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Abstract

An AZ31 magnesium (Mg) alloy sheet with a bimodal non-basal texture (BNT sample)
exhibits significant potential for a lightweight component design in the aerospace field.
However, its mechanical properties and microstructure characteristics during plastic defor-
mation under service conditions when approaching cryogenic temperatures have not been
thoroughly investigated. Aiming to elucidate this issue, cryogenic tensile experiments were
conducted on a BNT sample and its control group (BT sample), which possesses the typical
basal texture. Furthermore, relationships between the underlying deformation mechanisms
and the deformation behavior of studied sheets were investigated through a synergistic ap-
proach combining a variety of characterization techniques with visco-plastic self-consistent
(VPSC) simulations. The BNT sample shows 109.1% higher ductility (~0.23 fracture elonga-
tion, FE) but 40.2% lower 0.2% proof yield stress (YS) (~155 MPa) than its BT counterpart
during cryogenic tensile deformation. As for the BNT sample, initial deformation is gov-
erned by a basal 〈a〉 slip and {10-12} extension twin (ET). The latter mainly contributes to
accommodate intergranular plastic deformation, and this role cannot be captured in VPSC
modeling. Subsequent activation of unusual {10-12}-{10-12} double twin (DT), instead of
pyramidal <c+a> slip, enhances strain accommodation, boosting ductility. The discrepancy
between simulation and experimental results also primarily stems from the lack of explicit
incorporation of {10-12}-{10-12} DT.

Keywords: AZ31 Mg alloy; bimodal non-basal texture; cryogenic deformation; mechanical
property; microstructure evolution

1. Introduction
Magnesium (Mg) alloys have attracted widespread interest in the aerospace industry

due to the considerable potential of a lightweight design of components [1,2]. When used
in spacecraft, the service environment is harsh, and the corresponding temperature can be
as low as a cryogenic temperature (77 K). The mechanical properties of Mg alloys under
this circumstance play crucial roles in engineering applications. Therefore, it is essential to
obtain a comprehensive understanding about the microstructure evolution and mechanical
behavior of Mg alloys at cryogenic temperatures for further expanding their applications
in the aerospace field.
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Up to the present, several investigations have been conducted on the cryogenic defor-
mation behaviors of Mg alloys. Jain et al. [3] analyzed the work hardening behavior and
texture evolution of an AZ80 Mg alloy deformed at a cryogenic temperature (77 K) and
attributed the elevated hardening rate to texture hardening and reduced dynamic recovery.
Wang et al. [4] reported that an AZ31 Mg alloy deformed at 77 K exhibits enhanced strength
and work hardening due to a shift from forest-dislocation interactions to lattice friction-
controlled dislocation motion, with suppressed twinning and reduced activation volume.
Zhang et al. [5] compared the compression deformation behavior of cast AZ31 Mg alloy at
room and cryogenic temperatures. They reported that the increased fraction of finer twins
and twin–twin interactions rather than dislocation density leads to higher stress and higher
strain hardening at cryogenic temperatures. Muhammad Rehan Tariq et al. [6] studied the
cryogenic temperature deformation behavior of a Mg-Al-Zn-Ca alloy and attributed the
exceptional strength to the synergistic effect of dislocation strengthening and boundary
strengthening, where the increased barriers to dislocation movement lead to significant
hardening. It is worth noting that most of these abovementioned studies are limited to Mg
alloys with traditional basal texture.

Actually, the cryogenic deformation behavior of Mg alloys with non-basal texture has
been rarely reported. Recently, Tu et al. [7] proposed a novel equal channel angular rolling
and continuous bending process with a subsequent annealing (ECAR-CB-A) method, by
which they successfully introduced a bimodal non-basal texture into an AZ31 Mg alloy
sheet, where basal poles tilt about ±40◦ away from normal direction (ND) to rolling direc-
tion (RD). Owing to this introduced bimodal non-basal texture, the formability of an AZ31
Mg alloy sheet could be significantly enhanced at room temperature. Furthermore, Zhang
et al. [8] investigated the cryogenic rollability of this newly developed AZ31 Mg alloy sheet,
and they reported that the cryogenic rollability could be enhanced approximately 105.6%
by comparison with that of sheet with basal texture. However, there is a lack of systematic
research on the mechanical properties of this bimodal non-basal textured AZ31 Mg alloy
sheet at cryogenic temperatures, let alone for laws of microstructure evolution and the rela-
tionships between the underlying deformation mechanisms and the deformation behavior.
This is detrimental to the promotion and application of this highly formable AZ31 Mg alloy
sheet in the aerospace field.

