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Abstract: An Erichsen cupping test of GZ31 sheet at room temperature with different reductions was carried out, and
four samples with IEs (Erichsen index) of 2.0, 4.1, 7.1, and 7.3 mm were obtained. The deformation and fracture
mechanisms of the cupping deformation process were studied by OM, SEM and EBSD. The results show that the IE of
the GZ31 rolled sheet with the non-basal texture can reach 7.3 mm. Basal and pyramidal dislocation slips and {1012}
extension twinning are the main deformation modes during the Erichsen cupping test. The dislocation slip is hindered
by the second phase particles and grain boundaries and entangles with each other to form voids, which eventually leads
to the fracture of the material. The reason for the GZ31 sheet showing high IE is that the weak non-basal texture and
rare earth elements are favorable for dislocation slip and extension twining to coordinate deformation.
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1 Introduction

Compared with the cast magnesium alloys,
wrought magnesium alloys usually have higher
strength and better plasticity, and magnesium
alloys in the form of sheets can be processed into
various complex shapes by secondary forming
techniques [1—5]. If magnesium alloy sheets are
used to produce electronic shells through secondary
forming technique at room temperature, the
production efficiency and product quality will be
greatly improved, and the cost will be reduced.

However, the existing commercial magnesium
alloy sheets have a basal texture and thus poor
rollability formability at room temperature [6—8].

For example, a rolled AZ31 sheet usually forms a
strong basal texture with a texture peak intensity
of 6—10, and the elongation is approximately 20%
at room temperature [9—11]. Erichsen cupping tests
on rolled AZ31 magnesium alloy sheet suggested
that the maximum IE was only 2—3.7 mm, which
was only 1/3 that of commercial aluminum alloy
6061 [12,13]. This means that AZ31 sheet generally
has poor cupping performance and cannot be
formed at room temperature.

Recent research results show that the addition
of rare earth elements to magnesium alloys can
effectively regulate the texture, and significantly
improve the rolled sheet ductility and secondary
formability [14,15]. YAN et al [16] found that
the Mg—Zn—RE alloy formed a weak double-peak
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non-basal texture after hot rolling. The orientation
distribution is wider in transverse direction (TD)
than in rolling direction (RD), and the peak
intensity is only approximately half that of AZ31.
The IEs of Mg—1.5Zn-0.2%Y/Ce/Gd alloys are
4.9, 5.8 and 7.0 mm, respectively, which are much
higher than those of the AZ31 sheet [17]. Among
them, the Mg—Zn—Gd alloy has the best formability
because of higher solid solubility of Gd and less
second phase in the microstructure.

Although researchers have studied the uniaxial
tension—compression deformation mechanism of
the Mg—Zn—RE sheet, the deformation behavior
during secondary forming has seldom been
investigated. In addition, the strain/stress
circumstances are more complicated during
secondary  forming than  during
deformation.

The Erichsen cupping test [18] is the oldest
and most popular test in the sheet formability
test. Therefore, in this study, the microstructure
evolution and macroscopic cracks of an annealed
Mg—17Zn—3Gd sheet were observed during the
Erichsen cupping test. Base on this, the plastic
deformation mechanism and fracture mechanism
were studied, aiming to analyze the reason for the
improvement in room-temperature formability. This
study provides an experimental basis for the
optimization of the deformation process and
promotes industrial application of high-ductility
magnesium alloys.

uniaxial

2 Experimental

An annealed Mg—3Gd—-1Zn (referred to as
GZ31) magnesium alloy sheet was used for
the Erichsen cupping test, and the chemical
composition was Mg—2.61Gd—1.03Zn (wt.%).

The cupping test was carried out following
GB/T 4156—2007 (Metallic materials—Sheet and
strip—Erichsen cupping test). The equipment used
was a PS2705 cupping tester, the standard punch
size was d(20+£0.5) mm, and the punching speed
was | mm/min. The schematic diagram of the
Erichsen cupping test in this study is shown in
Fig. 1. The principle of the experiment is as follows:
a punch with a spherical end was used to punch the
metal sheet sample clamped between the die and the
cushion die. During the test, the sheet was pushed
into a hemispherical bulge by the punch until the

sample showed a light-transmitting crack. The IE
of the annealed Mg—Zn—Gd was measured to be
7.3 mm. To study the microstructure during the
Erichsen cupping test, another four cupping tests
were performed and interrupted at punch depths of
2.0, 4.1, and 7.1 mm, respectively.

