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Abstract: The effect of a two-step gradient thermal rolling process on the microstructure evolution and anisotropy as
well as the stretch formability of AZ31 magnesium alloys was investigated. Step I was carried out at 300 °C with a
small rolling reduction of 15% per pass, while the rolling temperature of Step II was 550 °C with per pass reduction of
40%. Finally, Mg alloy sheets with a thickness of 1 mm were achieved after total four rolling passes. The results
indicate that shear bands are generated in rolled samples when the rolling direction is unchanged, while twinning
lamellae and recrystallized grains emerge in samples when the rolling direction is changed in Step 1. After Step II
rolling, the size and amount of shear bands decrease, and grains are refined greatly owing to the enhanced activation of
dynamic recrystallization. Besides, non-basal slips, especially prismatic (a) slips, are found to be promoted as well
based on the in-grain misorientation axis (IGMA) analysis. Therefore, improved mechanical properties, reduced
anisotropy, and the improvement of stretch formability of AZ31 Mg alloy sheets are achieved.

Key words: magnesium alloy sheet; two-step increased temperature thermal rolling; non-basal slip; shear band; texture;
stretch formability

Poor formability would be obtained due to the

1 Introduction special close-packed hexagonal (hcp) crystal

As the lightest metal structural material,
magnesium alloy has attracted much attentions in
the automotive and electronics industries in recent
years owing to its low density, excellent specific
strength, high specific stiffness and so on [1].
However, only two independent slipping systems
can be activated with a strong basal texture [2].

structure at room temperature [3]. Thus, the
application of Mg alloys is limited, and improving
the stretch formability is urgent.

ZHAO et al [4] reported that the plasticity of
Mg alloys could be enhanced by texture controlling.
ZHANG et al [5] fabricated AZ31 alloy sheets via
the repeated unidirectional bending (RUB) process
and found that the Erichsen value was enhanced

Corresponding author: Li-fei WANG, Tel: +86-18635166011, E-mail: wanglifei@tyut.edu.cn

DOI: 10.1016/51003-6326(23)66166-7

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Li-fei WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1066—1085 1067

greatly arising from the decreased basal texture
intensity from 30.6 to 8.8. SONG et al [6]
developed a new rolling technology by introducing
a continuous bending channel into an equal channel
angular rolling apparatus. After the ECAR-CB
process and annealing, the stretch formability was
improved on the texture weakened AZ31 Mg alloy
sheets. It was proven that the texture could be
modified not only by the induced shear deformation
but also by promoting the activation of non-basal
slips during deformation. CHINO et al [7] stated
that splitting of the basal plane would be generated
and the basal texture was weakened greatly after the
addition of minor amount of Ce (0.2 wt.%) during
rolling due to the promotion of prismatic slips. The
stretch formability was improved obviously at room
temperature. CHAUDRY et al [8] found the similar
phenomenon after adding 0.5 wt.% Ca into AZ31
Mg alloys. During hot rolling, not only basal slips
but also prismatic slips were enhanced so that
non-basal slips competed with basal slips which
resulted in the weakening of the basal texture.

The activation of non-basal slips can also be
promoted by the high temperature-induced strain
with a higher thermal activation. TROJANOVA
et al [9] indicated that the critical resolved shear
stress (CRSS) of non-basal prismatic slips was
reduced obviously at higher deforming temperature
on Mg alloys. Thus, their activities were enhanced.
HUANG et al [10] reported that the intensity of
basal texture on AZ31 Mg alloy sheet was reduced
from 15.4 to 2.7 when the finished pass rolling
temperature was above 520°C owing to the
activation of non-basal dislocations, while the
Erichsen test (IE) value improved at room
temperature. However, more literatures about the
texture controlling induced by high-temperature
strain have not been found. In addition, it is
reported that the strain path routes have a
significant effect on the texture weakening as well
as stretch formability. ZHANG et al [11] revealed
that the intensity of the {0002} basal texture was
reduced remarkably on AZ31 Mg alloy sheets by
three routes rolling at warm temperature. MA
et al [12] conducted four routes of asymmetric
reduction rolling on AZ31 Mg alloys. The results
showed that the strain was more effective when the
sheet was rotated by 180° in both RD and ND after
the first pass rolling. Therefore, strain path
controlling had an important effect on the micro-

structure, texture and properties of Mg alloys.
However, the effect of strain path on the
texture evolution at higher temperatures has rarely
been reported, especially at super-high temperatures.
Thus, two-step thermal rolling with limited rolling
passes is conducted to investigate the effect of
strain path routes on the non-basal slips and texture
evolution of Mg alloy in this work. The micro-
structure compared, and the
anisotropy and stretch formability are studied.