Therefore, cryogenic tensile experiments are conducted in the present study to investi-
gate the mechanical behavior of a bimodal non-basal textured AZ31 Mg alloy sheet. The
same experiments are also conducted on a traditional basal textured AZ31 Mg alloy sheet
as a control group. Afterwards, the optical microstructure (OM) technique and the electron
back-scattered diffraction (EBSD) technique are adopted to characterize the evolution of
microstructure. Furthermore, numerical investigations via the visco-plastic self-consistent
(VPSC) model are performed in the present study to illuminate the relationship between
these involved deformation mechanisms and the deformation behavior of the bimodal
non-basal textured AZ31 Mg alloy sheet at a cryogenic temperature.

2. Materials and Methods
2.1. Experimental Procedures

The as-received bimodal non-basal textured AZ31 Mg alloy sheets were fabricated
by the ECAR-CB process. Detailed equipment parameters and processing specifics have
been well documented in the work of Tu et al. [7], and thus it is not specified in the
present study. Afterwards, an annealing treatment was conducted under the condition of
773 K/12 h to obtain a fully recrystallized microstructure. Based on the obtained EBSD data,
texture characteristics depicted by (0002) and (10-10) pole figures are shown in Figure 1c,
where basal poles tilt about ±40◦ away from ND to RD with the maximum intensity of
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3.30 times random. As a control group, the typical basal textured AZ31 Mg alloy sheets
with the maximum intensity of 6.80 times random were also applied in the present study, as
shown in Figure 1f. These sheets were manufactured by the traditional hot rolling process,
accompanied by the subsequent annealing treatment at 773 K/12 h. The correspondingly
etched OM maps (Figure 1a,d) and the statistical results about grain size via the linear
interception method (Figure 1b,e) collectively confirm that both two kinds of sheets possess
a rather uniform microstructure and an approximately average grain size (35.51 µm for
bimodal non-basal textured AZ31 Mg alloy sheets and 34.82 µm for basal textured AZ31
Mg alloy sheets).

Figure 1. Initial microstructure characteristics of sheets with bimodal non-basal texture (a–c) and
sheets with typical basal texture (d–f): (a,d) OM images; (b,e) the corresponding distribution of grain
size; and (c,f) the corresponding (0002) and (10-10) pole figures.

Cryogenic tensile samples with dog-bone shape were machined along RD from both
two kinds of sheets. The dimensions are 6 mm × 1.2 mm in cross-section and 22.5 mm in
gauge length. To keep concise in the following sections, samples with a bimodal non-basal
texture are named as BNT samples, whereas samples with a basal texture are referred to as
BT samples. For tests performed at cryogenic temperature, tensile samples were soaked
into the liquid nitrogen for 20 min to achieve an uniform temperature distribution (77 K).
Subsequently, tensile-to-failure tests at the constant strain rate of 0.01 s−1 were conducted
on a SANS testing machine (Shenzhen Suns Testing Machines Co., Ltd, Shenzhen, China) to
obtain the mechanical response. To confirm the reliability of obtained data, three tests were
repeated for BNT samples and BT samples. Afterwards, the average mechanical response
was applied in the present study. In addition, some BNT samples were deformed to the
true strain of 0.04, 0.08 and 0.20, while some BT samples were deformed to the true strain
of 0.04 and 0.08. These cryogenic tensile experiments aim to observe the corresponding
microstructure evolution and texture evolution of deformed samples under the chosen
plastic strains.