Moulding-die N | Specimen
=) [ NN 57 N -
: - 7 7 / \ --—
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Cushion type die o et Punch

d33 mm

Fig. 1 Schematic diagram of Erichsen cupping test

The samples for microstructure observation
were cut via wire electrical discharge machining on
the cupped samples, and the sampling position is
shown in Fig. 2. The white square in Fig. 2(a) is the
sampling position of the metallographic sample,
and the white square in Fig. 2(b) is the position for
EBSD analysis. The observation surface is the
RD-TD plane, and the sample size is 8 mm (RD) %
5 mm (TD). The microstructure of the samples was
observed on a Zeiss optical microscope (OM)
and scanning electron microscope (SEM, Philips
XL30 ESEM-FEG/EDAX). The etching solution
was 25 mL ethanol + 2 g picric acid + 5 mL acetic
acid + 5 mL water. The surface macro-texture of the
sheet (RD—TD plane) was analyzed by a Bruker D8
X-ray diffractometer, using single Cu K, radiation
with a measurement angle of 0°—70°. The texture
data were corrected with magnesium powder and
processed by DIFFRACplus TEXEVAI software.
After mechanical and electrochemical (10 vol.%
perchloric acid and 90 vol.% ethanol electrolyte)
polishing, electron backscattered diffraction (EBSD)
measurement of the samples was carried out on a
HITACHI SE3400N SEM equipped with an
HKL-EBSD system. The scanning step size was
0.6 um, the operating voltage was 20.0 kV, and the
analysis software was AztecCrystal. Tensile tests
were conducted at room temperature with an
initial train rate of 1x1073s™! on a universal testing
machine. The dimensions of tensile test sample are
shown in Fig. 3.
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Fig. 2 Sampling locations for different tests: (a) OM and
SEM; (b) EBSD
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Fig. 3 Dimensions of tensile test samples
3 Results and discussion

3.1 Microstructure, texture and mechanical

properties of annealed sheet

The microstructure of the GZ31 sheet annealed
at 350°C for 2h is shown in Fig. 4(a). It has
relatively uniform equiaxed grain microstructure
with an average grain size of 39.32 um measured by
the linear intercept method. As can be seen from
Fig. 4(b), there are a large number of fine and
dispersed second phases in the matrix. According to
the reported literature [19], we know that they are
the MgsGd binary phase and Mg3Gd,Zn; ternary
phase. Figure 5 shows the macro-texture of the
annealed sheet. It can be seen that the texture is the
typical non-basal texture with two TD-split texture
components tilting away from the normal direction
(ND) to the TD by ~50°. The texture intensity is
2.2, which is significantly lower than that (8.4) of
AZ31 sheet [20]. Table 1 shows the tensile
properties of the annealed GZ31 sheet at room
temperature. The elongations along the RD and TD
are both approximately 23%, and the strengths are
similar, indicating that the anisotropy is not
obvious.

3.2 Macroscopic morphology and microstructure
of cupped samples

The top and side morphologies of the samples

with IEs of 2.0, 4.1, 7.1, and 7.3 mm are shown in

Fig. 4 Microstructure of annealed GZ31 sheet: (a) OM
image; (b) SEM image

Fig. 5 Pole figures of annealed GZ31 sheet: (a) (0002);
(b) (1010)
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Table 1 Tensile mechanical properties of annealed GZ31
sheet at room temperature

Direction YS/MPa UTS/MPa EL/%
RD 8343 1962 22+1
TD 8042 188+5 25.5+1
45° 90+2.5 191+3 3044

YS: Yield strength; UTS: Ultimate tensile strength; EL: Elongation
to failure

Fig. 6. We can see that the samples with IEs of 2.0,
4.1, and 7.1 mm do not show any cracks, and the
cupped sample with IE of 7.3 mm produced crack
along the TD. According to the judging standard of

(a)

(®)

@ |
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& S8
— IOTZ} tension twin 6.63%
{1011} compression twin 0.13%
m— {1011}~ {1012} double-twin 0.01%

Ul =5 s

{IOT2} tension twin 17.2%
{1011} compression twin 0.04%
e {1011}-{1012} double-twin 0.12%

the Erichsen cupping test, the IE of the annealed
GZ31 sheet can reach 7.3 mm. From the
perspective of surface roughness, the surfaces of the
cupped samples with IEs of 7.1 and 7.3 mm are
significantly smoother than those of the samples
with IEs of 4.1 and 2.0 mm, indicating that the
amount of deformation is greater and obvious
plastic deformation has occurred.