evolutions are

2 Experimental

Commercial AZ31 (Mg—3wt.%Al—1wt.%Zn)
Mg alloy plates with a thickness of 4 mm were used
as the as-received material in this study. Before
rolling, all samples were annealed at 350 °C for 1 h.
Two-step increased temperature thermal rolling was
conducted with different reductions along two
strain path routes. To clearly clarify the effect of
strain path on the texture evolution at elevated
temperatures, Step I rolling was conducted at a
temperature of 300 °C with a small strain level
(avoiding cracking) of 15% per pass, while the
rolling temperature was set as 550 °C in Step II, and
a larger rolling reduction of 40% in a single pass
was introduced. Finally, the thickness of the Mg
alloy plate was reduced to 1 mm after a total of 4
passes rolling. In addition, two routes were applied.
Route A is unidirectional rolling, while the direction
of Route B changed by 90° per pass. To compare
the effect of two-step increased temperature thermal
rolling on the stretch formability of Mg alloys,
conventional hot rolling was also conducted,
especially for the formability measurement. The
rolling direction was always along RD, and the
temperature was 300 °C with rolling reduction of
15% each pass. After 5 passes, a final sheet with a
thickness of 1 mm was obtained. A schematic
diagram of the two-step increased temperature
thermal rolling is shown in Fig. 1, and the detailed
rolling processes are summarized in Table 1. The
actual various rolled Mg sheets are shown in Fig. 2.
After finishing the rolling, the specimens were
annealed at 300 °C for 2 h to obtain a fully uniform
recrystallized microstructure.

Then, dog-bone tensile specimens with gauge
lengths of 10 mm % 3 mm along RD, 45° and TD
were taken from various rolled and annealed
Mg alloy sheets. Tensile tests were conducted on
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Fig. 1 Schematic diagram of two-step route rolling process

Table 1 Detailed parameters of two-step increased temperature thermal rolling

Route Step Pass Temperature/°C Direction Reduction/% Thickness/mm

| 1 300 RD 15 3.40

2 300 RD 15 2.89

A I 3 550 RD 40 1.73

4 550 RD 40 1.00

| 1 300 RD 15 3.40

B 2 300 TD 15 2.89
I 3 550 RD 40 1.73

4 550 TD 40 1.00

Two-step rolling Conventional rolling

Route A
" 4P 300 °C

Route A Route B

300°Cc | &

Fig. 2 Actual pictures of AZ31 Mg alloy rolled sheets
with various passes

DNS2000 electronic universal testing machine at
room temperature. The strain rate was 1x1073s7L,
Each test was repeated three times. The strain
hardening coefficient (n-value) was measured from
the tensile stress—strain curves. For the Lankford
r-value, the samples were stretched to 12%, and
then the strain along width and thickness directions

was measured. A rectangular sample with a size
of 45 mm x 45 mm was used for Erichsen test.
The diameter of the hemispherical punch was
(20£0.05) mm. The press speed of the punch was
10 mm/min, and the blank force was 10 kN. Engine
oil was used as the lubricant at the center of the
specimen.

The microstructures before and after annealing
were observed with an optical microscopy (OM,;
Leica DM2700 M). The {0002} pole figures and
crystal structure evolution were measured by
electron backscatter diffraction (EBSD) analysis
using an HKL Chanel 5 System equipped in a
scanning electron microscope (JEOL GSM—7800F
FEG SEM). Sample preparation for EBSD
observation included mechanical grinding and
surface polishing. Thereafter, electropolishing was
carried out with commercial AC2 solution at a
temperature of —20 °C using a voltage of 20 V for
90 s.

3 Results and discussion
3.1 Microstructure evolution

The optical microstructure, inverse pole
figure (IPF), grain size distribution, misorientation
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distribution map and {0002}, {1010}, {1120}
pole figures of the as-received AZ31 magnesium
plate are shown in Fig. 3. It can be seen clearly
that equiaxed grains without twins are distributed
in the microstructure. The average grain size is
approximately 26.4 um and the average mis-
orientation distribution value is about 34.1°. This
means that the microstructure is completely
recrystallized. From the IPF map in Fig. 3(b), most
grains express a red color, which indicates that most
grains lay on the {0002} basal plane. Thus, the
c-axis of grains is parallel to the normal direction
(ND) of the plate, and a typical basal texture
is exhibited, although some grains tilt to the
transverse direction (TD), as shown in Fig. 3(c).
The intensity of the basal texture is 14.23. KUANG
et al [13] stated that non-basal slips could not be
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activated at room temperature owing to larger
CRSS. LI et al [14] suggested that basal (a) slips
would be restrained on Mg alloys in subsequent
deformation with a strong basal texture. A smaller
Schmid factor (SF) of basal slips can be obtained,
which is not conducive to improving the ductility of
Mg alloys.

