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A B S T R A C T

{10 1 2} tensile twins were introduced by pre-compressing the rolled AZ31 Mg alloy sheet along the transverse
direction (TD) with a strain of 3 %, aiming to investigate the effect of pre-existing twins on its bending defor-
mation behavior. For the AZ31 Mg alloy, the pre-existing {10 1 2} tensile twins significantly improved the
mechanical properties, the tension-compression yield asymmetry coefficient (0.57 vs. 0.35), and the bending
property (bend angle: 97◦ vs. 65◦). The pre-existing {10 1 2} twins led to the deflection of the c-axis of the grains,
thus modifying the strong (0001) basal texture, which improved the tension-compression yield asymmetry,
making the strain distribution during the bending process in each region of the specimen more uniform. The
basal slip caused by grain deflection on the rolling direction (RD)-normal direction (ND) plane increased the
thickness-direction strain of the specimen during the bending deformation process. Moreover, the introduction of
a large number of twin lamellae effectively subdivided and refined the grains, enhancing the plastic deformation
ability of the specimen. In summary, these factors led to a significant improvement in the bending formability of
the AZ31 Mg alloy.

1. Introduction

Mg alloy, recognized as one of the lightest metal structural materials,
is widely applied in the fields of new energy vehicles and aerospace
equipment manufacturing and biodegradable implants [1–3]. However,
Mg alloy has a hexagonal close-packed (HCP) crystal structure, which
leads to a limited number of slip systems during plastic deformation.
Furthermore, at room temperature, non-basal slip typically requires
extremely high critical resolved shear stress (CRSS) to be activated [4,5].
This results in poor room temperature plasticity and inadequate form-
ability, such as bending performance, in Mg alloy, significantly
restricting their large-scale application in industrial production. In Mg
alloy, the critical resolved shear stress required for {10 1 2} tensile
twinning is relatively low, only slightly higher than that for basal slip,
which makes it easily activated at room temperature [6,7]. In view of

this, introducing {10 1 2} tensile twins through pre-deformation to
regulate the microstructure of Mg alloy is regarded as an effective
strategy for improving its properties [8–12].

Li et al. [8] found that when the AZ31 Mg alloy was subjected to 3 %
compressive deformation, the average grain size significantly decreased
from 37.9 μm to 18.9 μm due to the formation of a large number of
layered twin bands, and a new crystallographic texture with the c-axis
parallel to the transverse direction (TD) was generated, which weakened
the initial (0001) basal texture oriented along the normal direction
(ND). Chen et al. [9] suggested that the yield strength of extruded AZ31
Mg alloy was improved by pre-compression and heat treatment, and this
improvement was attributed to the twins introduced by
pre-compression, which provided more nucleation sites for the recrys-
tallization process, thereby refining the grain structure. Huang et al.
[10] investigated the effect of {10 1 2} twins introduced by
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pre-compression on the low-cycle fatigue performance and cyclic
deformation behavior of rolled AZ31 Mg alloy, and the results showed
that at low-stress amplitude, the fatigue life of the pre-compressed
samples was significantly longer than that of the as-rolled samples, as
the twinning-detwinning behavior induced by the {10 1 2} twins
introduced by pre-compression changed the deformation mechanism.
Zhang et al. [11] found that pre-twinning significantly increased the
compressive yield strength of AZ31 Mg alloy at temperatures from room
temperature to 200 ◦C, but the effect of pre-existing twins on yield
strength disappeared at 200 ◦C due to the occurrence of dynamic
recrystallization. Park et al. [12] increased the Erichsen value of AZ31
Mg alloy from 3.1 mm in the initial state to 6.3 mm through 8 %
pre-compression, and suggested that detwinning in the twinned regions
and the activation of basal slip effectively accommodated the thickness
strain, leading to the improvement of deep drawing performance. Lee
et al. [13] studied texture tailoring and bendability improvement of
rolled AZ31 alloy using {10 1 2} twinning, and attributed the
improvement in the bending formability to the change in texture, the
significant activation of twinning, and the enhancement of basal slip.