The OM technique was applied in the present study to obtain the initial microstructure
via a Leica DMI5000M metallographic microscope (Leica Microsystems GmbH, Wetzlar,
Germany). The EBSD technique was chosen in the present study to analyze the evolution of
microstructure and texture during cryogenic tensile deformation. The applied device was a
FEI NOVA 400 Zeiss Sigma (FEI Corporation, Hillsboro, OR, USA) field emission scanning
electron microscope equipped with an HKL-Nordlys MAX detector (Oxford Instruments
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NanoAnalysis, High Wycombe, UK). The operated voltage was 20 KeV, and the applied
post-processing software included HKL Channel 5 software (Version 2019) and MTEX
toolbox (Version 5.7.0) [9]. Contents about sample preparation have been well documented
elsewhere [8], and therefore they are not specified here.

2.2. Modeling Procedures

As the comprehensive descriptions of VPSC model have been well documented
elsewhere [10–12], the present study mainly focuses on the hardening model associated
with dislocation and twinning, as well as the determination of material parameters.

An “affine” linearization scheme, which correlates to the global mechanical behavior
and the mechanical behavior in each grain, was used in VPSC model [13]. In addition, a rate-
sensitivity exponent, n = 20, was adopted in the VPSC model, which is advised for these
hexagonal close-packed (HCP) metallic materials [13]. To simulate tensile deformation in
the present study, increments of plastic strain (∆ε = 0.01) were imposed parallel to RD.
Meanwhile, the normal stresses parallel to transverse direction (TD) and ND were set to be
zero, as well as the remaining shear stress components. To obtain the essential orientation
data for VPSC modeling, which could effectively reflect the texture characteristics of the
BNT sample and BT sample, 5000 discrete orientations were sampled in the present study
by discretizing the orientation distribution function (ODF) of measured EBSD data. This
could be realized with the assistance of MTEX toolbox [14].

During VPSC modeling in the present study, three slip modes, including basal <a> slip
{0001}⟨11-20⟩, prismatic <a> slip {10-10}⟨11-20⟩ and pyramidal <c+a> slip {11-22}⟨11-23⟩,
and one twinning mode ({10-12} extension twin (ET) were considered to sustain plastic
strain. {10-11} compression twin (CT) and {10-11}-{10-12} double-twin (DT) were not
included here on the basis of microstructure observation results, which is presented below.

In the VPSC model, the extended Voce-type hardening law is the most applied one,
and it is suitable for both the slip mode and twinning mode. Actually, this law could
correlate the threshold stress (τs) of each deformation mechanism with the accumulated
shear strain (Γ) by the following equation:

τs = τ0
s + (τs

1 + θs
1Γ)

(
1 − exp

(
−

θs
0Γ
τs

1

))
, (1)

where τ0, τ1, θ0 and θ1 are four key material parameters, controlling the hardening behavior of
individual deformation mechanism. Besides, the hardening effect resulting from interactions
between different deformation mechanisms was considered in VPSC model as follows:

∆τs =
dτs

dΓ ∑ hss′∆γs′ , (2)

where hss′ (s = s′) refers to the self-hardening coefficient and all self-hardening coefficients
are set to be one in the present study [15]. hss′ (s ̸= s′) represents the latent-hardening
coefficient. As for the latent-hardening resulting from slip–slip interaction, its value is
equivalent to that of the self-hardening. In the case of the latent-hardening resulting from
slip–twin and twin–twin interactions, its suggested value is four times bigger than the
self-hardening [16].

Furthermore, the predominant twin reorientation (PTR) scheme proposed by Tomé
et al. [17] was embedded into VPSC code to consider the twin effect on the evolution of
texture. The PTR scheme reorients a given grain when the volume fraction of {10-12} ET
within this grain (ξ) is as follows:

ξ > Ath1+Ath2 ξeff

ξtot , (3)
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where ξeff and ξtot represent the volume fraction of already reoriented grains and the total
volume fraction of {10-12} ET. Ath1 and Ath2 are two material parameters, controlling the
activation and saturation of {10-12} ET. In other words, {10-12} ET does not occur until a
threshold volume fraction of Ath1 is obtained in any grain. Then the volume fraction of
{10-12} ET increases rapidly and saturates at a value of Ath1 + Ath2. The proposal of Jain
et al. [3] for the cryogenic deformation of Mg alloy is as follows: the specific values of Ath1

and Ath2 are 0.10 and 0.50, respectively, for {10-12} ET.
A minimum parameter approach was further applied in VPSC model here [15].