The optical microstructures of various rolled
AZ31 Mg alloys on RD—ND plane are shown in
Fig. 4. The samples after 1, 2, 3, and 4 passes
rolling under Route A and B are namely Al—-A4
and B1-B4, respectively, which is consistent with
Table 1. Twinning lamellae are generated after
one-pass unidirectional rolling along RD, and the
grain size does not change much, which is almost
similar to as-received specimen. However, shear
bands appear as dark sharp straight lines, as shown
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Fig. 3 Microstructure and pole figure of as-received AZ31 magnesium alloys: (a) Optical microstructure; (b) Inverse

pole figure (IPF) map; (c) Grain size distribution; (d) Misorientation angle distribution; (e) Pole figures
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Fig. 4 Optical microstructures of various two-step thermally-rolled AZ31 magnesium alloys without annealing:
(a) Sample Al; (b) Sample A2; (c) Sample B2; (d) Sample A3; (e) Sample B3; (f) Sample A4; (g) Sample B4

by red arrows along the blue lines. During the
second thermal pass rolling in Samples A2 and B2,
it is noted that the deformation is still dominated
by twinning. Many twins are distributed in the
microstructure. In addition, some new dynamically-
recrystallized (DRXed) grains appear, as shown by
the red circles in Figs. 4(b, c¢). In Sample A2, most
small new grains are close to the shear bands during
unidirectional rolling, which is parallel to RD.
However, the distribution of DRXed grains is more
uniform, and the volume fraction increases with the
rolling direction changing in Sample B2. ZHI
et al [15] indicated that the direction of the tensile
and compressive stresses on the sheet were always
the same during the unidirectional rolling, while it
would change continuously when the direction was
altered. The changing direction of rolling strain is
more likely to lead to grain breakage and larger
distortion energy, which favors DRX nucleation.
Thus, more DRXed grains are generated in Sample
B2.

GUO et al [16] suggested that dislocations

accumulated at shear bands during rolling on AZ31
Mg alloys so that the nucleation of DRX behavior
would be promoted. Shear band-induced DRX
behavior may also start in Sample A2. During the
thermal rolling in Step II with a larger reduction
of 40% at 550 °C in Sample A3, shear bands and
twinning are generated again, as shown in Fig. 3(d).
The size of the shear bands becomes narrow and the
amount decreases. However, only twinning lamellae
emerge when the rolling direction is changed in
Sample B3. After the fourth pass rolling, the grain
size of two samples is reduced obviously. Shear
bands still emerge, but the width in Sample A4 is
reduced continuously compared to that in Sample
A3. In Sample B4, twins are distributed fully. The
evolution of shear bands and twins during the
two-step thermal rolling may be related to the
enhanced non-basal slip and DRX behaviors with
different stress states at elevated temperatures. To
clarify the microstructure evolution mechanisms,
EBSD analysis was conducted on as-rolled samples,
A3 and B3.
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IPF maps and {0002} pole figures of the
as-rolled A3 and B3 samples without annealing are
shown in Fig. 5. The microstructure characteristics
are consistent with optical results. The shear bands
are obviously acquired in the band map in Sample

)

Regionll

{0002}

A3. However, it is difficult to index local crystals
inside shear bands, which is probably due to the
localized strain concentration. Only some parental
grains and larger twinning lamellae are observed. In
Sample B3, shear bands cannot be found, and twins

Fig. 5 EBSD maps and pole figures of various rolled samples without annealing: (a) Sample A3; (b) Sample B3
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are distributed, which is similar to microstructure in
Fig. 4(e). In both samples, large amounts of low
angle grain boundaries (LAGBs) are generated,
especially 2°—5°, which indicates that most grains
are deformed seriously. The c-axis of indexed
grains in Samples A3 and B3 is rotated from ND to
RD, which expresses a blue color compared with
that of the as-received sample. In addition, many
grains are distributed randomly in the middle
part of the {0002} pole, and the fraction is much
greater in Sample B3 than in Sample A3. From the
{1120} and {1010} pole figures, more non-basal
prismatic grains are expressed in Sample B3. As
well known, the orientation of grains is generated
mainly related to the deformation mechanism. The
grains with a basal orientation are induced due to
the activated basal slips, while non-basal orientation
grains are induced by non-basal slips, including
{1010}, {1120} prismatic (a) slips and {1011},
{1121}, {1122} pyramidal (a+c) slips.

To study the detailed deformation mechanisms,
in-grain misorientation axis (IGMA) analysis was
performed. The IGMA method was first introduced
by CHUN et al [17,18]. Based on the tilted
Taylor axis of (0110), (0001) and (1100), the
{0002}(1120) basal slip, {10 10}(1120) prismatic
slip and {1122}(1123) pyramidal slip can be
determined. According to the IGMA method, eight
grains are selected randomly in each sample. The
misorientation angle concerned in this work ranges
from 1.2° to 2.0°. Figure 6 shows the IGMA
distributions of various grains in Samples A3 and

