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Role of unusual double-peak texture in significantly enhancing
cold rolling formability of AZ31 magnesium alloy sheet
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Abstract: Multi-pass cold rolling experiments were performed on AZ31 magnesium alloy sheet with unusual
double-peak texture, where basal poles tilt about +40° away from normal direction to rolling direction. This adopted
sheet was fabricated by a novel technology of equal channel angular rolling and continuous bending process with
subsequent annealing. Experimental results confirm that such an unusual double-peak texture contributes to a huge
improvement of accumulated reduction up to 39.2%, which is over twice as much as that (18.3%) in sheet with strong
basal texture. Optical microscopy and electron backscatter diffraction measurements demonstrate that the evolution of
microstructure and texture in sheet with unusual double-peak texture is quite different from that in sheet with strong
basal texture. Schmid factor (SF) analysis confirms that sheet with unusual double-peak texture possesses obviously
large SF values for basal {a) slip and {1012} extension twin (ET) and remarkably small SF values for prismatic {(a) slip
and pyramidal {c+a) slip during cold rolling process. Therefore, basal {a) slip and {1012} ET will be activated more
frequently in sheet with unusual double-peak texture to sustain plastic strain, leading to significant enhancement in cold
rolling formability.

Key words: AZ31 magnesium alloy; non-basal texture; cold rolling process; microstructure evolution; deformation
mechanism

further leads to the poor RT plasticity of wrought

1 Introduction

Under the background of lightweight design
for components applied in the automotive and
aerospace industries, nowadays, there exist large
market demand and wide application prospect for
wrought magnesium alloys, which possess low
density, high specific strength and stiffness, decent
damping capability and pertinent weldability [1-3].
However, the hexagonal-close packed (HCP)
crystal structure of wrought magnesium alloys
would result in limited slip modes during plastic
deformation at room temperature (RT), which

magnesium alloys [4,5]. Moreover, the strong basal
texture (c-axis of grains mainly concentrates
towards normal direction (ND)) formed during the
rolling process of fabricating sheet products has
adverse effect on the plasticity of wrought
magnesium alloys at RT [6,7]. Consequently, there
is little doubt that the cold rolling formability,
which is termed as a typical representative of
plasticity at RT, is unsatisfactory for the subsequent
process of wrought magnesium alloy sheets, leading
to severe restriction for their practical applications.
Among these reported wrought magnesium
alloys, AZ31 magnesium alloy has been termed as
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the most widely used one at present. As the intrinsic
characteristics of crystal structure can be hardly
changed, tailoring the initial texture of AZ31
magnesium alloy sheet has been extensively
regarded as a crucial access to enhance its plasticity
at RT. Nowadays, numerous intelligent processing
schemes have been proposed and conducted to
tackle this issue. Some researchers are committed to
reducing the intensity of basal texture in AZ31
magnesium alloy sheet. For example, HUANG
et al [8] and LEE et al [9] separately introduced a
weakened basal texture in AZ31 magnesium alloy
sheet by differential speed rolling (DSR) and high
speed rolling (HSR). By comparison, some
researchers tried to introduce non-basal texture in
AZ31 magnesium alloy sheet. For example,
KUANG et al [10] fabricated AZ31 magnesium
alloy sheet with an abnormal transverse direction
(TD)-split non-basal texture via single-pass
large strain electro-plastic rolling (LSER). SONG
et al [11] proposed a novel technology of equal
channel angular rolling and continuous bending
process with subsequent annealing (ECAR—CB—A).
The manufactured AZ31 magnesium alloy sheet
possessed a rare RD-split non-basal texture, where
basal poles tilt about +40° away from ND to rolling
direction (RD). HE et al [12] realized the texture
modification of AZ31 magnesium alloy sheet by
using in-plane pre-compression, pre-stretching and
annealing. With this approach, an orthogonal
four-peak distribution of basal texture has been
introduced in the fabricated AZ31 magnesium alloy
sheet. Obviously, AZ31 magnesium alloy sheets
with tailored textures are continuously being
fabricated with enhanced cold rolling formability.
For the purpose of further broadening their
engineering applications, it is of great importance to
investigate the underlying mechanisms resulting in
the improvement of cold rolling formability in
AZ31 magnesium alloy sheet with tailored texture.
Up to date, numerous antecedent studies have
been conducted on the cold rolling formability of
AZ31 magnesium alloy sheets with strong
basal texture. For instance, CHANG et al [13]
investigated the microstructure and texture
characteristics of AZ31 magnesium alloy sheet
during single-pass rolling process. They found that
edge cracks appeared when reduction per pass
reached 22%. Similarly, LEE et al [14] reported that
when AZ31 magnesium alloy sheet was rolled to an

