However, Mg  alloys often exhibit
elatively low strength and poor formability at room tempera-
ure [3].  The limited ductility is attributed to a strong planar
nisotropy, where the basal plane (0 0 0 2) tends to be distributed
arallel to the rolling direction, since the basal slip mode pro-
ides the only two independent slip systems [4–6]. However, it
as been reported that both ductility and texture of Mg  alloys
uring rolling process largely depend on rolling conditions such
s rolling temperature, rolling direction and plastic deformation
7].  For example, warm forming can improve the formability of

agnesium alloy, because the pyramidal plane of Mg  crystal struc-
ure is operated by thermal activation during deformation [8].  The

icrostructure and mechanical properties and texture evolution
f Mg  alloys are highly dependent on their primary deformation
rocess such as cross rolling [9],  different speeds-rolling [10], ECAP
11] and ECAR [12]. In particular, cross-roll rolling is expected to

mprove the grain refinement, mechanical properties and forma-
ility.
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For the cross-roll rolling process, the operation of the shear
deformation along TD (transverse direction) is expected, because
the thrust force in an axial direction of a roll can be imposed on
a rolled sheet. Since the rolls are crossed in the RD–TD plane, the
rolling process has been referred to as “cross-roll” rolling in order
to distinguish it from the conventional cross-rolling process, in
which the RD (rolling direction) is rotated after each rolling pass
[13–16]. Chino et al. reported that the cross-roll rolling is effective
for the imposition of severe shear straining on rolled materials,
leading to an improvement of microstructure and formability of
magnesium alloy sheets [14–18].  Since cross-roll rolling leads to
the formation of a deformation microstructure different from that
obtained during normal rolling, the deformation during cross-roll
rolling is distinguished from those during conventional normal
rolling. Therefore, it is manifested that the identification of strain
state during cross-roll rolling can provide a significant insight for
understanding cross-roll deformation, so that control of the strain
state can be used for practical application. However, the evolution
of microstructures and the resultant strain state during cross-roll
rolling has not been scrutinized, while structural features have been
relatively well reported [9,15].

In the present study, the evolution of strain states during
cross-roll rolling was  investigated and the strain conditions were
identified along the stream lines through the thickness layers by
three-dimensional finite element method (FEM). At the same time,

in order to understand the strain mode difference between conven-
tional rolling and cross-roll rolling, the microstructure and textures
evolution were distinctly investigated for the commercial AZ31
alloy.

dx.doi.org/10.1016/j.jallcom.2011.07.013
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
The chemical composition(wt.%) of the initial AZ31 alloys sheet.

2

s
c
r

Mg  Al Zn Mn 

Blaance 3.1 1.0 0.41 

. Experimental procedures
The material used in this study was commercial AZ31 alloy. The initial specimen
ize was  about 70 mm × 70 mm × 4 mm (width, length and thickness). The chemical
ompositions of AZ31 alloy sheet are listed in Table 1. Schematic view of rolling
outes for (a) normal rolling and (b) cross-roll rolling is shown in Fig. 1. Cross-roll

Fig. 1. Schematic view of rolling ro

Fig. 2. (a) Optical microstructure; (b) inverse pole figure maps (IPF); (c) averag
Si Fe Cu Ni

<0.01 0.0023 <0.01 0.0023

rolling with 75% of total reduction ratio was  conducted at 673 K, where the roll axis

was tilted by normal rolling and 7.5◦ against TD in the RD–TD plane. The rolled
Mg  alloy sheets were annealed at 673 K for 30 min. The each pass treatments at
673 K for 20 min  were repeated several times, and finally, the sheets were rolled to
a  thickness of 1.0 mm and the total reduction was about 75%. For comparison, the
normal-roll rolling was conducted under the same rolling schedule. In order to adjust

utes for the cross-roll rolling.

e grain size; (d) Frequency-misorientation map  of the as-received sheet.
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ig. 3. Variation of shear strain rate components, at surface layer during (a) normal
olling and (b) cross-roll rolling.