Sample A3 | /
016/2.11 /0.01/3.25
g Ga2 €
0.32/3.72?
c 4

Gal

B3. The grains are marked as Gal—Ga8 in Sample
A3 and Gb1-Gb8 in Sample B3, as shown in Fig. 5.
To clarify the texture distribution, the maximum
legend of texture intensity is set as 3. The IGMA
distributions are mainly concentrated around (uvt0)
directions in Gal, Ga2, Ga6, and Ga7. In addition,
the maximum intensity is larger than 2, which is
considered to have preferential IGMA. According
to previous report, (uvt0) type rotation is caused
owing to the activation of (a) type basal and (ct+a)
type pyramidal slips. However, the approximately
(0001) rotation is only caused by the activation of
prismatic {(a) slips. It has been reported that the
CRSS of basal slips is insensitive to increased
temperatures; however, it reduces gradually on
non-basal slips when the temperature increases.
HAGIHARA et al [19] indicated that the
CRSS of non-basal slips showed a strong
temperature dependence, which decreased rapidly
at approximately 400 °C on Mg89Zn4Y7 alloys.
TAKAGI et al [20] stated that the localized
prismatic slips were suppressed by the interaction
with co-operative basal slips at the transition
temperature of 300 °C; however, it was distributed
homogenously concurrent with basal slips on the
basal plane obove the critical temperature on
Mg—Zn-Y single crystal. Both prismatic and basal
slips were promoted at elevated temperatures. The
CRSS values were relatively similar. Then, the
trend continued to reduce as the temperature
increased to 450 °C during compression on pure
Mg single crystals, as indicated by HAPUIS and
0.272.44 &

‘1’ W
0.27/2.67w
Ga3 / Gad
‘ﬁ,‘ v
0.41/2.38 s 0.46/1.24
Ga7 © Ga8

0.18/230
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0170 b5
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Fig. 6 IGMA distributions of numbered grains in Samples A3 and B3 without annealing in Figs. 5(a, b)
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DRIVER [21]. Therefore, in Gal, Ga2, Ga6, and
Ga7, both basal (a) slips and pyramidal {a+c) slips
may be activated during rolling at 550 °C. In Ga3,
Ga4, and Ga5, the maximum intensity of IGMA
tends to rotate along (0001) axis, which means that
(a) type prismatic slips are also favorable during
rolling deformation.

In Sample B3, a preferential IGMA is also
emerged in selected grains. However, the IGMA
distributions are mainly concentrated around
the (0001) axis in Gb3 and Gb7 specifically.
Considering that the CRSS of prismatic (a) slips is
relatively similar to basal slips on Mg alloys above
400 °C, prismatic (a) slips should be much easily
activated in Gb3 and Gb7. The maximum intensities
of IGMA are 10.73 and 5.34 and are located at
approximately (0001), which suggests that the
deformation is dominated by prismatic {a) slips in
Gb3 and Gb7. In Gb2, Gb5 and Gb6, the maximum
intensity of IGMA tends to approximately the
(0001} axis, which also suggests prismatic {(a) slips
are favorable during rolling deformation. In Gb4
and GbS, the IGMA distributions are concentrated

1073

around {uvt0), which is mainly caused due to the
basal (a) slips and pyramidal slips. In Ga8 and Gbl,
the intensity is less than 2, which expresses a
uniform IGMA. This can be attributed to the
coactivation of various slip modes.

Local lattice orientation maps of selected
grains in subregions in Fig. 5 are shown in Figs. 7
and 8. The misorientation angle relationship along
the line inside and across the grain boundaries are
also exhibited. Coarse grains G1—G7 and fine
grains G8—G14 close to shear bands are selected to
analyze the deformation mechanisms. Grains
G1-G7 distribute randomly away from the center of
the pole figure. Large amount of LAGBs are
presented inside or around the grains, which means
that these grains are severely deformed and might
not be recrystallized. The line profiles of the
point-to-origin along Line 1 in G2 are demonstrated
in Fig. 7(a), which indicates that the misorientation
angles increase gradually and the peak angle is
approximately 13°. This means that a great
dislocation activity occurs in G1. Meanwhile, the
nearby smaller grains G5 and G6 are distributed

20
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g
=}
S0t
<
=
k>
s 5T
=
0 5 10 15 20
Distance/pm
G10
_GA3 it
G4~ gr" 348
G 1
20
= 15+
g
=]
S 10t
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s 5T
>
0 2 4 6 8 10
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Fig. 7 Local lattice orientation of grains and misorientation angle distribution along Lines 1 (a) and 2 (b) in Sample A3
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Fig. 8 Local lattice orientation of grains and misorientation angle distribution along Lines 3 (a) and 4 (b) in Sample B3

close to RD, which expresses a mnon-basal
orientation. This is the evidence of CDRX [22]. In
addition, the CDRX is proceeded by the non-basal
(a) slips. It is similar in the fine grain G8 which is
close to the shear bands. The misorientation profile
along Line 4 increases and the angle exceeds 10°.
This indicates that large amounts of dislocations
are piled up around shear bands as well as
grains. The dislocation density decreases as well
when finer grains are formed, as indicated by the
misorientation in G8.