accumulated reduction of 25% in a single pass,
some cracks with 2—4 mm in length were formed
on the edge of the rolled sheet. Besides, HUANG
et al [15] applied multi-pass cold rolling experiments
on AZ31 magnesium alloy sheet. They found that
AZ31 magnesium alloy sheet can be rolled to a
maximum accumulated reduction (less than 25%) at
small reduction per pass (less than 5%). Actually,
CHUN and DAVIES et al [16] and LEE et al [17]
confirmed that the texture evolution, deformed
microstructure characteristics and activities of
involved slip/twinning modes are closely related to
the initial texture of AZ31 magnesium alloy sheet
before the cold rolling process. Unfortunately,
literature search demonstrates that little attention
has been paid to investigating the cold rolling
formability and the associated deformation
mechanisms in AZ31 magnesium alloy sheet with
weak basal texture, let alone for sheet with
non-basal texture.

Consequently, the present study aims to
specifically investigate the effect of non-basal
texture on cold rolling formability of AZ31
magnesium alloy sheet. To achieve this goal, a
comparative study on cold rolling formability of
two kinds of sheets was performed. One sheet with
a typically strong basal texture was manufactured
by conventional hot rolling process and subsequent
annealing treatment. By comparison, the other sheet
was fabricated via ECAR—CB—A process and it
possessed a RD-split non-basal texture. According
to TU et al [18] and HE et al [12], the Erichsen
value (an indicator of plasticity at RT) of 7.4 mm is
not only larger than that of 4.2mm in AZ31
magnesium alloy sheet with strong basal texture,
but also larger than that of 5.6 mm in AZ3l
magnesium alloy sheet with an orthogonal four-
peak texture. This issue demonstrates a huge
improvement on cold rolling formability, which is
the reason for choosing the sheet with unusual
double-peak texture in the present study. Afterwards,
experimental investigations based on optical micro-
scopy (OM) and electron backscatter diffraction
(EBSD) synergistically
performed to analyze the microstructure evolution
and texture characteristics of both sheets during
cold rolling process and to correlate activities of
involved slip/twining modes to the superior cold
rolling formability in AZ31 magnesium alloy sheet
with unusual double-peak texture.

measurements Were
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2 Experimental

In the present study, two kinds of applied
AZ31 magnesium alloy sheets were 1.2 mm thick.
The elemental compositions of these two sheets
were consistent and shown in Table 1. Firstly, they
were mechanically polished to obtain smooth
surfaces on both sides. Afterwards, multi-pass cold
rolling experiments were performed on these
prepared sheets at a given reduction of about 10%
per pass at RT. The diameter of roller was 170 mm
and the roller speed was 100 mm/s. Prior to cold
rolling, the sheets and rollers were all coated with
graphite to guarantee a good lubricant condition.
After each rolling pass, surfaces of sheets were
examined carefully to determine the occurrence of
cracking.