Figures 7(a) and (b) show the OM and EBSD
images of the samples with different IEs, respectively.
It can be seen that the microstructures are relatively
uniform equiaxed crystals. The grain sizes of samples
with IEs of 0, 4.1 and 7.1 mm were calculated as

K ) -
{1012} tension twin 23.9%
{1011} compression twin 0.09%

{1011}-{1012} double-twin 0.02%

Fig. 7 Microstructures of cupped samples with different IEs: (a) OM image; (b) EBSD image
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39.32, 42.58 and 49.58 pm, respectively. This shows
that the grain sizes increase with increasing
deformation. A few twins can be seen, and they are
identified as {1012} extension twins after EBSD
analysis. With the increase of IE, the number fraction
of {1012} extension twins increased continuously,
which were 6.63%, 17.2% and 23.9%, respectively.
Compared those with IEs of 7.1 and 4.1 mm, the
{1012} extension twins of the sample with
IE=7.1 mm are wider, indicating that the {1012}
extension twins grow with the increasing deformation.
It is inferred that the {1012} extension twining
plays a certain role during the cupping deformation.

Figure 8 shows the microstructures of the
sample at different positions with [E=7.1 mm.
Figure 8(a) shows the schematic diagram of the
sampling location and the thickness size of the
cupped sample. Figures 8(b—e) show the OM images
at Positions 1, 2, 3 and 4, respectively. It can be

(a) E
S

seen from Fig. 8(a) that the degree of deformation
at different positions is different, and the
thicknesses at Positions 1, 2, 3 and 4 are 890, 865,
767 and 776 um, respectively. Among them, the
thickness of Position 3 is the smallest. This position
is the place where macro-cracks are generated.
Twins are observed in all different microstructures,
and the microstructures at Positions 3 and 4 have
greater roughness and seem to contain more defects
because of the larger strain.

3.3 Deformation mechanism

To analyze the deformation mechanism during
the Erichsen cupping test, samples with IEs of 0,
4.1 and 7.1 mm were selected for EBSD analysis,
as shown in Fig. 9. The inverse pole figures (IPF) of
Figs. 9(a, b, ¢) mark the misorientation between
some twins and the matrix. These angles are all
approximately 86°, which indicates that these twins

Fig. 8 Microstructures of sample with IE of 7.1 mm: (a) Schematic diagram of OM sampling position; (b—e) Micro-

structures at Positions 1, 2, 3 and 4, respectively
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Fig. 9 Grain boundary misorientation analysis results of samples with different IEs: (a) IE=0 mm; (b) IE=4.1 mm;

(c) IE=7.1 mm

are {10T2} extension twins. The peak values of
the misorientation angle distribution appear at 2°—6°
and 86°, corresponding to the low angle grain
boundaries (LAGBs) and the extension twining
boundary, respectively. Generally, LAGBs are
mostly caused by the dislocation slip accumu-
lation [21], so, it is concluded that dislocation slip
and {1012} extension twinning are the main
deformation modes during the Erichsen cupping
test process.

By comparing Fig. 9(a) with Fig. 9(b), it can
be found that the number fraction of {1012}
extension twins slightly increases with increasing
IE, while the number of LAGBs increases
significantly. Therefore, it can be inferred that

dislocation slip is the dominant factor during the
deformation process from IE=0 mm to [E=4.1 mm.
By comparing Fig. 9(b) with Fig. 9(c), it can be
seen that LAGBs are slightly reduced, while the
number fraction of the {1012} extension twin
boundary has increased. Based on this, it is
speculated that the {1012} extension twining
initiates coordinated deformation during the
deformation process from IE=4.1 mm to IE=
7.1 mm.

Figure 10 shows the (0001) pole figures of
IE=0, 4.1, and 7.1 mm obtained by EBSD. When
IE=0 mm, the sample forms a ring-shaped
non-basal texture. When IE=4.1 mm, it is still a
non-basal texture, but basal texture components
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appear. This may be related to extensive activation
of the basal slip system. When the deformation is
further increased to IE=7.1 mm, a strong basal
texture is formed. As discussed above, {1012}
extension twinning is initiated in a large number at
this stage, and {1012} extension twinning is an
important reason for the formation of basal
texture [22—24]. Therefore, the reasons why basal
texture components increase continuously are that
the basal slip at the early stage of deformation
and {1012} extension twinning are activated
continuously.

