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a  b  s  t  r  a  c  t

Structural  evolution  of  warm-rolled  AZ31  alloy  sheets  was  investigated  with  respect  to  various  reduction
ratios.  In  order  to examine  the  effect  of  rolling  pass  on  deformation  of  the  sheet,  one-pass  rolling  was
applied  to the  AZ31  alloys  for various  6/1/2011reduction  ratios.  When  the applied  reduction  ratio  was
∼85%  of  the  initial  thickness,  significant  grain  refinement  and  texture  development  were  achieved  with
dynamic  recrystallization.  Moreover,  with  the  increase  of the  rolling  reduction  ratio  from  30%  to 85%,  the
eywords:
Z31 sheet
lain strain
-ray diffraction
lectron backscatter diffraction
hree-dimensional finite-element method

warm  rolled  sheets  exhibit  plane  strain  mode  displaying  uniform  〈0 0 0 1〉//ND  basal  textures  throughout
the  whole  sheet  thickness.  The  two-dimensional  finite  element  method  simulation  showed  that  the
current  lubrication  rolling  results  in  a uniform  plane  strain  deformation  through  the  whole  warm  rolled
sheet.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The structural applications of magnesium (Mg) alloys in the
utomobile and aerospace industries have been steadily increasing
f late due to their low density, high heat dissipation, electro-
agnetic shielding, and recycling. However, due to the nature

f the hexagonal close-packed structure and low strength of the
g alloys, efforts have been focused in order to identify and to

ncrease strength and ductility via new alloy design and/or thermo-
echanical process. For the latter approach, it has been reported

hat the application of novel rolling process such as cross-rolling,
symmetric rolling and/or different speed rolling can effectively
ias the orientation of the basal plane in the rolling plane, and can
nhance the press formability, compared with conventional sym-
etric rolling process [1–3]. Especially, since it is well known that
g alloys have limited number of independent active slip systems

equired for homogeneous deformation [4–6], the accommodating
bility and ductility of Mg  alloys at room temperature are gener-

lly restricted [7,8], and texture evolution in Mg alloys is largely
ffected by the interaction between the strain path and the ini-
ial microstructure [9,10].  Agnew and Duygulu have studied the
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anisotropy and hardening of AZ31 alloy under tension and showed
that the deformation was initially due to the basal slip and gradually
shift towards non-basal slip [11]. Jiang et al. studied the evolution
of twinning under uniaxial and ring hoop tension loading at ele-
vated temperature and concluded that the effect of twinning was
more significant due to flow stress than the grain size [12]. Jain
et al. have reported that the strain anisotropy (r-value) did not
change significantly with grain size at room temperature [13]. Also,
high temperature tension experiments at low strain rates were per-
formed in order to study the superplasticity of AZ31 alloy [14–17].

While it is difficult to change the basal texture of magnesium
sheet such as AZ31 and AZ61 alloys, the intensity of the basal
texture can be changed, and the grain size could be reduced by
controlling the rolling parameters [18,19]. For the AZ31 sheet
rolled at elevate temperatures, non-basal dislocation slip and
other twinning modes are easily activated in addition to basal
slip and extension twinning, and the deformation mode in the
AZ31 alloy sheet during hot rolling are strongly dependent on the
initial grain structure and the rolling processing. In addition, con-
tinuous dynamic recovery and recrystallization (CDRR) has been
reported as a phenomenon for the grain refinement and growth
in Mg  alloys during deformation at elevate temperatures [20,21].
Therefore, the properties of Mg  alloys, such as ductility and tex-

ture development, during the rolling process will depend on the
rolling method and conditions, such as the rolling temperature,
rolling direction, and reduction ratio. Recently, regarding to the
high deformation amount during rolling, it has been reported that

dx.doi.org/10.1016/j.jallcom.2011.05.048
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dgkim7@kitech.re.kr
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Fig. 1. (a) Optical microstructure of the as-received AZ

igh reduction ratio has been preferred for achievement of high
trength and ductility, since high stored energy leads to high driving
orce for nucleation, resulting in fine grain structure [22,23]. While
he aforementioned analyses have given an insight for controlling
eformation path and microstructures, there are still structural

nhomogeneities for the rolled sheets due to the nature of the
olling process i.e., different deformation modes are applied for
urface and central part of the rolled sheet [19,24]. Furthermore,
hen multiple rolling times were applied on the sheet for accom-
lishing large amount of deformation, unnecessary complexity may
rise due to the different amounts of applied deformation for each
olling step.