In summary, recent studies indicate that pre-introducing {10 1 2}
tensile twins through pre-deformation have great potential to enhance
the mechanical properties of AZ31 Mg alloy. Although some reports
have focused on improving the bending formability of AZ31 Mg alloy
through pre-introducing {10 1 2} tensile twins, the understanding of the
reasons for this improvement is not comprehensive. In addition to the
influence of pre-existing {101 2} twins on the microstructure, research
on their influence on tension-compression yield asymmetry and its
consequent effect on the bending formability has never been thoroughly
reported. Based on this, the purpose of this study is to explore the
improvement of the bending formability of AZ31 magnesium alloy by
pre-introducing {10 1 2} twins and to systematically investigate the
reasons for its improvement.

2. Experimental procedure

This study utilized a 30 mm thick commercial hot-rolled AZ31 Mg
alloy plate (chemical composition: Mg-3 wt.% Al-1 wt.% Zn). Rectan-
gular block samples with dimensions of 55 mm (Rolling direction, RD),
35 mm (TD), and 30 mm (ND) were cut from the initial material. Sub-
sequently, these rectangular block samples were pre-compressed along
TD to a plastic strain of 3 % at room temperature to pre-introduce {10 1
2} tensile twins. Afterward, the pre-compressed block samples were
annealed at 200 ◦C for 6 h to relieve dislocations and residual stress
generated during the pre-compression process while retaining the twin
structure.

Specimens were cut respectively from the initial as-received (AR)
sample and the pre-compressed (PC) sample for tensile, compressive,
and bending tests, where the tensile load, compressive load, and bending
load were all parallel to the ND. The gauge dimensions of the tensile
specimen were 3 mm (TD) × 1 mm (RD) × 30 mm (ND), the dimensions
of the compression specimen were 5 mm (TD) × 5 mm (RD) × 10 mm
(ND), and the dimensions of the bending specimen were 3.5 mm
(ND) × 4.5 mm (TD) × 53 mm (RD). Room temperature tensile,
compression, and bending experiments were conducted on a SANS-
CMT5205 10 kN electronic universal testing machine, where the
speeds for tensile and compression tests were 0.6 mm/min, and the
bending indenter speed was 2 mm/min. The experiment was repeated
three times for each state sample, and the average value was taken as the
result.

Microstructure observation was performed using scanning electron
microscopy (TESCAN VEGA) equipped with an EBSD probe (Oxford C-
Nano). Samples for EBSD observation were prepared by mechanical
grinding using 2000-grit SiC paper, followed by electropolishing for
45–80 s using ACII electrolyte at 15 V and − 30 ◦C. EBSD was performed
at 20 kV, 15 mm working distance, 70◦ tilt angle, and a 1 μm scan step

size. The acquired EBSD data were analyzed using Aztec Crystal
software.

3. Results

3.1. Initial microstructure

Fig. 1 shows the microstructure characteristics of the AR specimen.
Fig. 1a displays that the microstructure of the AR specimen is composed
of a few coarse grains and a large number of equiaxed grains, with no
obvious deformed grain features observed. Fig. 1c shows that its average
grain size is 33.57 μm. The (0001) pole figure in Fig. 1b shows that the
texture is concentrated in the central area, indicating a strong preferred
orientation of the grains, and no obvious preferred orientation distri-
bution is found on the {10 1 0} prismatic planes. Fig. 1d shows that the
proportion of high-angle grain boundaries (HAGBs, misorientation angle
>15◦) is 82.8 %, and the proportion of low-angle grain boundaries
(LAGBs, misorientation angle ≤15◦) is 17.2 %, indicating no obvious
substructure within the material.

Fig. 2 shows the microstructure characteristics of the PC specimen.
Because the direction of the pre-compression stress is perpendicular to
the c-axis of the grain, the grain orientation is favorable for the activa-
tion of {10 1 2} tensile twinning [12], thus numerous {10 1 2} tensile
twins appeared in the PC specimen (Fig. 2a and d), and the area fraction
of {10 1 2} tensile twins are approximately 33.75 %. Moreover, the
activation of {101 2} twins led to the grain rotating by 86.3◦ towards the
stress direction [14,15], so a TD-oriented twin texture was formed in the
PC specimen, and there was no obvious preferred orientation on the {10
1 0} prismatic planes, as shown in Fig. 2b. Fig. 2c shows that the average
grain size of the PC specimen is refined to 26.40 μm compared to that of
the AR specimen, which can be attributed to the formation of a large
number of twin lamellae [16,17]. Fig. 2d shows the misorientation
distribution map in the PC specimen annealed at 200 ◦C for 6h, and the
proportion of HAGBs reached 90.3 %, indicating no obvious substruc-
ture within the material, and the influence of distortion introduced by
pre-compression can be ignored. In addition, a peak around 85◦

appeared in the misorientation distribution map, which corresponds to
the formation of numerous new {10 1 2} tensile twin boundaries in the
microstructure.