Basal slip is the most easily activated
dislocation system in magnesium alloys at room
temperature [25]. According to Schmid law, the
difficulty of activating the slip system can be
measured by the Schmid factor (SF). Therefore, the
SF for basal slip is calculated. Considering that the

6.5 RD 7.1
U s TD ﬂ
0 0

RD 9.7
e ! ﬂ
0

sheet is subjected to the force from all directions of
the punch during the Erichsen cupping test, the
force is simplified to the force along the three
directions of RD, TD and ND.

The SFs of the basal slip for the cupped
samples with TE=0mm and 4.1 mm in three
directions were calculated, as shown in Fig. 11. It
can be seen that there are two obvious changes in
the average SF of the basal slip system in different
directions from IE=0 mm to IE=4.1 mm. In the RD,
the average value decreases from 0.32 to 0.28, but it
increases from 0.31 to 0.35 in the TD, indicating
that in the early deformation period, the basal slip
system starts in the TD more easily when the sheet
is subjected to complex stress. This may be related
to the non-basal texture of the annealed GZ31
sheet with a texture peak towards TD. A similar
phenomenon [26] was also found in an AZ31 sheet

RD
e )

0001 0001 0001
(a) () (©
Fig. 10 (0001) pole figures of samples with different IEs: (a) [E=0 mm; (b) IE=4.1 mm; (c) IE=7.1 mm
0.30 ; 0.25 : -
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Fig. 11 SF distribution of basal slip system with different IEs in different stress directions: (a—c) IE=0 mm;
(d—f) IE=4.1 mm
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with a special separated double-peak non-basal
texture when the sheet was stretched along the
direction of separation.

The slip system initiated at different stages
may be different during the Erichsen cupping test.
To confirm the type of dislocation slip, the SF

0.30

(a) Average SF: 0.35
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distribution of the basal slip, prismatic slip and
pyramidal slip systems of the samples with
IE=4.1 mm and 7.1 mm along the TD (because of
the TD-split texture) was analyzed, as shown in
Fig. 12.

When [E=4.1 mm, the average SFs of basal
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Fig. 12 SF distribution of different slip systems along TD of samples with different IEs: (a—d) IE=4.1 mm;

(e—h) IE=7.1 mm
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slip, prismatic slip, pyramidal {(¢) and pyramidal
(cta) slip systems are 0.35, 0.30, 0.38 and 0.39,
respectively, showing that the basal slip and the
pyramidal slip systems are more active than the
prismatic slip system. When IE=7.1 mm, the
average SFs of basal slip, prismatic slip, pyramidal
(a) slip and pyramidal {c+a) slip systems are 0.29,
0.32, 0.38 and 0.41, respectively, indicating that
the pyramidal slip systems are more active than
the basal slip and prismatic slip systems. From
IE=4.1 mm to IE=7.1 mm, the average SFs of the
basal slip system decrease from 0.35 to 0.29, while
the average SFs of the prismatic slip system and the
pyramidal slip system have no significant change.
It is inferred that the basal slip system and the
pyramidal slip system dominate the deformation at
the beginning, and then the pyramidal slip system
becomes more active as the deformation increases.

Twinning is the main deformation mode to
coordinate the c-axis of grains in magnesium alloy.
{1012} extension twinning has the smallest critical
shear variable and lower CRSS, so it is most
likely to occur. NAVE and BARNETT et al [27]
confirmed by simulation and experimental
observation that {10T2} extension twinning can
improve the uniform eclongation of magnesium
alloys, while compression twinning and second
twinning can easily lead to the generation of
microcracks, thus reducing the uniform elongation.
A large number of {1012} extension twins also
appear during the Erichsen cupping test in this
study. Therefore, the nucleation and evolution of
extension twinning during the Erichsen cupping test
were analyzed.