Microstructure characterization on the RD—TD
plane of rolled specimen was carried out by means
of Leica™ DMI5000M optical microscopy (OM).
Sample preparation for OM observation consisted

Table 1 Chemical composition of adopted AZ31 magnesium
alloy sheets (wt.%)

Al Zn Mn Fe Si Cu Ni Mg

of mechanical grinding with 400%, 800* 1200* and
2000 SiC papers, followed by polishing in the
chosen polishing solution, which contained 1 g
oxalate, 1 mL nitric acid and 98 mL H,O. In
addition, microstructure characteristics and texture
evolution of rolled specimens further
investigated via EBSD measurement. The observed
surface was also chosen to be RD-TD plane
and the observation equipment was an FEI NOVA
400 Zeiss Sigma field emission scanning electron
microscope equipped with an HKL-Nordlys MAX
detector. CHEN et al [19] documented well the
corresponding content about sample preparation
for EBSD measurement, therefore it will not be
illustrated here. In the present study, a relatively
large step size of 2.6 um was applied for these
single-pass rolled samples, while a relatively minor
step size of 0.5 pm was adopted for these remaining
rolled samples. Finally, these EBSD data were
analyzed by virtue of the Channel 5 analysis
software and MTEX toolbox [20].

WEre

3 Results

3.1 Initial microstructure and texture of AZ31
magnesium alloy sheets
Figure 1 exhibits the initial microstructure and
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Fig. 1 Initial microstructure characteristics and texture of AZ31 magnesium alloy sheets with strong basal texture (a—c)
and unusual double-peak texture (d—f): (a, d) Optical microstructure; (b, ¢) Statistical analysis of grain size; (c, f) (0002)
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equiaxed and uniform grains shown in Figs. 1(a)
and (d) occupy most of the microstructure, which
confirms the occurrence of full recrystallization.
Moreover, the correspondingly statistical analysis
of grain size in Figs. 1(b) and (e) displays that both
sheets are with similar grain size (the average grain
size of 12.4 um for sheet with strong basal texture
and the average grain size of 14.7 pm for sheet with
unusual double-peak texture). Therefore, effect of
grain size on cold rolling formability and
microstructure evolution of these two sheets can be
excluded in the present study. With respect to the
initial texture, Fig. 1(c) shows a strong basal texture
where c-axis of most grains is almost parallel to
ND. HUANG et al [21] and CHEN et al [19] also
reported similar texture in AZ31 magnesium alloy
sheet fabricated by hot rolling and annealing
treatment. By comparison, Fig. 1(f) shows that
sheet manufactured by ECAR—CB—A process is
with a completely different non-basal texture,
where basal poles tilt about £40° away from ND to
RD. SONG et al [11] concluded that this observed
unusual double-peak texture has been rarely
reported in AZ31 magnesium alloy sheet so far, let
alone the relevant research on cold rolling
formability.

3.2 Cold rolling formability of AZ31 magnesium

alloy sheets

Figure 2 presents the appearance of cold rolled
AZ31 magnesium alloy sheets and Table 2 displays
the corresponding rolling parameters (sheet
thickness per pass and reduction per pass) during
multi-pass cold rolling process. It is obvious in
Figure 2(a) that only after two passes of cold rolling,
sheet with strong basal texture exhibits observable
edge cracks and the correspondingly accumulated
reduction is measured to be 18.3%. LI et al [22]
reported similar result that under reduction per pass
of ~8% at RT, AZ31 magnesium alloy sheet with
strong basal texture can be rolled to ~20% until
edge cracks occur. Both observations confirm that
the rolling feasibility of AZ31 magnesium alloy
sheet with strong basal texture is poor at RT. By
comparison, edge cracks do not occur until five
passes of cold rolling in sheet with unusual
double-peak texture, as shown in Fig. 2(b).
Correspondingly, the accumulated reduction
achieves 39.2%, which is over twice as much as
that in sheet with strong basal texture. Obviously,

this unusual double-peak texture introduced by
ECAR—CB—A process would contribute to a huge
improvement on cold rolling formability of
AZ31magnesium alloy sheet.

