
T
p

B
a

b

a

A
R
R
1
A
A

K
M
U
T
M
A

1

i
t
[
t
w
t
i
s
c
p
t
w
n
b
s
(
t
e

s
C

0
d

Journal of Alloys and Compounds 489 (2010) 475–481

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

exture evolution and mechanical properties of AZ31B magnesium alloy sheets
rocessed by repeated unidirectional bending

o Songa,b, Guangsheng Huanga,b,∗, Hongcheng Lia,b, Lei Zhanga,b, Guangjie Huanga,b, Fusheng Pana,b

National Engineering Research Centre for Magnesium Alloys, Chongqing University, Chongqing 400044, PR China
College of Materials Science and Engineering, Chongqing University, Chongqing 400045, PR China

r t i c l e i n f o

rticle history:
eceived 9 August 2009
eceived in revised form
5 September 2009
ccepted 16 September 2009

a b s t r a c t

Commercial AZ31B magnesium alloy sheets have poor plasticity and stamping formability at room tem-
perature owing to strong basal texture. In this study, a method termed ‘repeated unidirectional bending’
(RUB) was applied to improve the mechanical properties of magnesium alloy sheets by controlling the
texture. The evolution of the texture and mechanical properties of the sheets during RUB and annealing
were systematically investigated. In the sheets that underwent RUB, the c-axis tended to become inclined
vailable online 25 September 2009
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from the normal direction (ND) towards the rolling direction (RD), and the {1 0 1̄ 2} extension twinning
was activated during bending. When a sheet that had undergone RUB was annealed at 260 ◦C, the mechan-
ical ductility at room temperature was improved considerably because the texture components became
more dispersed along the RD, and work hardening was also eliminated by annealing.

© 2009 Elsevier B.V. All rights reserved.
nnealing

. Introduction

In recent years, magnesium alloys have received great attention
n the aviation, automobile and electronics industries because of
heir low density, high specific strength and ability to be recycled
1]. However, the processing of magnesium and its alloys is rela-
ively difficult at ambient temperature due to their limited ductility,
hich is essentially attributed to the limited number of slip sys-

ems owing to the hexagonal crystal structure. The non-basal slip
s hardly operative at low temperatures because critical resolved
hear stress (CRSS) of a basal slip system is approximately 1/100
ompare to those of the non-basal slip systems on prismatic and
yramidal planes at room temperature [2]. It is now well known
hat the formation of basal texture away from the rolling plane as
ell as a decrease in grain size can increase the formability of mag-
esium [3]. The results indicate that grains were effectively refined
y the equal-channel angular extrusion (ECAE) [4–6], cyclic extru-

ion and compression (CEC) [7–9] and accumulative roll bonding
ARB) [10,11]. The ECAE processes have been known to produce
exture with a strong basal component located at 45◦ between
xtrusion direction (ED) and ND. However, in the conventional

∗ Corresponding author at: National Engineering Research Centre for Magne-
ium Alloys, College of Materials Science and Engineering, Chongqing University,
hongqing 400044, PR China. Tel.: +86 23 65112239; fax: +86 23 65102821.

E-mail address: gshuang@cqu.edu.cn (G. Huang).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.090
sense, it is only applicable for rod products. The application base,
however, is more extended for flat products, which essentially
require the rolling behavior to be improved. However conventional
rolling generally gives rise to a strong basal texture in magnesium
alloy sheets [12,13], i.e. c-axis perpendicular to the rolling plane,
which increases the difficulty in deformation accompanying with
thickness reduction and leads to a very limited formability near
the room temperature. At present, the asymmetric rolling (ASR)
was used to process the magnesium alloy sheet with rotating the
basal plane away from the rolling plane. Several investigations into
the microstructure of and texture evolution in magnesium alloys
processed by asymmetric rolling can be found in the literature
[12,14–20]. The Mg–3Al–1Zn alloy sheets with a tilted basal texture
were obtained by asymmetric rolling and compared with a nor-
mal symmetrically rolled sheet, the ASR-processed sheet showed
a larger uniform elongation. Therefore it is an effective means to
enhance the room temperature formability of magnesium alloy
sheets by weakening the basal texture.