In Sample B3, Regions III and IV are selected
to analyze the local grain orientation. G15—G28 are
detected in two regions, and the distributions are
illustrated in the basal pole. It can be seen that
grains are distributed away from the center of
the pole. Along Lines 3 and 4, the misorientation

angle increases; however, the peak value is much
lower, which means that the dislocation density is
smaller than that in Sample A3. In addition, grains
G15—G28 express more random distributions than
grains G1—G14. This indicates that the stress
concentration is released obviously during Route B
rolling due to the enhanced activity of non-basal
slips. Thus, in the Step II increased temperature
thermal rolling, the deformation activities are
enhanced in both samples. As shown in Fig. 5,
some grains are distributed randomly in the {0002}
pole except for RD-closed twins, especially in
Sample B3, and the amount of these grains is much
larger. CHO et al [23] reported that the frictional
force and compressed force are applied on the sheet
during unidirectional rolling. The resultant forces
lead to the strain direction tilting from RD to ND,
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so that the large flow local dislocations are piled up.
ZHANG et al [24] indicated that the generation of
shear bands in Mg alloys was associated with
deformation twins or dynamic recrystallization near
grain boundaries. This high dislocation density
contributes to the formation of shear bands.
However, due to the enhanced non-basal slips, the
stress concentration is released gradually during hot
deformation; therefore, the amount of shear bands
in Sample A3 is reduced.

Along Route B, the orientation of grains
diverges, which favors basal and non-basal slips so
that the dislocation piles are prevented and the
stress concentration is released much easily.
Therefore, only twinning lamellae and DRXed
grains emerge in Sample B3. In addition, the
generation of shear bands in Sample A3 seems to be
related to the DRX behavior at this high rolling
temperature, by combining Fig. 6(a) and Fig. 5(d).
However, there may be a similar reason in Step I
rolling. The rolling temperature is much lower so
that basal slips mainly dominate the deformation in
both rolled Samples A and B. Due to the pilled
dislocations, the shear bands are generated more in
Samples Al and A2, and the twinning is mainly
response for the formation of shear bands. However,
the dislocation pile-up is much weaker when the
rolling direction changes. Thus, there are limited
distributions in Sample B2.

The IPF maps, misorientation and grain size
distribution of various thermally-rolled Mg sheets
after annealing are shown in Fig. 9. All twins and
shear bands of the two-step rolled Mg sheets
disappear after annealing at 300°C for 1h.
Equiaxed and red-colored grains are distributed in
the microstructure, which means that deformed
structures are recrystallized and the
orientation rotates from RD to ND. The grain sizes
are 23.3, 17.4, 15.8, 11.9 and 8.5 um in Samples Al,
A2, B2, A4 and B4, respectively. As the rolling pass
increases, grains are refined more obviously,
especially at Step II in Samples A4 and B4. JIA
et al [25] reported that the temperature played a
significant role in the microstructure during rolling
of Mg alloys. MA et al [12] indicated that the
rolling route influenced the dynamic recovery,
which affected the recrystallization behavior of
AZ31 Mg alloys. In Step I, by comparing the
microstructures with as-received ones, for Sample
A1l without annealing and after annealing, the grain

grain

size is refined to a small level, as shown in Fig. 7(a).
The large amount of twins and shear bands are
consumed during the annealing process. However,
the faction of the low-angle grain boundaries
(LAGB, 0°-15°) is relatively higher, and the
average misorientation is approximately 31.1°.
After 2 passes rolling with 15% strain at 300 °C,
grains are refined more in both routes of rolled
samples; in addition, the fraction of LAGBs
decreases, and that of the high angle grain boundary
(HAGB) increases. Especially by changing the
rolling direction in Sample B2, the average
misorientation angle is 39.2° compared to Sample
A2 with the value of 38.1°.

The phenomenon is similar in the increased
temperature Step II rolling process at 550 °C in
Samples A4 and B4. The grain size is refined
more when the rolling route is changed, and the
average misorientation values are 37.8° and 43.2°,
respectively, as shown in Figs. 9(d, e), which means
that recrystallization behavior is promoted more
through rolling Route B. As indicated in as-rolled
microstructure without annealing, shear bands
always emerge in rolled samples in Route A;
however, there are mainly twins in Sample B due to
the alternatively changing stress direction. It has
been reported that recrystallization nucleation sites
are always favored at shear bands [26], twins [27],
and intersections between grain boundaries and
twins [28]. When increasing the temperature to
550°C in Step II rolling, thermal activities are
promoted, and shear bands are restricted owing to
the release of the stress concentration. Although
are not favored at high temperature,
twinning lamellae still exist fully in the rolled
microstructures induced by the local large strain
of 40%. Thus, static recrystallization occurs easily,
and finer grains are formed after the annealing
process, as shown in Samples A4 and B4 in Fig. 9.
Due to the changing in stress directions, the static
recrystallization is significant, and the grains are
finer. The peak misorientation of Sample B4 is
approximately 40°.