3.2. Tension-compression asymmetry

Fig. 3 shows the uniaxial tensile and compressive stress-strain curves
of the AR and PC specimens along RD at room temperature. Table 1
summarizes the corresponding mechanical properties, such as yield
strength, peak stress, plasticity index (elongation or compression ratio),
and tension-compression asymmetry coefficient (compression yield
strength/tension yield strength, CYS/TYS). As can be seen, the pre-
existing {10 1 2} tensile twins significantly affect the uniaxial me-
chanical properties. The pre-existing {101 2} tensile twins significantly
increase the tension yield strength (191 MPa vs. 151 MPa) and
compression yield strength (108 MPa vs. 53 MPa). The tension peak
stress (305 MPa vs. 283 MPa), compression peak stress (302 MPa vs.
275 MPa), elongation (15.7 % vs. 12.8 %), and compression ratio
(17.0 % vs. 15.1 %) also show corresponding increases. It is noteworthy
that the pre-existing {101 2} tensile twins improve the tension-
compression asymmetry of the Mg alloy along RD, where the tension-
compression yield asymmetry coefficient increased from 0.35 to 0.57.
When an Mg alloy plate exhibits tension-compression yield asymmetry,
its stress distribution during bending is no longer symmetric [18,19].
Significant tension-compression yield asymmetry, especially when the
compression yield strength is much lower than the tensile yield strength,
often limits the bending formability of materials [20,21]. Premature
yielding on the compressive side can lead to local buckling or cracking
during, thereby limiting the achievable bending angle without failure.
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The improvement in the tension-compression asymmetry reduces the
neutral axis shift and makes the stress distribution more uniform in the

specimen during bending [22]. Meanwhile, as the stress concentration
in the tensile zone on the outer side of the specimen during bending is

Fig. 1. Microstructure characteristics of the AR specimen: (a) inverse pole figure (IPF), (b) pole figures, (c) grain size distribution, and (d) misorientation
distribution.

Fig. 2. Microstructure characteristics of the PC specimen: (a) IPF, (b) pole figures, (c) grain size distribution, and (d) misorientation distribution.
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alleviated, it can withstand greater deformation without fracturing.
Therefore, the improvement in tension-compression yield asymmetry is
beneficial for the PC sample to be bent to a larger angle without
cracking.

3.3. Improvement in bending formability

Fig. 4 shows the bending formability of the AR and PC specimens at
room temperature. It can be found that, compared to the AR specimen,
which has a bending angle of 65◦ and a bending press head displacement
of 7.3 mm, the PC specimen achieves a bending angle of 97◦ and a

bending press head displacement of 12.2 mm, indicating a significant
improvement in bending formability. Furthermore, similar to the uni-
axial tension/compression results, pre-existing {10 1 2} tensile twins
also improve the bending yield strength and bending peak stress. Firstly,
a large number of {101 2} tensile twin lamellae introduced by pre-
compression subdivide the grains. This leads to a reduction in grain
size, thereby increasing the strength [20]. Secondly, a large number of
{10 1 2} tensile twin lamellae can effectively hinder dislocation slip,
thus increasing strength [23].

3.4. Microstructural evolution during bending

Fig. 5 displays the EBSD characteristics in different regions of the AR
and PC specimens after bending deformation. It can be found that
compared to the bent AR sample, the bent PC sample shows a larger area
fraction of {10 1 2} tensile twins in different regions (inner region:
36.39 % vs. 21.05 %, middle region: 29.01 % vs. 7.50 %, and outer
region: 21.13 % vs. 6.61 %). The twins in the bent AR specimen are
mostly mutually parallel narrow lenticular twins, while in the bent PC
specimen, there are not only mutually parallel narrow lenticular twins,
but also intersecting twins, fragmented twins, and even coarse twins
occupying entire grains. Furthermore, new twins generated during the
bending process in the PC specimen interact with the pre-existing twins,

Fig. 3. Uniaxial tensile and compressive stress-strain curves along RD: (a) AR specimen, and (b) PC specimen.