In the present study, a central focus has been given to investi-
ate the AZ31 rolling process that can achieve plane strain condition
hrough the whole sample thickness using a conventional rolling

ill. Also, for the first time, in order to remove any complexity
uring the rolling process, the deformation was  applied by one
ingle pass of rolling from 30% to 85% reduction ratio. Followed
y the rolling process, the microstructures and texture evolu-
ion of the center and surface part were distinctly investigated
sing optical micrography (OM) and electron backscatter diffrac-
ion (EBSD) before and after heat treatments. The two-dimensional
nite-element method (FEM) simulation was used for identifica-
ion of strain mode estimation of the rolling process by lubrication.

. Experimental procedures

The initial sample size of the commercial AZ31 alloy sheet was about
20 × 100 × 4 (length, width and height) mm.  The alloy sheet was  heated to 573 K,
fter which it was  warm-rolled using a laboratory rolling mill with a roll diame-
er of 300 mm and a speed of 19 m/min. The warm-rolling was  carried out by one
ingle pass. The thickness after one single pass was  measured as 2.8, 2.0, 1.2 and
.7 mm thicknesses, corresponding to 30, 50, 70 and 85% thickness reduction ratio,
espectively. The rolling condition was experimented so that the plane strain can
perate in the whole sample thickness depending on the lubrication condition. In
rder to determine the variation of the texture through the thickness, X-ray texture

easurements were performed. In this study, in order to denote the position of the

late (i.e., center or surface of the plate) the location were characterized by the s
arameter ranging from 0.0 to 1.0. The thickness parameter (s) was  used to repre-
ent the position of the layer, where s = 1.0 denotes the sheet surface and s = 0.0 the
heet center.
 alloy, (b) {0 0 0 2} pole figure of the as-received sheet.

The microstructure of the rolled samples was examined via optical microscopy
(OM). The specimen for OM observations was polished with SiC papers and col-
loidal silica. The etchant was prepared with a solution of ethanol (100 ml), picric acid
(5 g), acetic acid (5 ml), and water (10 ml). Finally, the samples were cleaned with
methanol and were dried. The average grain sizes were measured via the linear inter-
cept method and EBSD (electron backscatter diffraction). In order to interpret the
distribution of the strain in the roll gap during plane-strain rolling, FEM simulations
were performed, using the rigid-plastic FEM code DEFORM. The FEM calculation of
friction parameter m was used, where m was defined as the ratio of the frictional
stress to the critical stress, and m = 1 denotes sticking. As high friction without lubri-
cation prevailed during rolling without lubrication, m = 0 was assumed between the
sample surface and the rolls [9].

3. Results and discussion

Fig. 1(a) and (b) shows the microstructure and pole figure,
respectively, of the RD–TD of the as-received sheet. It is noted that
the microstructure was  very homogeneous and had fully equiaxed
grains. The average grain size was 29.4 �m,  measured via EBSD
and the linear intercept method, and the initial pole figure shows
{0 0 0 1}//ND of the typical recrystallized Mg  alloy.

Fig. 2 shows the microstructures of the plane-strain-rolled AZ31
alloy samples without annealing: (a and b) 30% rolling reduction
ratio; (c and d) 50% rolling reduction ratio; (e and f) 70% rolling
reduction ratio; and (g and h) 85% rolling reduction ratio [(a, c, e
and g) center part; (b, d, f and h) surface part]. At 30% reduction
ratio, many twins were found on both the surface and center part,
within which dynamic recrystallized (DRX) grains were observed.
On the other hand, at 50% reduction ratio, the surface showed a
similar behavior to that at a 30% reduction ratio. The numbers of
twins were greatly reduced, however, at the center part. Moreover,
DRX grains were observed mostly on the center part. It is probable
that the heat loss at the roll is lower on the center layer than on
the surface layer with an increased reduction ratio. Generally, the
recrystallization temperature of Mg  alloy is known to occur above
573 K [25–27].  With an increase in the rolling reduction ratio during

warm-rolling, the significant grain refinement is observed in the
AZ31 alloy. It was specially noted that a large strain rolling (70
and 85%) by one single pass decreased the grain size from 30 �m
into ∼2 �m,  indicating that a large amount of deformation energy
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ig. 2. The microstructures of the plane-strain-rolled AZ31 alloy samples without 

nd  f) 70% rolling reduction ratio; and (g and h) 85% rolling reduction ratio [(a, c, e 

s needed for dynamic recrystallization (DRX), when the reduction
atio is increased. The occurrence of twins is generally suppressed
f the grain size is below 3 �m,  since fine grains cannot concentrate
arge stresses and thus cannot prevent the growth of twins [28].
n the present observations, when the amount of deformation is

ncreased, twins are hardly observed, as reported by Christian and

ahajan [28].
Fig. 3 shows the microstructure of the plane-strain-rolled

Z31 alloy samples after annealing at 573 K for 30 min: (a and
ling: (a and b) 30% rolling reduction ratio; (c and d) 50% rolling reduction ratio; (e
 are the center part; (b, d, f and h) are the surface part].