Accumulated i P mulated

reduction: 18.3% reduction: 39.2%|

Fig. 2 Macrographs of AZ31 magnesium alloy sheets
produced by multi-pass cold rolling process: (a) Sheet
with strong basal texture; (b) Sheet with unusual double-
peak texture

Table 2 Multi-pass cold rolling process for AZ31
magnesium alloy sheets

Material Rolling Thickness/ Redlictlon/
pass mm %
Sheet with strong 1 1.10 8.30
basal texture ) 0.98 10.90
1 1.08 10.00
2 0.98 10.00
Sheet with unusual
double-peak texture 3 0.89 9.20
4 0.80 10.10
5 0.73 8.80

3.3 Microstructure evolution during cold rolling
Figure 3 displays the deformed microstructure
of AZ31 magnesium alloy sheets with strong basal
texture and unusual double-peak texture after the
first pass of cold rolling. As plastic strain is
relatively small, grain morphology keeps nearly
unchanged with equiaxed characteristic in both
rolled sheets. Moreover, few twins exist in the
microstructure of Fig. 3(a), while abundant twins
with lamellar shape occur in Fig. 3(b). This issue
could be further analyzed via EBSD investigations
on these two rolled sheets, as shown in Fig. 4.
Inverse pole figure (IPF) maps of Figs. 4(a) and (b)
and grain boundary (GB) maps of Figs. 4(c) and (d)
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Fig. 3 Optical microstructure of AZ31 magnesium alloy sheets after the first pass of cold rolling: (a) Sheet with strong

basal texture; (b) Sheet with unusual double-peak texture
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Fig. 4 EBSD patterns showing microstructure of AZ31 magnesium alloy sheets after the first pass of cold rolling:

(a, b) IPF maps; (c, d) GB maps inserted with statistical analysis on misorientation distribution

collectively confirm that few {1012} extension
twins (ETs) (86°(1210)+5°) appear within the
deformed microstructure of rolled sheet with
strong basal texture, let alone {1011} compression
twins (CTs) (56°(1210)+5°) and {1011} {1012}
secondary twins (STs) (38°(1210)+5°), while
{1012} ETs occur frequently in the deformed
microstructure of the rolled sheet with unusual

double-peak texture. It has been generally accepted
that {1012} ET in AZ31 magnesium alloy prefers
to sustain the elongation deformation along the
c-axis of individual grains during the plastic
deformation [1]. Although PANDEY et al [23]
confirmed that {1012} ET possesses the second-
lowest critical resolved shear stress (CRSS) among
all reported deformation mechanisms in AZ31
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magnesium alloy, {1012} ET can hardly be
activated in sheet with strong basal texture during
cold rolling process as there mainly exists
compressive deformation along c-axis of individual
grains. By comparison, as basal poles tilt about
+40° away from ND to RD in sheet with unusual
double-peak texture, there will exist tensile
deformation along c-axis of most individual grains
during cold rolling process, contributing to the
activation of {1012} ET for the purpose of
sustaining plastic strain. In addition, it is obvious
that low angle boundary (LAB), whose misorientation
is in the range of 2°—15°, occupies a larger portion
of deformed microstructure in sheet with strong
basal texture than that in sheet with unusual
double-peak texture. HAN et al [24] reported that
LAB is usually composed of dislocation during
plastic deformation of AZ31 magnesium alloy.
Therefore, the aforementioned observation indicates
that dislocation slip is a dominant access to sustain
plastic strain at the initial stage of cold rolling
process in sheet with strong basal texture, while
dislocation slip and {1012} ET jointly and deeply
participate in the plastic deformation of sheet with
unusual double-peak texture.