he grain size, heating condition of the specimens before rolling was set to 673 K
or  20 min. The rolling procedure was the same as those of the specimens by the
ross-roll rolling. Microstructures of the rolled Mg  alloy sheets were investigated by
canning electron microscopy (SEM). Grain size and texture of cross-roll rolled and
ormal rolled specimens were determined by electron back scattering diffraction
EBSD) and X-ray diffraction with CoK� radiation up to a tilt angle of 70◦ using the
chultz reflection method. The EBSD software was provided by TSL Technology® .
n  order to interpret the distributions of strain states in the roll gap during cross-
oll  rolling, the three-dimensional finite element method (FEM) simulations were
sed, i.e. the rigid-plastic FEM code DEFORM. For the FEM calculation, the friction
arameter m was  used, where m is defined as the ratio of the frictional stress to the
ritical stress, and m = 1 denotes sticking. Because a high friction without lubrication
revailed during rolling without lubrication, the value of m between the sample
urface and rolls was  assumed as 0.6. At the same time, Since the strain state is
trongly dependent on the whole sample thickness, the textures of the surface and
enter parts were separately investigated after the cross-roll rolling. In order to
enote the position of the sheet cross section (i.e., the center or the surface of the
heet), the location of the sheet cross section was characterized by the parameter s
0.0–1.0), where s = 1.0 denotes the surface and s = 0.0 does the center of the sheet
ross section.

. Results and discussion

Fig. 2(a) and (b) shows the microstructure of the RD–TD of the
nitial sheet. It is observed that the microstructure is very homoge-
eous and composed of equiaxed grains. The average grain size
as ∼29.4 �m measured by the electron backscatter diffraction

EBSD). Fig. 2(d) shows the frequency–misorientation map  of the
s-received sheet. The frequency values of high angle grain bound-
ries (HAGB > 15◦) and low angle grain boundaries (LAGB < 15◦) was

etected by EBSD method were 83% and 17%, respectively, which
ere detected by EBSD method.

The variation of strain states in the roll gap during normal and
ross-roll rolling was investigated by three-dimensional finite ele-
Fig. 4. Variation of shear strain rate components, at center layer during (a) normal
rolling and (b) cross-roll rolling.

ment method (FEM) simulations using the rigid-plastic FEM code
DEFORM for the surface and central part of the sheet cross section.
Fig. 3 shows variations of shear–strain rates ε̇12, ε̇13 and ε̇23 in the
roll gap along the stream line at the sheet surface during normal
rolling (Fig. 3(a)) and cross-roll rolling (Fig. 3(b)). During normal
rolling, only the component ε̇13 varies and other components ε̇12
and ε̇23 are zero at the surface of the sheet. As reported earlier
[19–21], the operation of large shear component ε̇13 during nor-
mal  rolling leads to the formation of shear textures. In contrast, all
three shear components ε̇12, ε̇13 and ε̇23 are largely and indepen-
dently changed in the roll gap during the cross-roll rolling process
(Fig. 3(b)). Variations of shear strain rates ε̇12, ε̇13 and ε̇23 in the roll
gap along the stream line of the sheet center are shown in Fig. 4. For
the central part of the normally rolled sheet, all shear–strain rates
are nearly zero in the roll gap, i.e. it showed conventional plane
strain condition. The center layer of the cross-roll rolled sheet dis-
plays a large variation of ε̇23, while other strain components ε̇12
and ε̇13 are zero (Fig. 4(b)). The similar variation of ε̇23 is observed
in the whole thickness of the cross-roll rolled sample, while the
effect of the ε̇23 strain is not critically operated for the cross rolled
specimen.

Fig. 5 shows the microstructures of the rolled AZ31 alloys: (a)
normal rolling sample before annealing, (b) normal rolling samples
after annealing at 473 K for 30 min, (c) cross-roll rolling sample
before annealing, (d) cross-roll rolling samples after annealing at
473 K for 30 min. The twins were observed for the normal and cross-
roll rolling processes before the annealing heat treatments. Also,

the microstructural observations showed that more twins were
observed at cross-roll rolling sample, compared with Fig. 5(a) and
(c). Also, in order to examine the effect of heat treatments, both
sheets were annealed at 673 K for 30 min. The average grain sizes
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Fig. 5. The microstructure of the rolled AZ31 alloys: (a) normal rolling sample before annealing, (b) normal rolling samples after annealing at 473 K for 30 min, (c) cross-roll
rolling  sample before annealing, and (d) cross-roll rolling samples after annealing at 473 K for 30 min.