b) 30% rolling reduction ratio; (c and d) 50% rolling reduc-
tion ratio; (e and f) 70% rolling reduction ratio; and (g and
h) 85% rolling reduction ratio [(a, c, e and g) center part; (b,
d, f and h) surface part]. For the specimens with 30 and 50%
reduction ratios, the produced twins were fully recrystallized

after annealing. However, for the specimens with 70 and 85%
reduction ratios, grain growth was  observed after annealing, indi-
cating that the recrystallization was  completed right after warm
rolling.
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ig. 3. Microstructures of the plane-strain-rolled AZ31 alloy samples after annealin
atio; (e and f) 70% rolling reduction ratio; and (g and h) 85% rolling reduction ratio

Fig. 4 shows the (0 0 0 2) pole figures of the plane-strain-rolled
Z31 alloy samples before annealing: (a and b) initial sheet; (c and
) 30% rolling reduction ratio; (e and f) 50% rolling reduction ratio;
g and h) 70% rolling reduction ratio; and (i and j) 85% rolling reduc-
ion ratio [(a, c, e, g and i) center part; (b, d, f, h and j) surface part).

he pole figures in Fig. 8(a)–(c) at 〈0 0 0 1〉//ND show a 7◦ tilt towards
he rolling direction, indicating that this was caused by the for-

ation of twins and corresponding to the microstructures shown
n Fig. 2. The other figures show a typical texture of 〈0 0 0 1〉//ND
3 K for 30 min: (a and b) 30% rolling reduction ratio; (c and d) 50% rolling reduction
 e and g) are the center part; (b, d, f and h) are the surface part].

with plane strain. It is noted that the intensity of 〈0 0 0 1〉//ND was
reduced with an increased reduction ratio of plane strain, corre-
sponding to the recent results reported by Jeong and Ha [29]. While
our current observations agree with Mg  alloys from shear strain due
to the friction between the roll and the sample (i.e., conventional

rolling), it should be specially noted that the DRX grains with high
reduction ratio was  achieved by one single pass and the AZ31 sheet
was maintained plane strain condition. In addition, it is observed
that the uniform 〈0 0 0 1〉//ND texture was  obtained on both the



D.-G. Kim et al. / Journal of Alloys and Compounds 509 (2011) 7953– 7960 7957

Fig. 4. (0 0 0 2) pole figures of the plane-strain-rolled AZ31 alloy samples without annealing: (a and b) initial sheet; (c and d) 30% rolling reduction ratio; (e and f) 50% rolling
reduction ratio; (g and h) 70% rolling reduction ratio; and (i and j) 85% rolling reduction ratio [(a, c, e, g and i) are the center part; (b, d, f, h and j) are the surface part].
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Fig. 5. (0 0 0 2) pole figures of the plane-strain-rolled AZ31 alloy samples after annealing at 573 K for 30 min: (a and b) initial sheet; (c and d) 30% rolling reduction ratio; (e
and  f) 50% rolling reduction ratio; (g and h) 70% rolling reduction ratio; and (i and j) 85% rolling reduction ratio [(a, c, e, g and i) are the center layers; (b, d, f, h and j) are the
surface layers].
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plane strain samples. Disregarding the first, shear strain rate ε̇13 in
the shear strain sample was  fairly low during the rolling deforma-
tion and hardly varied through the sheet thickness (Fig. 6a). In the
plane strain sample, in contrast, shear strain rate ε̇13 strongly varied
ig. 6. Variations of shear strain rate ε̇13 within the roll gap during warm-rolling in
he (a) shear strain sample and (b) plane strain sample.

enter and surface part through the whole thickness of the plate,
ndicating that uniform deformation was applied for the designated
eduction ratio during planar deformation. No difference in the tex-
ure of 〈0 0 0 1〉//ND was shown between the reduction ratios of 70
nd 85%, implying that DRX has been completed right after rolling.