twins

3.2 Texture and Schmid factor

Figure 10 shows the {0002}, {1010} and
{1120} pole figures of the two-step increased-
temperature thermal-rolled Mg alloy sheets. All
samples still express the characteristics of rolled
basal texture; however, the c-axis of some grains
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Fig. 9 IPF maps, misorientation distribution and grain si
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tilts away from ND towards RD and lays on
ND-RD plane. With the increase of rolling pass, the
intensity of basal texture is reduced gradually to
15.6 (Sample Al), 8.1 (Sample A2), 6.9 (Sample
B2), 6.2 (Sample A4), and 5.5 (Sample B4). The

weakening of basal texture can be related to the
activation of non-basal slip systems. After 1 pass
undirectional rolling in Sample Al with a smaller
strain level of 15% at 300 °C, the intensity of the
basal texture is strengthened slightly. This may be
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Fig. 10 {0002}, {1010} and {1120} pole figures of various thermally-rolled AZ31 Mg alloy plates after annealing:
(a) Sample A1; (b) Sample A2; (c) Sample B2; (d) Sample A4; (e) Sample B4

due to the induced large amount of shear bands
with a high strain concentration. SAMMAN and
GOTTSTEIN [29] reported that the inhomogeneous
deformation, such as shear bands, would result in a
relatively small strain accommodation, which was
beneficial to stretching of the basal texture at
relatively low temperatures. However, as the rolling
processes continue, the number of shear bands
decreases. Non-basal slips, recrystallization and

stress states may respond to the texture evolution.
As shown in Figs. 10(b, c), the basal texture
weakens remarkably compared with the as-received
and Sample Al after anealing. In addition, some
grains tilt to RD, and the {0002} pole tends to
be more divergent, especially in Sample B2. SU
et al [30] and ZENG et al [31] indicated that a
significant texture weakening occurred due to static
recrystallization (SRX) at the pre-existing twins and
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grain boundaries. The orientation of new SRXed
grains is dependent on the type of twins, as reported
by HUANG et al [32].

According to as-rolled samples, A3 and B3,
some tensile twinning orientation is distributed
in the {0002} pole close to RD, namely, (1012)
tensile twins. Therefore, the RD-tilted weakening
basal textures are achieved in various thermally-
rolled samples. In addition, FLYNN et al [33], and
PRASAD and RAO [34] indicated that the primatic
(a) slips would start above 175 °C, while pyramidal
(at+c) slips would take out above 225 °C. Thus,
non-basal slips compete with basal slips, which
does not benefit the formation of basal texture
component. As the rolling process proceeds, the
density of non-basal slip increases, which promotes
the statically-recrystallized (SRXed) grains to
nucleate toward various directions, and the basal
texture is weakened. However, compared with
Sample A2, the intensity of the basal texture is
weakened more obviously in Sample B2. This is
due to the alternatively changing direction of
tensile and compressive stress, which results in
more divergence of grain orientation. However, the
texture weakening is more significant in Step II
increased-temperature rolling with a larger strain
degree of 40% each pass at 550 °C. HUANG
et al [35,36] indicated that higher temperature
deformation increase the orientation
gradients near the grain boundary due to GBS or
enhanced non-basal slips. Then, SRX behaviors are
likely to start at grain boundaries with larger
orientation gradients and higher local dislocation
densities. Therefore, a remarkably weakened basal
texture is obtained in Samples A4 and B4. The
texture weakening effect is significant
with changing the rolling direction at higher
temperatures, as shown in Sample B4. A smaller
double-peak RD-tilted basal texture almost emerges
in the {0002} pole. In addition, HUANG et al [10]
also reported that a slight double-peak non-basal
texture on AZ31 Mg alloy sheets was generated due
to the enhanced non-basal slips during higher
temperature rolling. However, it is observed in
changed route rolling rather than unidirection
rolling in this study, which means that non-basal
slips are promoted more when the rolling stress
directions are changed alternatively. ZHANG
et al [37] reported that the orientation of grains
was related to the final rolling route. The tilted

would

more

direction of grains follows the final rolling direction.
However, the orientation of grains is still close to
RD, which indicates that the enhanced non-basal
slip activities play a more important role than the
stress state during high-temperature rolling.