In previous researches [21], a method that we had termed
‘repeated unidirectional bending’ (RUB) could effectively improve
the (0 0 0 2) basal texture of magnesium alloy sheets. In this study,
the RUB had been used to change the textural components of

cold-rolled magnesium alloy sheet. The through-thickness texture
gradient was systematically investigated during RUB and annealing
by EBSD measure and the effect of texture on mechanical proper-
ties was discussed. This method not only improves the mechanical
properties by improving the basal texture but also enriches the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gshuang@cqu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.09.090
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Fig. 1. Schematic illustration of apparatus for RUB.
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ig. 2. Sketch maps of the orientation of the specimens for scanning electron
icroscopy. (a) Observation plane. (b) Measurement positions for EBSD analysis

n the RD–ND plane of the RUB-processed sheets. Position a is near the concave
ide, b in the centre and c near the convex side.

esearch methods of magnesium alloy sheet property improve-
ents.

. Experimental procedures

Commercial AZ31B magnesium alloy (Mg–3 wt.% Al–1 wt.% Zn) sheets with a
hickness of 0.8 mm, cut into 800 mm × 200 mm (length × width) pieces, were used
n the experiments. Fig. 1 shows an abridged general view of the RUB process, where
he magnesium alloy sheets were bent on a cylindrical support under a constant
orce T with a constant speed v. The bend direction was parallel to RD direction
f sheet; in other word: the sheets were bent at a constant speed v along the RD.
he radius of the cylindrical support was 1 mm and the bending angle was 90◦ . In
he experiments, six-pass bending was used. Before RUB was performed, part of a

agnesium alloy sheet was machined away to serve as an as-received specimen. All
f the specimens used in the experiments were from the central portions of sheets.
art of the specimens that had undergone RUB was then annealed at 260 ◦C for 1 h.

The microstructure was observed by using a metallographic microscope and
he macroscopic texture was obtained by X-ray. The X-ray texture analysis was per-
ormed for acquiring (0 0 0 2) pole figure using an X-ray diffractometer (XRD, Rigaku
MAX-1400 model) with Cu K� radiation, a voltage of 40 kV and a current of 100 mA.
rom the normalized and corrected data, the pole figures were constructed. The sur-
ace of sheet was used as observation plane of texture. For the sheets underwent RUB,
he observation planes of texture by XRD were the convexes. Electron backscatter

iffraction (EBSD) experiments were conducted using a longitudinal section, which
as selected as the observation plane as shown in Fig. 2(a). The EBSD analysis was
erformed at three places through the thickness of the sheet, as shown in Fig. 2(b).
he as-received sheets, processed by large-deformation cold rolling and recrystal-
ization annealing, had a uniform microstructure. So, in the case of the as-received
pecimen, the zone used in the scanning electron microscope for EBSD analysis could

Fig. 3. Optical micrographs of (a) as-received sheet, (b) RUB with
mpounds 489 (2010) 475–481

be any one of the zones a (near the concave side), b (in the centre of the thickness)
or c (near the convex side) shown in Fig. 2(b); here, we used b as the scanning
zone. However, for the other two specimens that were studied (processed by RUB
and processed by RUB and annealed at 260 ◦C), all three of these zones were used
as scanning zones, because of the different stress states that existed through the
thickness from the concave to the convex side. An Oxford Instruments HKL system
was used in the EBSD experiments. Scanning area of every zone is 300 �m × 100 �m
(RD × ND), and the scanning step is 1 �m.

The mechanical properties of the magnesium alloy sheets in the three states
described above were investigated by tensile testing. The tensile tests were carried
out at the angles of 0◦ (RD), 45◦ and 90◦ (TD) between the tensile direction and the RD
for investigating the anisotropy of the tensile properties, and the tensile strength,
the 0.2% proof stress and the elongation were obtained as the average values of
triplicate tests in each tensile direction.

3. Results and analysis

3.1. 3.1Microstructure and texture evolution

The through-thickness amount of strain was estimated using
curvature radius during RUB. First, we assume that the center line
of sheet-thickness have not elongation or contraction in length dur-
ing bending and the frictional force between the concave side and
the support is not considered. Under pure moment, the part of the
inside of the center line becomes short due to compression and the
part of the outside of the center line becomes long due to tension.
Thus the deformation amount of the unit length can be expressed
during bending:

e = R − Rn

Rn
(1)

where e is the bending strain, R is the radius of curvature, and
Rn is the radius of neutral layer. For RUB, the bending radius
1 mm and the thickness of sheet is 0.8 mm, thus the deformation
amount of the sheet-surface can achieve to about 28% during a
pass RUB. In this conclusion, the deformation amount does not
take into account the unbending deformation after passing the sup-
port. During the following passes, the deformation amount was
superposed.