With increasing the rolling pass, twins with
lamellar shape appear within some grains of
sheet with strong basal texture after the second
pass of cold rolling, as shown in Fig. 5(a). CHANG
et al [13] also reported this phenomenon in cold
rolled AZ31 magnesium alloy sheet and they
confirmed that these twins are identified to be
{1012} ETs. FERNANDEZ et al [25] reported
that the activation of {1012} ETs during cold
rolling of AZ31 magnesium alloy sheet with strong
basal texture should be mainly ascribed to the
necessity of accommodating these local strains
during plastic deformation. By comparison, the
deformed microstructure in sheet with unusual
double-peak texture is shown in Figs. 5(b) and (c).
Obviously, {1012} ETs occur nearly within each
grain and they occupy a large portion of deformed
microstructure. Moreover, {1012} ETs intersect
with each other in some grains. It should be
mentioned that except for {1012} ETs, other
types of twins may also be activated here and this
should be further analyzed by EBSD
measurements on deformed sheets after the third
pass and the fifth pass of cold rolling in the
following section.
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alloy sheets with strong basal texture (a) and unusual
double-peak texture (b, c) at per-pass reduction of 10%:
(a) The second pass; (b) The third pass; (c) The fifth pass

Figures 6 and 7 depict EBSD observations on
rolled microstructure in sheet with unusual
double-peak texture after the third pass and the fifth
pass of cold rolling, separately. As deformation
degree is relatively large, a minor step size of
0.5 um and a small region with 114 um in length
and 86 um in width were applied in the present
study in order to confirm an acceptable indexing
quality. IPF maps in Figs. 6(a) and 7(a) demonstrate
that there exist twins with different morphologies.
Further investigations by misorientation distribution,
as shown in Figs. 6(b) and 7(b), demonstrate
the occurrence of {1012} ET, {1011} CT and
{1011} - {1012} ST (peaks emerge at ~86°, ~56°
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Fig. 6 EBSD characterization of deformed microstructure in sheet with unusual double-peak texture after the third pass
of cold rolling: (a) IPF map; (b) Statistical analysis of misorientation distribution; (c, d) Twinning behavior of selected

regions marked by black-dotted bordered rectangles in (a)

and ~38°, respectively). BARNETT et al [26] and
AL-SAMMAN and GOTTSEIN [27] confirmed
that {1011} —{1012} ST is closely related to the
formation of voids in magnesium alloys during
plastic deformation at RT. Consequently, the
emergence of {1011}—{1012} ST indicates the
weakening rolling capability about subsequent cold
rolling process in sheet with unusual double-peak
texture. For the purpose of specifically revealing
the twinning behavior, two domains (G1 and G2) in
Figs. 6(a) and 7(a) were selected and analyzed from
different perspectives. The maximum values for
point-to-point misorientation and point-to-origin
misorientation in line L1 are ~5.4° and ~9.3° in
Fig. 6(c), while the corresponding values are ~3.2°
and ~15.8° in Fig. 7(c). This observation indicates

that within the grain of matrix, dislocation slip
serves as an indispensable mechanism to sustain
plastic strain and it contributes to the formation of
LAB. Misorientation analysis along L2 line in
Figs. 6(d) and 7(d) further verifies the formation of
{1011} CT and/or {1011} —{1012} ST. In addition,
it is clear in Figs. 6(c,d) and Figs. 7(c, d) that
{1011} CT trends to rotate its initial orientation
away from ND, while {1011} —{1012} ST prefers
to rotate its initial orientation towards ND.

3.4 Texture evolution during cold rolling

The texture evolution of AZ31 magnesium
alloy sheets with strong basal texture and unusual
double-peak texture during cold rolling process
is depicted via (0002) and (1010) pole figures in
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Fig. 8. It is obvious in Figs. 8(a) and (c) that cold
rolling contributes to the tilting of c-axis of some
grains away from ND to RD, which results in the
ellipsoidal distribution of basal texture intensity in
(0002) pole figures. STYCZYNSKI et al [28] and
ZHANG et al [29] also reported this texture
characteristic in cold rolled AZ31 magnesium alloy
sheet. Moreover, cold rolling mainly causes the
concentration of tilted basal poles towards ND with
increasing the plastic deformation, as shown in
Figs. 8(b), (d) and (e). Obviously, the tendency
about concentration of tilted basal poles towards
ND is relatively remarkable from the first pass to
the third pass, while the tendency about the
concentration of tilted basal poles towards ND is
barely detectable from the third pass to the fifth
pass. The underlying mechanisms resulting in this
phenomenon will be discussed in the following
section.