Through this simplified assumption, only seven material parameters are needed in the
present study (four different τ0 values for involved deformation mechanisms and three
τ1, θ0 and θ1 values for the working hardening of all involved deformation mechanisms).
Chen et al. [15] have confirmed that the VPSC model with a minimum parameter approach
possesses relatively high and acceptable simulation accuracy about the prediction of plas-
tic deformation in Mg alloy. As will be described below, the experimental results about
cryogenic tensile deformation of the BNT sample and BT sample can be used to determine
these needed material parameters.

3. Results
3.1. Mechanical Behaviors of BNT Sample and BT Sample at Cryogenic Temperature

Figure 2 presents the mechanical responses of the BNT sample and BT sample during
cryogenic tensile experiments. It can be seen that the fracture elongation (FE) and the 0.2%
proof yield stress (YS) of these two specimens are significantly different from each other.
The FE value of BT sample is ~0.11, while the FE value of BNT sample is as high as ~0.23,
which is ~109.1% larger than that of BT sample. Chen et al. [18] have reported that the FE
values of the BNT sample and BT sample are ~0.24 and ~0.14, respectively, during tensile
deformation at room temperature. Obviously, the FE values of the BNT sample and BT
sample at the cryogenic temperature are slightly decreased by comparison with those at
room temperature. The underneath mechanisms for the abovementioned phenomenon will
be discussed in the following section. With regard to YS, the YS value of the BT sample
is ~259 MPa, while the YS value of the BNT sample is only ~155 MPa, which is ~40.2%
smaller than that of the BT sample. Similar results have been observed in [18], where the
YS value (~73 MPa) of the BNT sample during tensile deformation at room temperature is
~55.2% lower than that (~163 MPa) of the BT sample. This issue is attributed to the effect of
texture softening induced by the bimodal non-basal texture.

Figure 2. Measured mechanical responses of BNT sample and BT sample during cryogenic tensile
deformation as well as predicted results via VPSC modeling.
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The obtained mechanical response of the BNT sample in Figure 2 is further applied
to verify these needed material parameters in the VPSC model. During the calibration
process, the particle swarm optimization (PSO) algorithm is used in the present study,
instead of the commonly adopted “trial-error” method which artificially regulates these
values of material parameters via the optical observation on the difference between the
experimental result and the predicted one. A specific description of the PSO algorithm
can be found elsewhere [19]. Actually, by automatically tracking the personal best (pBest)
and global best (gBest) in each iteration, the PSO algorithm shows high efficiency and
accuracy during the identification of material parameters, as reported by our previous
studies [20,21]. These identified material parameters are obtained and presented in Table 1,
and the corresponding predicted mechanical responses are displayed in Figure 2. Obviously,
these numerical results demonstrate high consistency with regard to these experimental
results. It is worth noting that the hardening behaviors of these two samples are quite
different from each other. Therefore, these τ1, θ0 and θ1 values, which are closely associated
with the hardening response, are different for the BNT sample and BT sample. Besides, it is
interesting to note that {10-12} ET, instead of basal <a> slip, possesses the lowest critical
resolved shear stress (CRSS) at the cryogenic temperature. This phenomenon agrees well
with the reported results by Jain et al. [3].

Table 1. Identified material parameters for BNT sample and BT sample in VPSC modeling (MPa).