Fig. 3 shows the microstructures of the different magnesium
alloy sheets. For the as-received sheet, the grains were fine. After
the RUB was carried out at room temperature, some twins were
found. Fig. 4 showing an EBSD mapping by orientation-imaging
microscopy (OIM) and the misorientation angle distribution of the
specimen undergoing RUB exhibited obvious increasing the num-
ber of grain boundaries near 86◦. These grain boundaries may
originate from {1 0 1̄ 2} pyramidal twins formed during bending
because basal planes in twinned and untwined region from an angle
86.3◦ [22,23]. And these twins mainly existed in the grains with the
Schmid factor of about 0.1–0.3. After the magnesium alloy sheet

underwent RUB was annealed at 260 ◦C, the twins disappeared
owing to static recrystallization and the grains near the surface of
sheet grew obviously. This is because the magnesium alloy sheets
used in the experiments have a given thickness. Thus there is a
gradient of strain during bending of a sheet. The amount of defor-

out annealing sheet and (c) RUB + 260 ◦C annealing sheet.
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Fig. 4. Orientation map and distribution of misorientation angle in the specimen undergoing RUB. Here, red lines mark the {1 0 1̄ 2} twinning boundaries. Colours corre-
sponding to different levels of basal Schmid factors are shown in bottom, when the tensile stress is applied in the RD. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 5. {0 0 0 2} pole figures of the magnesium alloy sheets (a) as-
ation experienced by the region near the surface is higher than
hat in the center, which makes it possible to produce the gradi-
nt microstructure with the coarse-grained surface layer and the
ne-grained layer in the middle of the sheet [24].

ig. 6. {0 0 0 2}pole figures of specimens after (a) RUB without annealing, (b) RUB + 260 ◦C a
s shown in Fig. 2(b).
ed sheet, (b) RUB without annealing, (c) RUB + 260 ◦C annealing.
The XRD basal pole figures of the magnesium alloy sheets with
different states are shown in Fig. 5. The strong basal texture existed
in as-received magnesium alloy sheet (Fig. 5(a)). For the magne-
sium alloy sheet underwent RUB, the c-axes of the grains had a more

nnealing. ‘Concave’, ‘centre’ and ‘convex’ represent the areas a, b and c, respectively,
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Fig. 7. Schematic diagram of grain rotation during RUB.

pread distribution in the RD and the basal texture tended to incline
rom the ND towards the RD. After the magnesium alloy sheet
nderwent RUB was annealed at 260 ◦C for 1 h, texture compo-
ents became more disperse with appearing more pole peaks, and
he basal texture were weakened because c-axis becomes inclined
rom the ND towards the RD. However, the c-axis is mainly dis-
ributed near directions parallel to the RD. This indicates that a
lose relationship exists between the recrystallization texture and
he grain orientation of the deformed matrix.

For RUB, at the beginning stage of the bending, when the sheet
asses over the support, it is very difficult to activate basal slip
uring bending because of the strong basal texture. At this stage,
lastic deformation depends mainly on prismatic slip and pyrami-
al twins. The result of prismatic slip is that the grains rotate around
he c-axis, but the basal-plane orientation does not change. How-
ver, pyramidal twins cause the basal planes of the grains to rotate
o an orientation that forms an angle with the untwined region
25]. During the following passes, the orientations and stress states
f the grains are changed because of the alternating operations of
lip and twinning. With an increase in the basal Schmid factor and
ctivation of the basal slip system, an angle is formed between the
asal planes of the grains and the bending direction so that the

-axis becomes inclined from the ND towards the RD.