4 Discussion

CHUN and DAVIES [16] and WANG et al [30]
both reported that the initial texture shows a great
impact on microstructure characteristics and texture
evolution of AZ31 magnesium alloy sheet during
cold rolling process. It can affect the activities of
various slip/twining modes, which further determines
the cold rolling formability of AZ31 magnesium
alloy sheet. Therefore, in order to illuminate the
underlying mechanisms leading to the superior cold
rolling formability of AZ31 magnesium alloy sheet
with unusual double-peak texture, the effect of this
special non-basal texture on activation of various
slip/twining modes during cold rolling process
should be deeply analyzed. STYCZYNSKI et al [28]
and KUANG et al [10] reported that the deformation
mechanisms during cold rolling process of AZ31
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Fig. 8 (0002) and (1010) pole figures of AZ31 magnesium alloy sheets during multi-pass cold rolling process:

(a, c) Sheet with strong basal texture; (b, d, e) Sheet with unusual double-peak texture

magnesium alloy sheet mainly include basal (a)
slip, prismatic {a) slip, pyramidal {(c+a) slip and
{1012} ET. To intuitively elucidate the effect of
texture characteristics on the activation of these
involved slip/twinning modes, Schmid factor (SF)
analysis is applied during the cold rolling process of
AZ31 magnesium alloy sheet. The calculation of
effective SF during rolling can be realized via the
following equation [31,32]:

_ (<08 drp 08 Prp —COS Py COS P )
rolling 2 :

where ¢rp and ¢np refer to the angles between the
normal direction of slip/twining plane and RD, ND,
respectively. ¢grp and ¢np represent the angles
between the slip/twining direction and RD, ND,
respectively. Accordingly, the distribution of SFioiiing
for basal (a) slip, prismatic {a) slip, pyramidal {c+a)
slipand {1012} ET can be realized and visualized
by coding in MATLAB, as shown in Fig. 9. It is
worth noting that due to the polar nature of
{1012} ET, the scope of SFuuing changes from
—0.5 to 0.5, while the corresponding scope for
dislocation mode varies from 0 to 0.5.

Figure 9(a) displays that SFying for basal {(a)
slip in sheet with strong basal texture (0—0.2)
is distinctively smaller than the one in sheet
with unusual double-peak texture (0.3—0.5). This
observation indicates that at the beginning of cold

@ TD 0002) g (0002) |SF
ok ol
‘zin @aﬁ I
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@ i ‘Q
5 Z i

Fig. 9 Distribution of effective SF for various
deformation mechanisms in AZ31 magnesium alloy
sheet undergoing cold rolling along ND: (a) Basal (a)
slip; (b) Prismatic (@) slip; (c) Pyramidal {(ct+a) slip;
(d) {1012} ET