Table 1
Uniaxial tension/compression mechanical properties of AR and PC specimens
along the RD.

Specimen Loading Yield
stress
(MPa)

Peak
stress
(MPa)

Plasticity
index (%)

Tension-
compression
asymmetry
(CYS/TYS)

AR Tension 151 ± 2 283 ± 2 12.8 ± 1 0.35
Compression 53 ± 1 275 ± 4 15.1 ± 2

PC Tension 191 ± 3 305 ± 3 15.7 ± 2 0.57
Compression 108 ± 2 302 ± 5 17.0 ± 3

Fig. 4. Bending properties of the AR and PC specimens: (a) final bent AR specimen; (b) final bent PC specimen; (c) corresponding stress vs. punch displace-
ment curves.
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and their growth is restricted by the pre-existing twin boundaries. New
twins in the PC specimen during the bending process tend to form within
the pre-existing twins, which is mainly attributed to the pre-existing
twin boundaries acting as interfaces between regions with different
orientations, whose crystallographic discontinuity, high distortion, and
high defect density are prone to cause stress concentration [24,25]. In
addition, forming new twins within the pre-existing twins helps coor-
dinate strain compatibility and lowers the nucleation energy barrier.

We distinguish the existing twins from the newly-formed twins pri-
marily based on their morphology and spatial relationship. The pre-
existing twins, introduced by pre-compression, are typically large,
broad, and tend to be parallel within the grains. In contrast, the newly-
formed twins generated during the bending process often exhibit distinct
characteristics: they appear as intersecting twins cutting across pre-
existing twins, or as fragmented/restricted twins nucleating and
growing within the pre-existing twin lamellae.

In the bent AR specimen, the area fraction of {10 1 2} tensile twins
gradually decrease from the inner region to the outer region, which is
primarily due to the influence of the stress state during bending. During

bending, the inner region of the bent specimen is under compression,
and the compressive stress is perpendicular to the c-axis of the grain,
which is favorable for the formation of {10 1 2} tensile twins with low
CRSS [26,27]. The outer region of the bent specimen is under tension,
and the tensile stress is perpendicular to the c-axis of the grain, which is
unfavorable for the formation of {10 1 2} tensile twins. In the bent PC
specimen, the compressive stress in the inner region is also favorable for
{101 2} twinning, and the high-stress level also drives pre-existing twin
boundary migration and growth [28], with some twins even occupying
entire grains, increasing the area fraction of {10 1 2} tensile twins from
31.02 % in the PC sample to 36.39 %. In the middle region of the bent PC
specimen, the strain level is low, which is insufficient to drive new twin
nucleation, thus resulting in little change in the twin area fraction
(29.01 % vs. 31.02 %). In the outer region of the bent PC specimen, the
tensile stress state is unfavorable for the formation of {101 2} tensile
twins and leads to detwinning [16,29,30], causing the area fraction of
{10 1 2} tensile twins to decrease to 21.13 %.

Fig. 6 shows the local twinning features in the AR and PC specimens
during the bending process. As can be seen from the (0001) pole figures,

Fig. 5. EBSD characteristics in different regions of bent specimens: (a) (b) (c) bent AR specimen, and (d) (e) (f) bent PC specimen.
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the twin orientation deviates from the center by approximately 90◦, and
the c-axis of the twin is nearly perpendicular to the c-axis of the matrix
parent grain, further confirming that these twins are {10 1 2} tensile
twins. In different regions of the bent AR specimen, the twin lamellae
within the grains tend to be distributed in parallel. In contrast, the
twinning in the bent PC specimen is relatively complex, with obvious
intersecting twinning phenomena observed in different regions, which
confirms that, in addition to pre-existing twins, new twins appeared
during the bending process. Compared to the simple parallel twins
within the grains of the bent AR specimen, the appearance of inter-
secting twins in the bent PC specimen further subdivides and refines the
grains, which can significantly enhance the ability to coordinate strain
within and between grains [17,31–33].