The EBSD technology was used to discuss the through-thickness
exture gradient of magnesium alloy sheets underwent RUB. The
asal pole figures of the specimen that underwent RUB without

ig. 8. (a) Ultimate tensile strength and 0.2% proof strength; (b) fracture elongation of th
nd 45◦ .
Fig. 9. True stress–strain curves of the as-received sheet and the RUB + 260 ◦C
annealing sheet in the tensile directions of RD.

annealing are shown in Fig. 6(a). For the concave and the convex
sides, the c-axis was inclined by 0–20◦ from the ND towards the
RD. The authors’ opinion is that the c-axes of the grains can rotate
towards the bending direction during RUB, as shown in Fig. 7, which
shows a schematic diagram of the grain rotation during bending
and also the frictional force between the concave side and the sup-
port. Of course, this conclusion needs to be further researched.
The texture orientation of the concave side is more concentrated
in a region where the c-axis is inclined from the ND towards the
RD by about 15◦. This is partly because the concave side of the
sheet was subject to an additional shear deformation, which was
induced mainly by the friction between the sheet and the support
during RUB [13,14]. With regards to the centre portion of the sheet-
thickness, this cannot be considered as a neutral layer where the
degree of deformation was at its smallest, and it certainly cannot be
considered as a layer with no deformation, because the difference
between the compressive yield strength and tensile yield strength
of magnesium alloys leads to a shift of the neutral layer during
bending, and the range of the neutral layer needs to be determined.
Thus the centre portion of the thickness can be considered only as

an interior portion of the sheet and is expected to have a complex
stress state. For these reasons, the texture distribution of the centre
portion was different from that of both surfaces and evolved into
an elongated shape around the ND with the elongation direction

e as-received sheet and the RUB-processed sheets in the tensile directions RD, TD
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ig. 10. Work-hardening rates of the as-received sheet and the RUB + 260 ◦C annea

arallel to the RD. This indicated that the basal texture was main-
ained near the neutral layer. Fig. 6(b) shows the pole figures of the
pecimen that underwent RUB followed by annealing at 260 ◦C. The
asal texture is weakened and the pyramidal components of the
exture are increased significantly. The texture components have
ecome more dispersed, especially on the concave and the con-
ex sides, and the basal texture has been weakened significantly.
owever the texture orientation of the centre portion appears to
e relatively concentrated near the basal texture. These results also

ndicate that it is easier for nuclei in high-deformation regions to
row spontaneously, and that the less deformed grains disappeared
uring static recrystallization. A model [26] for the simulation of
eformation and recrystallization textures in close-packed hexag-
nal metals can also be used to explain the texture evolution during
ecrystallization annealing. The experimental results and the pre-
ictions of the model were consistent when nucleation took place

n the grains with the highest stored plastic energy. In our study,
he experimental evidence indicates that during recrystallization
nnealing the less deformed grain orientations disappear such as
asal texture, which means that the more deformed grains nucleate
nd consume the less deformed ones.

.2. Mechanical properties

The differences in the mechanical properties of the sheets in the
hree states studied, shown in Fig. 8, can be attributed mainly to
he effects of texture and microstructure because the sheets in the
hree states had approximately the same average grain size, which
as about 7 �m as determined by EBSD.

The tensile strength, 0.2% proof strength and fracture elongation
re shown in Fig. 8. The tensile strength did not show any obvious
hange with the tensile orientation of the specimens. This indicated
hat the texture had a weak effect on the tensile strength [14]. The
ensile strength of the sheets that underwent RUB without anneal-
ng was slightly larger than that of the other specimens because
f work hardening. Some studies [27,28] have found that twin-
ing induced during RUB can induce work hardening. For the sheet
hat underwent RUB without annealing, the 0.2% proof strength

as lower in the RD and 45◦ tensile orientations than in the TD

ensile orientation. These results indicated that RUB induced the
-axis to rotate towards the RD and lowered the proof strength. But
he fracture elongations of the sheet that underwent RUB with-
ut annealing were lower in all tensile orientations than the values
eet during the tensile deformation in the RD as a function of (a) � and (b) � − �0.2.

for the other sheets owing to work hardening; some researches
[29,30] have suggested that deformation twinning is harmful for
the forming of sheets. However, for the sheet that underwent RUB
followed by annealing at 260 ◦C, the 0.2% proof strength, which
showed a large decrease of about 10–50 MPa in all tensile orienta-
tions, was much lower than the values for the other sheets. Further,
the fracture elongation of the sheet that underwent RUB followed
by annealing at 260 ◦C was improved in all tensile orientations
owing to the elimination of work hardening and twins. Because
the c-axis was mainly inclined towards the RD, the proof strength
was lowest and the fracture elongation showed the largest increase
in the RD tensile orientation.