The Schmid factors (SF) of basal slip
{0001}(1120), prismatic slip {10 10}(1120),
pyramidal slip {I011}1120) and {1122}(1123)
in various rolled and annealed AZ31 Mg alloys
when the loading direction is parallel to ED and TD
are shown in Fig. 11. The average Schmid factor
(SF) values for {0001}(1120) basal slip are 0.237,
0.214, 0.243, 0.264, 0.272 and 0.299 in as-received
sample, Al, A2, B2, A4 and B4, respectively. The
SF decreases after the first pass of Step I rolling and
increases gradually as the thermal rolling process
continues. It expresses an opposite trend on slip
systems of {1010%1120), {1011X1120) and
{1122)(1123) in various rolled Mg sheet samples.
When the loading direction is parallel to TD,
{0001}(1120) basal slips are not favored; however,
the average SF values increase on slip systems of
{10 1031120y, {10 11}(1120) and {1122}1123),
which is much more favored. The changing trend of
SF is mainly related to the texture evolution. As
shown in Figs. 4 and 10, the basal pole is much
more emanative towards RD, and the intensity is
reduced gradually as the two-step rolling passes
increase. Due to the weakening of {0002} basal
texture and rotation of grains to RD, the
{0001}(1120) basal slips are activated easily,
which leads to the increased {0002}(1120) SF
when the loading direction is parallel to RD.
However, the intensity of the basal texture is
enhanced in the 1 pass rolled Al sample; thus, the
SF is slightly decreased. The basal slips are slightly
not favored owing to the RD-tilted grain crystal,
which is a hard orientation for the {0001}(1120)
basal slips when the loading direction is along TD.
The more the tilted grains there are, the less favored
the basal slips will be along TD. The change in SF
affects the mechanical properties significantly
during subsequent deformation.

3.3 Mechanical properties and anisotropy

The true tensile stress vs strain curves of
various rolled and annealed AZ31 Mg alloy sheets
along RD, 45° and TD are shown in Fig. 12. The
mechanical properties (yield strength (YS), ultimate
tensile strength (UTS), and fracture elongation (FE)
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of 4-pass thermally-rolled samples are shown in
Fig. 13. The flow stresses of various samples are
improved after thermal rolling compared with those
of as-received sample. This is mainly related to the
grain refinement as well as the texture evolution.
Due to fine grains, the strength is enhanced,
including the yield strength and ultimate tensile
strength, while the ductility is improved owing
tothe promotion of basal slips induced by basal

texture weakening. After Step II rolling, the basal
texture is emanative to RD or TD and a tilted
texture component is generated which is beneficial
to the activation of basal (a) slips during the
deformation in two routes of rolled samples.
Especially for Samples A4 and B4 with a final
thickness of 1.0 mm, the YS values of the two
samples are 165.5 and 174.1 MPa, and the UTS
values are 360.6 and 365.9 MPa, respectively, when
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the tensile direction is parallel to RD. Along TD,
the YS values are 140.6 and 164.8 MPa, while UTS
values are 318.9 and 370.1 MPa, respectively. Both
the YS and UTS of Sample B4 in different
directions are larger than those of Sample A4. This
is because much finer grains are obtained after
alternatively-changing  direction rolling than
unidirectional rolling.

Moreover, the differences of YS between RD
and TD of Samples A4 and B4 are approximately
24.9 and 9.3 MPa, respectively. The anisotropy of
YS is reduced obviously in Sample B4. The trend is

similar to the sample after two passes of rolling in
Samples A2 and B2. In general, a strong YS
anisotropy is generated on Mg alloy sheets after
multi-pass rolling owing to the basal texture [38].
The more the rolling passes and the larger the strain
are, the stronger the basal texture and the anisotropy
will be [39]. However, in this study, Step II rolling
is carried out at higher temperature, and prismatic
(a) and pyramidal {a+c) slips are promoted, which
results in competition with basal {a) slips during
deformation. The larger the strain levels are, the
more the activation of non-basal slip is and the
weaker the basal texture 1is, especially the
generation of non-basal slip texture. From
Figs. 10(d, e), the basal texture of Sample B4 is
much more emanative towards RD and TD, while it
tilts along RD in Sample A4. Thus, a weaker basal
texture component is generated in Sample B4.
ZHANG and CHENG [40] suggested that the basal
texture contributed to the anisotropy of Mg alloy
sheets. Therefore, the difference of YS is reduced at
the same time, and the anisotropy is weakened.
There is a similar reason for the fracture elongation.
The increased SF of basal slips results in the larger
improvement of the fracture elongation in Sample
B4 compared with A4.