Fig. 7 displays the (0001) and (10 1 0) pole figures in different re-
gions of the bent AR and PC specimens. For the bent AR specimen, the
(0001) basal pole density shows a gradually increasing trend from the
inner region to the outer region. This difference primarily stems from the
varying degree of {101 2} tensile twinning activation in each region.
The compressive stress on the inner region of the bent AR specimen
promotes {101 2} twinning, which changes the grain orientation in the
twinned regions, thus reducing the basal texture intensity from 17.47 in
the AR specimen to 14.90. The deformation in the middle region of the
bent AR specimen is relatively small, so the basal texture change is not
obvious. The tensile stress on the outer region of the bent AR specimen is
unfavorable for {101 2} twinning and basal slip dominate the defor-
mation, which enhances the basal texture intensity.

For the bent PC specimen, compared to the PC sample, the basal
texture intensity in the inner and outer regions is enhanced. This may be
attributed to the pre-existing twins promoting the rotation of the c-axis
of the grain and an increased degree of basal slip, thereby enhancing the
basal texture intensity. The deformation in the middle region of the bent
PC specimen is also relatively small, so the texture change is not sig-
nificant. It is worth noting that compared to the bent AR sample, the
difference in basal texture intensity between the inner and outer regions
of the bent PC specimen is smaller. This means that the deformation
distribution is more uniform across the inner and outer regions of the

bent specimen, which improves the material's tension-compression
asymmetry, thus effectively reducing the cracking risk due to defor-
mation incompatibility between the inner and outer regions of the bent
specimen [34,35].

4. Discussion

As shown in Fig. 5, the degree of twinning in the inner region of the
bent AR specimen is much higher than that in the outer region. This
reflects the significant difference in tension-compression deformation
capacity of the initial material with strong basal texture during the
bending deformation process. For the PC specimen, the pre-existing
twins changed the crystal orientation of part of the grains, reduced the
basal texture intensity, and adjusted the material's response to subse-
quent tensile and compressive loads [22]. Compared to the AR spec-
imen, the tension-compression asymmetry coefficient of the PC
specimen is significantly improved (0.57 vs 0.35). The improvement in
the tension-compression asymmetry leads to a more uniform strain
distribution in different regions of the specimen during the bending
process, avoiding excessive strain concentration in the tensile stress
region or the compressive stress region. Furthermore, the pre-existing
twins in the outer region of the bending sample may undergo detwin-
ning when subjected to tension. This detwinning process itself can
accommodate a part of the tensile strain and can activate other defor-
mation modes [23,35].

As shown in Fig. 1, the AR specimen shows a strong basal texture. For
the PC sample, as shown in Fig. 2, the pre-existing {10 1 2} twins lead to
grain rotation by 86.3◦ towards the loading stress direction, thus
forming a TD-oriented twin texture. Fig. 8 shows the Schmid factor maps
for basal slip of the AR and PC specimens and a schematic diagram of
basal slip during the bending deformation process. The Schmid factor for
basal slip was calculated under the assumption of a uniaxial tensile stress
state along the RD, which represents the dominant stress component in
the outer region of the bent specimen, where tensile failure typically
initiates. From Fig. 8a and b, it can be seen that compared to the AR
specimen, the average Schmid factor for basal slip in the PC specimen
increases from 0.19 to 0.26, which means basal slip is easier to activate

Fig. 6. Local twinning characteristics selected in different regions in Fig. 5: (a) (b) (c) bent AR specimen, and (d) (e) (f) bent PC specimen.
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in the PC specimen [13]. Increased activation of basal slip contributes to
increasing the bending fracture strain of Mg alloy. As can be seen from
Fig. 8c, for the AR specimen with a stronger basal texture, its basal
planes are mainly parallel to the RD-TD plane. During the bending
deformation process, basal slip is difficult to accommodate strain along
the c-axis direction of the grain and mainly contributes to strain along
TD and RD. Therefore, for the AR specimen during bending, the thick-
ness strain along ND can only be induced by {10 1 2} twinning or
<c+a> slip [36–38]. However, since twinning can only produce very
small strain [39], and the CRSS for<c+a> slip is relatively high at room
temperature and difficult to activate, it is difficult for the AR specimen to
produce the thick-direction strain during bending to coordinate the
deformation, which is extremely unfavorable for its formability. As
shown in Fig. 8d, for the PC specimen with a TD-oriented texture, the
basal plane of some grains is parallel to the RD-ND plane. For the PC
specimen during the bending deformation process, the activation of
these basal slip systems is beneficial for the thickness strain along ND,
which can improve the thickness deformation capacity of the Mg alloy
plate, which is of important significance for the improvement of
formability.