rolling process, basal (a) slip could be activated
more easily in sheet with unusual double-peak
texture. Although there exists a concentration
tendency of tilted basal poles towards ND during
cold rolling process, as shown in Figs. 8(b), (d) and
(e), SFruing for basal (@) slip in sheet with unusual
double-peak texture is always larger than the one in
sheet with strong basal texture. In addition,
Figs. 9(b) and (c) show that SFing for prismatic {a)
slip (0.2-0.3) and SFoning for pyramidal {c+a) slip
(0.4-0.5) in sheet with strong basal texture are
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apparently larger than the corresponding ones
(prismatic {a) slip (0—0.2) and pyramidal {c+a) slip
(0.25—0.45)) in sheet with unusual double-peak
texture. This observation indicates that at the
initiation of cold rolling, it is even harder to start
prismatic {a) slip and pyramidal {ct+a) slip in sheet
with unusual double-peak texture. Based on the
texture evolution in Fig. 8, it is clear that sheet with
strong basal texture always possesses relatively
large SFroning for prismatic (@) slip and pyramidal
(c+a) slip during cold rolling process. With respect
to {1012} ET, Fig. 9(d) confirms that SFing in
sheet with strong basal texture is obviously in a low
level (from —0.5 to 0.1), while SFiing in sheet with
unusual double-peak texture mainly varies from 0.1
to 0.3. This observation demonstrates that {1012}
ET could emerge more frequently in sheet with
unusual double-peak texture. This issue coincides
well with the microstructure characteristics shown
in Fig. 4.

Based on the aforementioned SF analysis and
the corresponding microstructure characterization,
mechanisms for sustaining plastic strain in AZ31
magnesium alloy sheets during cold rolling process
can be concluded and displayed in Fig. 10.
PANDEY et al [23] reported that basal (a) slip
possesses the lowest CRSS among all involved
deformation mechanisms (basal (a) slip < {1012}
ET < prismatic {a) slip < pyramidal {c+a) slip) and
it is the first candidate for sustaining plastic strain
during plastic deformation of magnesium alloys.
Therefore, although SFruing for basal (a) slip is
relatively small among all involved dislocation

Sheet with srong basal texture

modes, it can still be termed as the main
deformation mechanism for sheet with strong basal
texture during cold rolling process, as shown in
Figs. 10(a) and (c). In addition, although prismatic
(a) slip and pyramidal (c+a) slip possess high
CRSS, they can be activated due to their relatively
large SFroning for sheet with strong basal texture.
STYCZYNSKI et al [28] and LIAN et al [33]
reported that pyramidal (c+a) slip can be termed as
a “compatibility first” deformation mechanism in
AZ31 magnesium alloy during plastic deformation
and its activity is related to the tilting of basal
pole away from ND. Therefore, the texture
characteristics shown in Figs. 8(a) and (c) would
not be obtained without the assistance of this
deformation mechanism (Figs. 10(a) and (c)). With
respect to sheet with unusual double-peak texture,
the relatively large SFoning values for basal (a) slip
and {1012} ET indicate a massive activity during
cold rolling process, as shown in Figs. 10(b) and (d).
KABIRIAN et al [1] and PANDEY et al [23]
confirmed that their large activation contributes
to enhancing plasticity of magnesium alloy.
Consequently, the superior cold rolling formability
in sheet with unusual double-peak texture can be
obtained with the assistance of basal (a) slip and
{1012} ET.

Besides, LIU et al [34] and CHEN et al [19]
reported that there exist six variants (V1 to V6)
of {1012} ET in magnesium alloys and the
selective activation of {1012} ET variants deeply
affects the microstructure characteristics and
the texture evolution during plastic deformation. To

Sheet with unusual double-peak texture

At beginning of
cold rolling

cold rolling

After multi-pass of

+ Basal (a) slip

~ Low angle boundary

1+ Pyramidal {c+a) slip

1 Prismatic (a) slip

— {10T2} ET

Fig. 10 Mechanism illustration for AZ31 magnesium alloy sheets with strong basal texture and unusual double-peak

texture during cold rolling process



Xiu-zhu HAN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 23512364 2361

better understand the twinning behavior and explain variants maps. The determination of twin variant is
the relationship between grain orientation and the collectively conducted by means of trace method
activated {1012} ET variants in sheet with and SF analysis. The corresponding SF of each
unusual double-peak texture after the first pass of  theoretical {1012} ET variant in selected grains is
cold rolling, twelve grains are artificially selected shown in Table 3. Actually, these selected twelve
from Fig. 4(b). They are thereafter analyzed from grains can be further divided into three groups by
different perspectives, as shown in Fig. 11, which the tilted angle between c-axis of grains and ND,
contains the IPF maps, (0002) pole figures and twin namely Grains 13 with the tilted angle less than
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Fig. 11 IPF maps, (0002) pole figures and twin variants maps for selected grains in AZ31 magnesium alloy sheet with
unusual double-peak texture after the first pass of cold rolling
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Table 3 SF values of theoretical {1012} ET variants of
selected grains in Fig. 4(b)