The strain hardening coefficient value (n-value)
and Lankford value (7-value) of Samples A4 and B4
are given in Table 2. A larger average n-value and
lower r-value are obtained in Sample B4 compared
with Sample A4. AGNEW and DUYGULU [41],
and SONG et al [6] indicated that the n-value and
r-value were sensitive to the texture. With a
weakened and emanative basal texture, basal slips
are promoted much more obviously so that more
dislocations are sustained, which results in a
higher n-value. A larger n-value benefits uniform
deformation, and increased fracture elongation is
achieved, as shown in Fig. 13(b). The r-value
represents the ability to prevent thickness thinning
under in-plane deformation. SONG et al [42]
reported that the strain along width direction was

Table 2 Strain hardening coefficient value (n-value) and Lankford value (r-value) of Samples A4 and B4 under

annealed conditions

n-value r-value
Sample n 7
RD 45° TD RD 45° TD
A4 0.2105 0.2343 0.3448 0.2559 2.126 2.273 2.968 2.410
B4 0.2972 0.2936 0.3884 0.3181 1.342 1.518 2.172 1.638
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Fig. 14 Erichsen test (IE) values of various thermally-rolled AZ31 alloy sheets under annealed conditions:

(a) Conventionally hot-rolled sample; (b) Sample A4; (c) Sample B4

accommodated by prismatic slips, while the strain
along thickness direction was generated by
pyramidal {c+a) slips and contraction twinning
under in-plane deformation on Mg alloys. However,
due to the higher CRSS of pyramidal (c+a) slips
and contraction twinning, they are not easy to
activate at room temperature; thus, a higher r-value
is obtained. Under this condition, basal slips may
play an important role in coordinating the
deformation along the thickness with a weakened
basal texture. In Sample A4, a tilted RD basal
texture is generated after annealing so that basal
slips are promoted and a higher SF is obtained
when loading direction is along RD. Therefore, the
strain along thickness direction is coordinated more
by basal slips, which results in a smaller »-value.
However, it increases when the loading direction is
changed. In Sample B4, the basal texture is much
more emanative, and grains tilt toward both RD and
TD, as shown in Fig. 10(e). Thus, basal slips are
enhanced along not only RD but also TD. A lower
r-value is achieved in Sample B4. A higher n-value
and smaller r-value contribute to the improvement
of the stretch formability of Mg alloy sheets.

The Erichsen test (IE) values of two-step
thermally-rolled Mg alloy sheet samples, A4 and
B4, as well as conventionally hot-rolled (CTR)
AZ31 sheets under annealed condition at room
temperature are shown in Fig. 14. In order to
compare the effect of two-step rolling on the
formability of Mg alloys, the Erichsen test on CTR
samples were conducted specially. The IE values of
CTR, A4 and B4 samples are 2.25, 3.98 and
5.17 mm, respectively. Compared with the CTR
sheet, the stretch formability is improved by 76.8%
and 129.7% on Samples A4 and B4, respectively.
Both the unidirectional and alternatively-changed-
directional rolled samples during two-step increased-
temperature thermal rolling express a higher
formability. In addition, ZHANG et al [11]
indicated that the IE values after unidirection
rolling and cross-rolled samples were 3.74 and
4.81 mm on one-step rolling at 300 °C, respectively.

This means that the two-step thermal rolling
process has more advantages than conventional or
cross rolling to enhance the formability of Mg alloy
sheets independently. However, in the present study,
a weakened basal texture is generated in both
two-step rolled samples. Due to the weakened basal
texture, the orientation of grains favors basal slips
even though the deformation is along the thickness
direction. Thus, the strain along thickness direction
can be generated by basal slips, which benefits the
coordination of the in-plane deformation. A higher
n-value bears more work hardening so that the
stress concentration is retarded and earlier failure is
prevented. In addition, the smaller 7-value provides
a good capability of Mg alloy on sheet thinning,
which is helpful to improving the stretch
formability. Therefore, a higher IE value is obtained.
Above all, the two-step thermal rolling processes
have a significant effect on weakening the basal
texture, especially changing the rolling routes at
higher temperature.

4 Conclusions

(1) Large amounts of shear bands emerge in
the microstructure of Route A rolled Mg alloy
sheets; while no shear bands appear during Route B
thermal rolling. This is mainly related to the
promotion of DRX and non-basal slips induced by
the alternatively-changing tensile and compressive
stresses.

(2) Due to the competition of non-basal slips
with basal slips, the basal texture is weakened on
both thermally-rolled samples, and especially in
Sample B4, a slightly RD-tilted non-basal texture is
generated. Due to the weakening of basal texture,
the anisotropy of AZ31 Mg alloy sheets is reduced,
and the difference of YS between RD and TD on
Sample B4 is only 9.3 MPa. A higher n-value and
smaller r-value are achieved.

(3) IE values of the final AZ31 Mg alloy
sheets after four-pass rolled samples, A4 and B4,
are 3.98 and 5.17 mm, respectively, which are
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higher than those of conventionally rolled sheets.
The weakened basal texture results in more
improvement by 29.9% on Sample B4 than
on Sample A4. Two-step increased-temperature
direction changing thermal rolling is proven to
be a more effective method to enhance the stretch
formability of AZ31 Mg alloy sheets.
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B E: KPP RETHRILE T X AZ31 SG eEAT4LH], $RITELE ISR B & S AR 2 A A 2S5
e &1 e KR BERIREMA . 55 1D ELHILE 300 CITRE, HAFIENE TN 15%; 55 AP ELHILE 550 CREAT,
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