Fig. 6. (0 0 0 2) pole figures of the rolled AZ31 alloys: (a and b) normal rolling samples, and (c and d) cross-roll rolling samples (s = 0.0 is center layer; s = 0.9 is surface layer).
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ig. 7. (0 0 0 2) pole figures of the rolled AZ31 alloys after annealed at 673 K for 30
enter layer; s = 0.9 is surface layer).

f the normal and cross-roll rolled sheets heat treated at 673 K for
0 min  are 12.7 and 7.6 �m,  respectively, indicating that the aver-
ge grain sizes of the cross-roll rolled sample are smaller than those
f the normal rolled sample.

Fig. 6 shows (0 0 0 2)//ND pole figure of the normal and cross
olled samples: (a) and (b) are normal rolling samples, and (c) and
d) are cross-roll rolling samples (s = 0.0 is center layer, s = 0.9 is
urface layer). Texture development at the center layer of normal
olling sample was quite weak, because the sample was  in the
lane strain condition during rolling as analyzed in Fig. 4. How-
ver, the cross-roll rolled sample showed the formation of strong
0 0 0 2)//ND texture for the whole thickness of the sheet.
Fig. 7 shows (0 0 0 2)//ND pole figure after annealing at 673 K
or 30 min  of rolled samples: (a) and (b) are normal rolling sam-
les, and (c) and (d) are cross-roll rolling samples (s = 0.0 is center

ayer, s = 0.9 is surface layer). It is specially noted that weakening of

Fig. 8. The samples after the deep drawing cup test at 473 K: (
(a and b) normal rolling samples, and (c and d) cross-roll rolling samples (s = 0.0 is

rolling texture was  critically observed for the specimen center with
normal rolling (Fig. 7(a)). While the texture gradient and intensity
in the normal rolling sample decreased after annealing, the inten-
sity difference between surface and center part of the sheet is still
large. However, for the cross-roll rolled specimen, it is specially
noted that the intensity of the texture is not severely different for
the surface and center part, and thus the developed homogeneity of
the (0 0 0 2) texture processed by cross-roll rolling can induce high
formability, compared with the sheet with conventional rolling.

Fig. 8(a) and (b) shows normally rolled sample and cross-roll
rolled sample respectively, after deep drawing cup tests at 473 K.
For the case of the normally rolled sheets deformed at 473 K, the

drawn cup showed wrinkles on the deformed part. However, the
cross-roll rolled sheets deformed at 473 K, showed wrinkle-free
surfaces, indicating that the application of the cross-roll rolling pro-
cess has a potential for providing excellent formability to Mg  alloys.

a) normal rolled sample and (b) cross-roll rolled sample.
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hile further study is needed for identification of structural evo-
ution depending on heat treatments, current observations clearly
resent that the cross-roll rolling can be one significant step for
uccessful deformation process.

. Conclusions

The evolution of strain states during cross-roll rolling and
ormal rolling was investigated by texture measurements and
he three-dimensional finite element method simulation. Texture
evelopment at the center part of normal rolling sample is quite
eak, because the sample was in the plane strain mode during

olling. However, the operation of the large ε̇23 during cross-roll
olling throughout the whole thickness layers leads to the for-
ation of the weak deformation texture in the cross-roll rolled

ample. The cross-roll rolled sample showed the formation of
trong (0 0 0 2)//ND texture through the whole thickness of the
heet. For the texture gradient in the normal rolling sample, the
ntensity is decreased after annealing. However, the intensity of
0 0 0 2) basal texture of cross-roll rolled sample is decreased after

nnealing but homogeneous through the whole thickness of the
heet. Thus, the cross-roll rolled sample improved to have higher
ormability due to the homogeneity through the thickness of the
heet.
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