Figures 13(a) and (b) show IPF maps
containing twin grains with [E=4.1 mm and 7.1 mm,
respectively. With the increase in IE, the number
and the volume fraction of twins within a single
grain increase significantly, as twin variants occur.
Figures 14 and 15 show the EBSD analysis results
of a single typical grain containing twins selected
from Figs. 13(a) and (b), respectively, where M and
T represent the matrix of the grain and twin bands,
respectively. It can be seen from Fig. 14(a) that
when [E=4.1 mm, the twin has grown significantly
to swallow the parent grain, but has not yet
produced other {1012} twinning variants at this
time (Fig. 14(c)). When IE=7.1 mm, as shown in
Fig. 15(a), multi-extension twins are activated in
the grain. In Fig. 15(b), it can be observed that the

angular relationship between two activated twin
variants 71 and 7> is approximately 61°, which is
consistent with the special boundary 60.4° {1012} —
{1012}K1010) [28], indicating that T, and T, are
from different twin variant pairs. T; and T, are in
ortho-position (Fig. 15(e)). Similar analysis has also
been done for twin variants T and Ts, as shown in
Fig. 15(c), in which the angular relationship (60.0°)
between T; and T; matches the special grain
boundary 60.0° {1012} — {1012}{1010), meaning
that T; and Ts are in the meta-position (Fig. 15(e)).

w (a)

|’f

S &

Fig. 13 IPF maps containing only twin grains: (a) IE=
4.1 mm; (b) IE=7.1 mm

SINGH et al [29] studied the Erichsen cupping
test of Mg—Al alloys, and the results show that: for
basal-textured sheets, as the IE increases, the
number of the twins gradually increases firstly and
then gradually decreases, showing a “de-twinning”
phenomenon; the plastic deformation activated by
the basal slip and pyramidal {c+a) slip is the main
deformation mode, but there is only basal slip and
the pyramidal (ct+a) slip can be ignored when
I[E>0.5 mm.

However, the behaviors of dislocation slip
and twinning are quite different in the present sheet
with non-basal texture. During the process of
deformation with IE from O to 4.1 mm, basal slip
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Fig. 14 Twinning morphology (a) of single typical grain selected from Fig. 13(a), line profile (b) of misorientation angle

along white arrow AB in Fig. 14(a), orientation of parent matrix (black square) and {10T2} twinning variants (black
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and pyramidal (c+a) slip are the main deformation
mechanisms, and {1012} extension twinning is a
supplement. At the stage of the Erichsen cupping
test, when IE changes from 4.1 to 7.1 mm,
pyramidal {(ct+a) slip and twinning are the main
deformation modes, and basal slip is the secondary
deformation mode. The {1012} extension twinning
gradually becomes active to accommodate the
deformation, and no de-twinning is observed during
the whole process.

The IE of the Mg—Al sheet with a basal texture
is approximately 4.5 mm, while that of GZ31 sheet
with a non-basal texture can reach 7.3 mm. By
comparing the cupping deformation mechanism, it
can be found that more non-basal slip systems and
the nucleation and growth of {1012} extension
twins are more beneficial to obtaining higher
IE during the deformation process. In addition to
the effect of non-basal texture on the plastic
deformation mechanism, rare earth elements can

reduce the CRSS of non-basal slip, making
non-basal slip more active, and benefits the high
formability.

3.4 Fracture mechanism

When the IE is 7.3 mm, the cupped sample has
cracks at the edge of the ring where the punch
contacts the sheet. With the gradual increase in
strain, micro-cracks appear and finally lead to sheet
fracture. The micro-cracks are generated from the
middle of the cupped sample, then propagate and
extend to both ends along the approximately
parallel TD, and gradually, branch as the crack
continues to expand, with a mixed fracture mode of
transgranular and intergranular fracture, as shown
in Fig. 16.

Studies [30] have shown that the AZ31 hot-
rolled sheet has a strong basal texture with a wider
distribution in the RD, and the elongation along the
RD is higher than that in the TD. Thus, the cracks
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Fig. 16 Microstructure of cupped sample with IE=7.3 mm: (a) Lower magnification; (b) Higher magnification

are generated and propagate mostly parallel to the along the direction perpendicular to the direction
RD during the Erichsen cupping test. In contrast, with low plasticity. This is why in the cupping test,
the texture of the GZ31 sheet is more tilting to TD, the cracks of the AZ31 sheet are perpendicular to
and the elongation in the TD was higher. A similar the TD, while the cracks of the Mg—Zn—RE sheet
phenomenon also appears in hot-rolled Mg—Zn—Y are perpendicular to the RD.