τ0 for Basal <a>
Slip

τ0 for Prismatic
<a> Slip

τ0 for Pyramidal
<c+a> Slip

τ0 for
{10-12} ET τ1 θ0 θ1

BNT 49.79 157.62 380.25 25.14 21.13 10.36 112.50
BT 49.79 157.62 380.25 25.14 9.14 250.74 19.48

3.2. Microstructure Evolution of BNT Sample and BT Sample at Cryogenic Temperature

Figures 3 and 4 illustrate the microstructure characteristics of samples deformed to
true strains of 0.04 and 0.08 via the inverse pole figure (IPF) map, the grain boundary
(GB) map, and the kernel average misorientation (KAM) map. In the present study, these
boundaries with misorientations between 2◦ to 15◦ are known as the low angle boundaries
(LABs) and are highlighted by grey lines, while these boundaries with misorientations
larger than 15◦ are referred to as the high angle boundaries (HABs) and are highlighted
by black lines. These identified twinning modes in the present study include {10-12} ET
(red line), {10-11} CT (green line), and {10-11}-{10-12} DT (blue line). In addition, three types
of {10-12}-{10-12} twin–twin interactions, as reported by Nave and Barnett [22], are also
considered and highlighted in the present study, including (10-12)-(01-12) by a yellow line,
(10-12)-(-1012) by a sky blue line, and (10-12)-(0-112) by a pink line. The HKL Channel
5 software is applied to calculate these KAM values using the average misorientation
between a given pixel and its nearest neighboring pixels. In fact, the KAM value is not only
directly associated with the deformation heterogeneity at microscale and the geometrically
necessary dislocation density [5,23], but also indirectly correlated with the statistically
stored dislocation density, which sustains plastic strain during the plastic deformation of
metallic materials [24].

For the BNT sample deformed to the true strain of 0.04, IPF and GB maps in Figure 3a,b
show that {10-12} ETs are extensively activated. These {10-12} ET lamellas are thin, and most
of them are non-intersecting with each other. The misorientation angle distribution (MAD)
map in Figure 5a confirms that the relative frequency of 86.3◦/<11-20>-type boundary is
remarkably higher than those of other grain boundaries. As true strain increases to 0.08,
these {10-12} ET lamellas thicken, interact with each other, and gradually swallow the matrix
grains, as shown in Figure 3d,e. This issue can be verified by the decreasing tendency of
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the relative frequency of the {10-12} ET boundary in Figure 5a and the increasing tendency
of volume fraction of {10-12} ET in Figure 5c. Furthermore, Figure 5a confirms that these
observed twin–twin interactions mainly belong to (10-12)-(01-12) twin–twin interactions
(60.0◦<10-10>). Similar phenomenon has been reported in our previous study about the
microstructure characteristics of cryogenic-rolled BNT sample [8].

 
Figure 3. EBSD analysis of BNT sample deformed to true strain of 0.04 and 0.08: (a,d) IPF maps;
(b,e) GB maps; and (c,f) KAM maps.

Figure 4. EBSD analysis of BT sample deformed to true strain of 0.04 and 0.08: (a,d) IPF maps;
(b,e) GB maps; and (c,f) KAM maps.

With respect to BT samples deformed to the true strain of 0.04 and 0.08, {10-12} ETs
can be seldom observed at the true strain of 0.04 and then occur more frequently at the true
strain of 0.08, as shown in Figure 4a,b,d,e. Accordingly, Figure 5c shows that the volume
fraction of {10-12} ET is as low as 0.01 at the true strain of 0.04 and only about 0.06 at the
true strain of 0.08 for the BT sample. Meanwhile, {10-11} CTs and {10-11}-{10-12} DTs can
rarely be identified in these deformed microstructures. The corresponding MAD map in
Figure 5b also confirms this observation, and only small peaks referring to {10-12} ETs occur

https://doi.org/10.3390/met16020230

https://doi.org/10.3390/met16020230


Metals 2026, 16, 230 8 of 15

here. Actually, this has also been reported by Wang et al. [4]. Based on the KAM maps
of Figure 4c,f, the calculated average KAM values of BT samples deformed to true strain
of 0.04 and 0.08 are ~0.90 and ~1.27, respectively. These values are obviously larger than
the average KAM values of ~0.72 and ~0.98 at corresponding strains for deformed BNT
samples. The effect of this difference on the plastic deformation of BNT samples and BT
samples during the cryogenic tensile experiment will be discussed in the following section.

 
Figure 5. Statistical analysis of misorientation angle of (a) BNT sample and (b) BT sample and
statistical analysis of volume fraction of {10-12} ET within both deformed samples (c) during cryogenic
tensile deformation.