3.3. Influence of texture on work hardening and ductility at room
temperature

The true stress–strain curves of the as-received sheet and the
sheet underwent RUB followed by annealing at 260 ◦C in the ten-
sile directions of RD are shown in Fig. 9. Compared with the
as-received sheet, the strain hardening effect was stronger for the
sheet underwent RUB followed by annealing at 260 ◦C after the
macroscopic yielding. Fig. 10 shows macroscopic work-hardening
rates (d�/dε) of the as-received sheet and the sheet underwent
RUB followed by annealing at 260 ◦C under the tensile defor-
mation in the RD as the functions of � and � − �0.2, where �,
�0.2 and ε are true stress, proof stress and true strain, respec-
tively. The � − �0.2 is related to the dislocation contribution to
the flow stress [31]. As-received sheet shows first a steep hard-
ening decrease in Fig. 10(a), due to a short elastoplastic transition.
When the true stresses were about 150–170 MPa, the hardening
rate was very low for as-received sheet. The result indicated an
obvious yield point existed in as-received sheet. When the true
stresses were above 175 MPa, the work-hardening rates decreased
linearly with increasing the stress for both sheets and a smaller
slope was observed for the sheet underwent RUB followed by
annealing at 260 ◦C. Similar conclusions were obtained in Fig. 10(b).
After the elastic–plastic transition, the decrease of work hardening
may be related to soft behavior of the dynamic recovery origi-

nating from cross-slip of 〈a〉 dislocations from basal to prismatic
planes [31]. For the sheet underwent RUB followed by annealing at
260 ◦C with a tilt basal texture, the slower slope indicated that the
prismatic 〈a〉 slip was depressed owing to the activation of basal
slip. For the magnesium alloy with the inclined basal texture, it
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Fig. 11. Microstructures of the tensile specimens after 10% permanent strain

as easier to activate the {1 0 1̄ 2} twin at the early stage of ten-
ile deformation [12]. Fig. 11 shows the microstructure results of
he tensile specimens after 10% permanent straining in the RD of
he as-received sheet and the sheet underwent RUB followed by
nnealing at 260 ◦C. The fraction of twins in the sheet underwent
UB followed by annealing at 260 ◦C was larger obviously than
hat of as-received sheet. At the beginning of plastic deformation,
he formation of {1 0 1̄ 2} twin can relax the stress concentration
nd accommodate the strain incompatible owing to dislocation
a〉 slip [32]. Further the twin boundaries can also act as barriers
o dislocation motion and becomes a source of work hardening.
herefore the dynamic recovery tended to be depressed due to
he limited non-basal slips, and a higher work hardening was

aintained. In recently, some researches [33,34] have reported
hat {1 0 1̄ 2} twinning, which gives extension along the c-axis in

agnesium and its alloys, appears to increase the uniform elon-
ation and decrease the proof strength seen in tensile tests. Ref.
35] indicated the improvement of elongation and described that
his texture provided the favored orientation for {1 0 1̄ 2} extension
winning, which induced the increase in work hardening and in
urn led to a larger uniform elongation. Ref. [31] thought that the
ardening rate controls the ductility in magnesium alloy at room
emperature. Therefore, the larger elongation of the sheet under-
ent RUB followed by annealing at 260 ◦C can be attributed to the
igher work hardening, which was originated from the combina-
ion of the depressed dynamic recovery and the twin-induced work
ardening.

. Conclusions

In summary, the evolution of the texture of AZ31B magnesium
lloy sheets during RUB and annealing has been investigated, and
he mechanical properties of the RUB-processed sheets, with an
nclination of the c-axis towards the RD, were compared with those
f the as-received magnesium alloy sheets. After RUB, the proof
trength of the sheets, whose grain orientations mostly had an incli-
ation of the c-axis of towards the RD, was lowered in the RD and
5◦ tensile orientations. However, the fracture elongation was very

ow owing to work hardening. After RUB and annealing at 260 ◦C
or an hour, the texture components became more dispersed along
irections parallel to the RD. Further, the fracture elongation was
onsiderably increased, especially in the RD, and the proof strength
as lowered in all tensile orientations. The larger elongation of
he sheet underwent RUB followed by annealing at 260 ◦C can be
ttributed to the higher work hardening. These results indicate
hat RUB processing is an effective way of improving the mechan-
cal properties of magnesium alloy sheets at room temperature by
ontrolling the texture.

[

[

[

the RD of (a) the as-received sheet and (b) the RUB + 260 ◦C annealing sheet.
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