Grain SF
No. vi V2 V3 V4 V5 V6

—0.45 -0.35 -0.24 —0.42 -0.32 -0.24 V6

Activated
variant

—_—

2 -0.19 -0.29 —0.38 —-0.20 —-0.32 -0.41 V4
3 -0.30 -0.47 -0.29 —0.31 —0.49 —-0.30 V6
4 -0.18 0.06 —0.10 —0.20 0.08 —0.04 V2
5 —0.12 -0.17 -0.07 —0.14 —0.23 —0.11 V3
6 —0.14 -0.22 -0.09 —0.12 —0.16 —0.06 V6
7 022 037 023 021 032 0.20 V2
& —0.01 0.21 -0.21 -0.03 0.20 —0.20 V5
9 -0.25 0.13 —0.11 —=0.27 0.10 —0.12 V2
10 —0.23 0.18 —-0.02 -0.23 0.20 —0.01 V2
11 -0.04 0.21 -0.16 —0.04 0.24 —0.13 V5
12 —0.23 0.18 0.07 —-0.22 0.18 0.06 V2

40°, Grains 4—6 with the tilted angle about 40° and
Grains 7—12 with the tilted angle more than 40°. It
is worth noting that only one {1012} ET variant
could be activated in these selected grains, as
shown in Fig. 10. Moreover, when c-axis of grain
tilts less than or about 40° to ND, the activated
{1012} ET will mostly rotate its initial orientation
to about TD. By comparison, when c-axis of grain
tilts more than 40° to ND, the activated {1012}
ET will dominantly rotate its initial orientation to
about ND. As Fig. 1(f) shows that the tilted angles
between most of c-axis of grains and ND are larger
than 40° in sheet with unusual double-peak texture,
there is no doubt that these activated {1012} ET
variants mainly contribute to the concentration of
tilted basal poles towards ND at early stage of cold
rolling process. With increasing the plastic strain,
SFuoing for {1012} ET as well as its activity
decreases remarkably. Consequently, the tendency
about the concentration of tilted basal poles towards
ND is weakened.

5 Conclusions

(1) An wunusual double-peak texture is
introduced in AZ31 magnesium alloy sheet by a
novel ECAR—CB—A process. Its microstructure
characteristics and texture evolution during cold
rolling process are systematically investigated via
experimental observations based on OM and EBSD

measurements, and compared with those in sheet
strong basal texture.

(2) Under the condition of 10% reduction per
pass, the accumulated reduction in sheet with
unusual double-peak texture is as high as 39.2%,
which is over twice as much as that (18.3%) in
sheet with strong basal texture.

3) {10T2} ETs rarely occur in sheet with
strong basal texture during cold rolling process
unless there is need for accommodating local strains
between individual grains. By comparison, the
amount of {1012} ETs increases with increasing
the rolling pass. Moreover, only one variant is
mainly activated for each {1012} ET in grains of
sheet with unusual double-peak texture, which
mainly rotates its initial grain orientation to about
ND during cold rolling process. This issue finally
results in the concentration of tilted basal poles.

(4) Sheet with unusual double-peak texture
possesses obviously large SF values for basal {(a)
slip and {1012} ET, which leads to extensive
activities of these two deformation mechanisms to
sustain plastic strain during cold rolling process.
This issue is responsible for the superior cold
rolling formability of sheet with unusual double-
peak texture.
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