Furthermore, the predicted volume fractions of {10-12} ET within both deformed
samples via VPSC modeling are also included in Figure 5c. It is clear that the difference
between measured results and predicted ones are rather small at a true strain of 0.04.
This could further verify the reliability of obtained material parameters in the present
study. However, the predicted volume fraction of {10-12} ET at a true strain of 0.08 for the
BNT sample is about 0.24, which is about 0.10 larger than that of the measured volume
fraction of {10-12} ET. This phenomenon has also been reported in our previous study [25],
where disagreement between VPSC predictions and experiments inevitably occurred as the
interaction between twin variants cannot be effectively and concisely considered in this
current-version VPSC simulation.

3.3. Texture Evolution of BNT Sample and BT Sample at Cryogenic Temperature

Figures 6 and 7 depict the texture evolution of both samples via (0002) and (10-10) pole
figures. As for BT sample, the basal pole tends to diffuse with the progression of plastic
strain via the highlighted grey dotted circle in Figure 6. The corresponding maximum
intensity of the (0002) pole figure decreases from 12.57 times random to 10.30 times random.
In addition, a minor TD-texture component (c-axis//TD), highlighted by black dotted
circle, has been formed at the true strain of 0.08 in Figure 6b. With regard to the BNT
sample, these two tilted basal poles in the (0002) pole figure concentrate obviously towards
ND (c-axis//ND) during cryogenic tensile deformation, as shown in Figure 7a,c,e. Besides,
a new TD-texture component occurs at the early stage of cryogenic tensile deformation, as

https://doi.org/10.3390/met16020230

https://doi.org/10.3390/met16020230


Metals 2026, 16, 230 9 of 15

shown in Figure 7a. Afterwards, this generated TD-texture component tends to enhance
gradually with the progression of plastic strain. The corresponding predicted results of
texture evolution during cryogenic tensile deformation of the BNT sample are shown in
Figure 7b,d,f. Clearly, these predicted (0002) and (10-10) pole figures rightly show the
aforementioned main texture characteristics of the BNT sample in Figure 7a,c,e. This could
further verify the reliability of fitted material parameters in the present study. It is worth
noting that the separated angle between ND and maximum intensity in the (0002) pole figure
is relatively smaller in the experimental result than in the predicted result under the same
plastic strain. Reasons leading to this phenomenon will be discussed in the following section.

Figure 6. Texture evolution of BT sample during cryogenic tensile experiment: (a) at true strain of
0.04 and (b) at true strain of 0.08.

 

Figure 7. Comparison between the measured and predicted texture evolution of the BNT sample
during cryogenic tensile deformation: (a,b) at true strain of 0.04; (c,d) at true strain of 0.08; and
(e,f) at true strain of 0.20.
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4. Discussion
4.1. Underlying Mechanisms of Flow Stress for BNT Sample

Compared with the reported mechanical properties of the BNT sample and BT sample
during tensile deformation at room temperature [18], the cryogenic temperature remarkably
enhances the corresponding mechanical properties during tensile deformation. The YS
values of BNT sample and BT sample are elevated by ~82 MPa and ~96 MPa, respectively.
Although there exists an obvious difference between the average grain size of studied
samples and the ones reported in [18] (35.51 µm vs. 14.91 µm for BNT samples and
34.82 µm vs. 11.05 µm for BT samples), this difference in grain size is not the key reason
resulting in the abovementioned improvement in YS. An estimate of this effect can be made
through the Hall–Petch relationship:

σ = σ0 + kD−1/2 (4)

where the flow strength of σ is the function of the mean grain size (D). The coefficient σ0 and
k represent the lattice friction stress and the stress intensity constant, respectively. Based on
the reported investigations about the Hall–Petch relationship in Mg alloys by Yu et al. [26],
the k value of the BNT sample and BT sample in [18] at room temperature can be used as
~250 MPa µm1/2, whereas the k value of the BNT sample and BT sample in the present
study at the cryogenic temperature can be applied as ~350 MPa µm1/2. Consequently, the
reduction in YS values resulting from the difference in grain size is calculated to be as low
as ~6.01 MPa for the BNT sample and ~15.89 MPa for the BT sample. Chapuis et al. [27]
have reported that the huge increase in YS for the Mg alloy is mainly attributed to the effect
of a temperature decrease on improving the initial CRSS values of involved deformation
mechanisms, which corresponds to the values of τ0 in VPSC simulation. Specifically, a basal
<a> slip and {10-12} ET are two approximately athermal deformation modes, and their
initial CRSS values are relatively insensitive to temperature change. By comparison, the
remaining slip modes and twinning modes are thermally activated ones to different extents,
and their initial CRSS values increase markedly with decreasing temperature. This issue
has been verified by the fitted material parameters in VPSC modeling of a AZ80 Mg alloy
deformed at room temperature and cryogenic temperature, as reported by Jain et al. [3].