As shown in Figs. 1 and 2, compared to the AR specimen, the PC
specimen has a smaller grain size (33.57 μm vs. 26.40 μm). Moreover,
after bending deformation, the bent PC specimen also exhibits a smaller
grain size in different regions of the bent sample (23.06 μm vs. 37.74 μm,
20.62 μm vs. 25.87 μm, 28.26 μm vs. 32.98 μm), as shown in Fig. 5. This
can be attributed to the high-density layered twin boundaries intro-
duced by pre-existing twins effectively refining the grains [16], which is

of important significance for deformation coordination during the
deformation process. As shown in Fig. 9, twin boundaries, acting as
effective barriers to dislocation motion, subdivide the original grains
into smaller structures, forming a “twinning-induced grain refinement”
effect [16]. Furthermore, during the bending deformation process, for
the PC specimen, new twins intersect with pre-existing twins, thereby
subdividing and refining the grains more effectively. This reduction in
effective grain size and the increase of internal interfaces improve the
material's ability to coordinate intergranular strain incompatibility,
promoting the uniform distribution of plastic deformation throughout
the entire material. During the bending deformation process, more co-
ordinated plastic deformation can reduce local stress concentration and
strain gradient, thus retarding the initiation and propagation of
microcracks.

In summary, the improvement in the bending formability of AZ31
Mg alloy can be attributed to the effect of pre-existing {10 1 2} twins. On
the one hand, pre-existing {101 2} twins lead to the rotation of the c-axis
of the grain, altering the basal texture, which effectively improves the
tension-compression asymmetry. The activation of basal slip on the RD-
ND plane improves the thickness strain of the specimen during the
bending deformation process. On the other hand, a large number of twin
lamellae are introduced to effectively subdivide and refine the grains,
thereby enhancing the uniform deformation capability and plastic
deformation capability of the AZ31 Mg alloy during the bending
deformation process.

Fig. 7. (0001) and (10 1 0) poles in different regions of bent specimens: (a) (b) (c) bent AR specimen, and (d) (e) (f) bent PC specimen.
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5. Conclusion

Pre-compression along TD was conducted on the hot-rolled AZ31 Mg
alloy plate to introduce a large number of {10 1 2} tensile twins, aiming
to improve its bending formability. The main conclusions are as follows:

(1) Compared to the AR specimen, the PC specimen with pre-existing
{10 1 2} twins show higher tension yield strength (191 MPa vs.
151 MPa), compression yield strength (108 MPa vs. 53 MPa). The
tension peak stress (305 MPa vs. 283 MPa), compression peak
stress (302 MPa vs. 275 MPa), elongation (15.7 % vs. 12.8 %),
and compression ratio (17.0 % vs. 15.1 %) also show corre-
sponding increases.

(2) Pre-existing {10 1 2} tensile twins significantly improved the
tension-compression yield asymmetry and bending formability of
AZ31 Mg alloy. The tension-compression yield asymmetry coef-
ficient increased from 0.35 to 0.57. Compared to the AR sample's
bending angle of 65◦ and bending displacement of 7.3 mm, the PC
sample achieved a bending angle of 97◦ and a bending
displacement of 12.2 mm.

(3) Pre-existing {10 1 2} twins led to the rotation of the c-axis of the
grain, altering the basal texture, effectively improving the
tension-compression asymmetry, and activating the basal slip on
the RD-ND plane that contributes to the thickness strain during
bending. The introduction of a large number of twin lamellae
effectively subdivided and refined the grains, thereby enhancing

Fig. 8. Schmid factor maps and schematic diagrams for basal slip: (a) (b)AR specimen, and (c) (d) PC specimen.

Fig. 9. Schematic diagrams of microstructure changes during the bending deformation process.
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the plastic deformation capability of AZ31 Mg alloy during
bending. These factors ultimately led to a significant improve-
ment in the bending formability of AZ31 Mg alloy.
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