Fig. 5 shows the (0 0 0 2) pole figures of the plane-strain-rolled
Z31 alloy samples after annealing at 573 K for 30 min: (a and b)

nitial sheet; (c and d) 30% rolling reduction ratio; (e and f) 50%
olling reduction ratio; (g and h) 70% rolling reduction ratio; and (i
nd j) 85% rolling reduction ratio [(a, c, e, g and i) center part; (b,
, f, h and j) surface part). The 〈0 0 0 1〉//ND textures at the reduc-
ion ratios of 30 and 50% showed that the intensity of 〈0 0 0 1〉//ND
eakened after annealing. This resulted from the recrystalliza-

ion during the annealing of the twins, which were formed during
olling. At the reduction ratios of 70 and 85%, however, the textures
t 〈0 0 0 1〉//ND had similar intensities before and after annealing.
t is clear that the DRX was completed right after rolling as shown
n Fig. 3. According to Perez Pardo, if considerable grain growth
ccurs during annealing due to the high temperature, the texture
f 〈0 0 0 1〉//ND becomes stronger [30,31].  In this study, a similar
esult was obtained with the texture of 〈0 0 0 1〉//ND with slight
rain growth during annealing at 573 K.

In the present study, the evolution of strain modes during warm-

olling was calculated from the entry to the exit of a rolling machine,
ia 2D FEM, using the commercial FEM package DEFORMTM-3D.
or details on the FEM simulation scheme regarding rolling defor-
ation, see Refs. [32,33]. Fig. 6 shows the variations of the strain
Fig. 7. Variations of I13/I11 along the streamline for various through-thickness layers
(s)  in the plane strain sample.

state during the warm-rolling on the first rolling pass, by plotting
shear strain rate ε̇13 along two streamlines in the sheet center (at
s = 0.0) and close to the sheet surface (at s = 0.8), as a function of the
FEM time. An abrupt material tilt was observed close to the sur-
face when entering the roll gap caused the first negative peak in
the variation of ε̇13 at s = 0.8, which occurred in both the shear and
Fig. 8. Volume fraction of the crystal orientation for 〈0 0 0 1〉//ND on the center and
surface layers by rolling reduction ratio: (a) before annealing; and (b) after annealing
at  573 K for 30 min.
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ith the thickness parameter s; i.e., the variation in ε̇13 remarkably
ncreased with increasing parameter s, when approaching the sheet
urface (Fig. 6b). Compared with the result that was examined in the
aper related to the lubrication condition in steel [34], the differ-
nce in the change on the s = 0.8 layer was relatively low, indicating
hat the plane strain can be operated in the whole-thickness layers
uring rolling based on the lubrication condition.

Fig. 7 shows the variation of I13/I11 with thickness layer s for
he shear and plane strain samples. In [35], it was explained that
lane strain rolling texture is formed during rolling at a ratio of

13/I11, smaller than 0.5. Certainly, the whole-thickness layers of
he present plane strain samples were operated based on a strain
istory, with I13/I11 < 0.3.

Fig. 8 shows the volume fraction of the crystal orientation for
0 0 0 1〉//ND on the center and surface layers by rolling reduction
atio: (a) before annealing; and (b) after annealing at 573 K for
0 min. With the increase in reduction ratio before annealing, the
enter and surface part decreased, showing the volume fraction of
he crystal orientation for 〈0 0 0 1〉//ND. The decrease in the vol-
me  fraction of the crystal orientation for 〈0 0 0 1〉//ND was due
o the grain refinement and to the DRX grains produced by the
igh plastic energy. On the other hand, the volume fraction of the
rystal orientation for 〈0 0 0 1〉//ND after annealing was observed
o have increased from 70 and 85%, while there was decreased up
o the reduction ratio of 50%. Thus, the twins remained up to the
eduction ratio of 50% due to the recrystallization and grain growth
uring annealing. On the other hand, at the 70 and 85% reduction
atios, the grain size grew because of the grains that became fully
RX, corresponding to the microstructures and pole figure inten-

ity of 〈0 0 0 1〉//ND in Figs. 3 and 4. While further investigation on
tructural variation at various annealing temperatures is needed,
he current observations is meaningful in terms of achievement
f high amount of deformation (>50%) via single path rolling and
aintenance of plain strain condition during rolling.

. Conclusions

In summary, the microstructures and texture evolution during
arm-rolling with plane strain in the AZ31 alloy was investigated

ia optical microscopy and X-ray diffraction. The following conclu-
ions can be drawn from this study:

1) As the rolling reduction increased, the grain size of the rolled
samples with plane strain was decreased before annealing, and

the grain size decreased to around 2 �m when the rolling reduc-
tion ratios were 70 and 85%.

2) The texture of 〈0 0 0 1〉//ND exhibited the same intensity on the
center and surface part with plane strain. When the rolling

[
[
[
[

mpounds 509 (2011) 7953– 7960

reduction ratio increased, the texture of 〈0 0 0 1〉//ND developed
weakly and became much weaker with fully dynamic recrystal-
lization when the rolling reduction ratios were 70 and 85%.

(3) In the verification of the role of strain rate ε̇13 in the plane strain
samples using the commercial FEM package DEFORMTM-2D, the
results of the FEM simulation corresponded to the experimental
data.
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