To determine which deformation mechanisms are key ones affecting the YS of BNT
sample during cryogenic tensile deformation, the predicted slip and twinning activities
are depicted in Figure 8a. Since the VPSC model excludes the elastic–plastic transition,
the predicted YS is defined as the flow stress at a plastic strain of 0.2% to maintain the
consistency with the experimental 0.2% proof stress. As shown in Figure 8a, basal <a> slip
and {10-12} ET are two major deformation mechanisms at the onset of plastic strain for
the BNT sample. This issue is different from the predicted results regarding the Mg alloy
with basal texture at cryogenic temperature, where basal <a> slip and prismatic <a> slip
are the major mechanisms sustaining plastic strain at the beginning of cryogenic tensile
deformation [3]. Therefore, it can be concluded that the YS of BNT sample during cryogenic
tensile deformation is collectively determined by basal <a> slip and {10-12} ET. In addition,
Figure 8b shows how a variation of initial CRSS will affect the YS of BNT sample. For
this purpose, univariate analysis is applied in the present study. For example, the initial
CRSS for {10-12} ET would be changed at a constant interval from its fitted value in Table 1
to the one for basal <a> slip. Meanwhile, the initial CRSS values for other deformation
mechanisms are kept to their fitted values. Obviously, the CRSS variation for basal <a>
slip possesses relatively high sensitivity to the predicted YS, while the CRSS variation for
{10-12} ET possesses relatively low sensitivity to the predicted YS. Chapuis et al. [13] have
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reported similar phenomenon, and they correlate it with the activation degree of a given
deformation mode.

Figure 8. (a) Predicted slip and twinning activities of BNT sample during cryogenic tensile deformation
and (b) simulated YS dependence with CRSS variation for basal <a> slip and {10-12} ET.

4.2. Underlying Mechanisms of Texture Evolution for BNT Sample

Chen et al. [18] and Hu et al. [25] have confirmed that the extensive activation of
{10-12} ET is responsible not only for the appearance of TD-texture component in (0002) pole
figure, but also for the obvious concentration of tilted basal poles towards ND. Therefore,
the observed texture characteristics at true strain of 0.04 and 0.08 (Figure 7a,c) can be
understood because {10-12} ET could serve as a major deformation mechanism at the early
stage of cryogenic tensile deformation for the BNT sample. With the progression of plastic
strain, Figure 8a demonstrates that basal <a> slip and prismatic <a> slip are the major ones
to sustain plastic strain. This is different from the reported mechanisms of BNT sample
deformed at room temperature [25], where except for basal <a> slip and prismatic <a>
slip, pyramidal <c+a> slip also plays an important role in accommodating plastic strain.
It has been generally accepted that basal <a> slip is beneficial for concentrating the c-axis
of grain to ND, prismatic <a> slip mainly leads to the rotation of grain around its c-axis,
and pyramidal <c+a> slip tends to rotate the c-axis of grain to loading direction during
tensile deformation [28,29]. Therefore, the further concentration of tilted basal poles at
true strain of 0.20 in Figure 7e can also be explained due to the extensive activation of
basal <a> slip. Meanwhile, as there only exists rare activation of pyramidal <c+a> slip
from the beginning of plastic deformation, as shown in Figure 8a, there is ample reason to
believe that the separated angle showing the separation degree between ND and maximum
intensity in (0002) pole figure would be smaller to some extent in the case of cryogenic
tensile deformation of the BNT sample than in the case of tensile deformation of the BNT
sample at room temperature.