alloy sheets [31]. The texture type affects the plastic To explain the nucleation and evolution of
deformation and the mechanical properties in all micro-cracks during the Erichsen cupping test,
directions, as well as the macroscopic fracture SEM and kernel average misorientation (KAM)
behavior. Because the Erichsen cupping test is images of samples with different IEs were analyzed,
circumferentially symmetrical and bears the same as shown in Fig.17. When IE=0 mm, many
strain in the radial direction, the sheet will crack second-phase particles could be seen, especially at
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grain boundaries (Fig. 17(a)). When IE=4.1 mm, a
small number of voids with a diameter of 1-2 pum
can be clearly seen in Fig. 17(b) and Fig. 17(d),
occurring near the grain boundaries where many
second-phase particles exist. When IE=7.1 mm,
some voids have been coalesced to form micro-

cracks at the grain boundaries (Figs. 17(c, ¢)).
Figure 18 shows the misorientation angle
across the cracks of the cupped samples with
IE=7.3 mm. The misorientation angle along arrow
AB is less than 15° indicating that the crack
is formed along LAGBs. The misorientation angle

TR

o Void coallsses -

Fig. 17 Micro-crack analysis results of cupped samples: (a—c) KAM maps of samples with [E=0, 4.1 and 7.1 mm,

respectively; (d, ) SEM images of samples with [E=4.1 and 7.1 mm, respectively
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Fig. 18 Misorientation analysis around cracks of sample with IE=7.3 mm: (a) IPF map; (b) Misorientation angle along

arrow AB; (c) Misorientation angle along arrow CD; (d) Misorientation angle along arrow EF
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along arrow CD is approximately 30°, which is a
large-angle grain boundary, indicating that the crack
is formed at the grain boundaries. The
misorientation angle along arrow EF s
approximately 86°, indicating that cracks are
formed at the twin boundaries. According to the
statistics in Fig. 18(a), most cracks are formed at
the grain boundaries, and few micro-cracks are
generated in the intracrystalline and at the twin
boundaries.

Based on these, the analysis results should be
that when the sheet is deformed, a large number of
dislocation slips are hindered by the grain
boundaries and the second phase particles at the
grain boundaries [32]. Then, the dislocations pile
up and entangle with each other, causing stress
concentration at the grain boundaries, thus resulting
in the formation of voids. The voids coalesce to
form small cracks under the further stain, and
finally cause the cupped sample to break through.

The main reason for the excellent formability
of the Mg—Zn—RE sheet is non-basal texture. The
non-basal texture can promote massive {10T2}
extension twins and basal dislocation slip while
inhibiting the initiation of compression twins and
secondary twins, which easily become the source of
cracks [33]. According to Fig. 7, there are almost
no compression twins and secondary twins in the
cupped sample of the GZ31 sheet, but a large
number of {10T2} extension twins. Continuous
coarsening of {10?2} extension twins inhibits the
generation of cracks or dulls the crack tip,
improving the continuity of magnesium alloy
deformation and enhancing its formability. After the
Erichsen cupping test of the AZ31 sheet, many
compression twins and secondary twins can be
seen [34]. In summary, there were a large number of
{10T2} extension twins and no compression twins
or secondary twins during the Erichsen cupping test,
which is also an important reason why the cupping
performance of the Mg—Zn—RE sheet is better than
that of AZ31 at room temperature.

4 Conclusions

(1) The annealed GZ31 sheet has a relatively
uniform microstructure with an average grain size
of 39.32 um, and exhibits a typical non-basal
texture with two TD-split components. Even if the

grain size is relatively large, the IE at room
temperature still reaches 7.3 mm, which is much
higher than that of the AZ31 sheet.

(2) With IE from 0 to 4.1 mm, the basal
slip and pyramidal (cta) slip first start to play a
leading role, and {1012} extension twinning is a
supplement. At the stage of IE from 4.1 to 7.1 mm,
pyramidal {c+a) slip and extension twinning are the
main deformation modes, and basal slip is the
secondary deformation mode.

(3) A large amount of dislocation movement is
hindered by grain boundaries and second phase
particles, and then dislocations pile up and entangle
with each other to form voids. The voids expand
and gather to form micro-cracks, and further expand
together to cause the cupped sample to fail.

(4) The GZ31 sheet shows high IE at room
temperature because the weak non-basal texture and
rare_earth element are favorable for basal slip,
{1012} extension twining and pyramidal slip
to coordinate deformation. Therefore, compression
twinning, secondary twinning and shear deformation
which can easily lead to cracks, can be avoided.
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