Moreover, it is worth noting that the concentration degrees of tilted basal poles for
measured results and predicted results have some difference to each other, as shown in
Figure 7. Specifically, the separated angle showing the separation degree between ND and
maximum intensity in (0002) pole figure is relatively smaller in the experimental result
than in the predicted result under the same deformation degree. This indicates that there
may exist additional mechanisms, which have not been considered in the conducted VPSC
modeling. To verify this point, three representative grains are selected from the deformed
BNT sample at true strain of 0.08. Their IPF maps, (0002), (10-12) pole figure maps, and the
corresponding schematic representations based on 3D orientation in the crystal frame are
displayed in Figure 9. It is clear that multiple {10-12} ET variants are activated within these
grains, which mainly rotate the c-axis of grain to ND and TD. Table 2 shows the theoretical
Schmid factor (SF) values of six {10-12} ET variants, and these actually activated variants are
marked in bold. It is worth noting that some SF values in bold are negative, demonstrating
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that these selected grains are to a certain extent not favorable for the activation of {10-12}
ET. This has not been observed and reported at the early stage of tensile deformation for
the BNT sample at room temperature [18]. Guo et al. [30] and Zhang et al. [8] both reported
the occurrence of {10-12} ET variants with negative SF values, and they attribute this to
the necessity of accommodating deformation between neighboring grains of Mg alloys
during plastic deformation. Actually, this impact of {10-12} ET has not been considered in
the current version of VPSC modeling in the present study. Besides, Figure 9 also shows
the occurrence of rarely reported {10-12}-{10-12} DT in the BNT sample deformed to the
true strain of 0.08. Stress concentration in local regions and the inhibition of activities
for non-basal slips at low temperature are responsible for the formation of this unusual
{10-12}-{10-12} DT [31,32]. Actually, {10-12}-{10-12} DT has not yet been considered in VPSC
modeling in the present study.

 

Figure 9. IPF maps, (0002), (10-12) pole figure maps, and the corresponding schematic representations
based on 3D orientation in the crystal frame within three selected grains of the BNT sample deformed
to the true strain of 0.08.

Table 2. Calculated SF values of six {10-12} variants of selected grains in Figure 9.

Grains V1 V2 V3 V4 V5 V6

1 −0.242(E2) 0.103(E1) −0.099 −0.189 0.112 −0.144
2 −0.019(E2) 0.176(E1) −0.071(E3) 0.030 0.163 −0.133
3 0.008 −0.388 −0.282 −0.005 −0.409(E1) −0.299

4.3. Underlying Mechanisms Responsible for Good FE in BNT Sample

Compared with the reported FE value (~0.24) of the BNT sample during tensile de-
formation at room temperature [18], only a minor decrease of ~0.01 has been observed in
the BNT sample during cryogenic tensile deformation. The underlying mechanisms can be
concluded as follows: At the onset of deformation, basal <a> slip and {10-12} ET would
be extensively activated to sustain plastic strain. Meanwhile, the cryogenic temperature
benefits in activating additional {10-12} ETs with negative SF values to accommodate de-
formation between neighboring grains. With the progression of plastic strain, prismatic
<a> slip begins to sustain more plastic strain. At the same time, plastic strain can also
be sustained via the thicken of these activated {10-12} ET lamellas, the multiplication of
(10-12)-(01-12) twin–twin intersection, and the formation of unusual {10-12}-{10-12} DT.
Due to the remarkable thermal sensitivity of initial CRSS (380.25 MPa), pyramidal <c+a>
slip can seldom be activated in the present study. This is different from the reported result
that pyramidal <c+a> slip serves as a major mechanism to coordinate plastic deformation
between neighboring grains for BNT sample deformed at room temperature [25]. How-
ever, the cryogenic temperature contributes to the formation of {10-12}-{10-12} DT in the
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deformed BNT sample. Zhang et al. [33] and Hu et al. [25] reported that the formation of
this unusual {10-12}-{10-12} DT benefits in accommodating in-homogeneous plastic strain
and relieving the stress concentration of Mg alloy at low temperature. This is favorable for
the good FE of the BNT sample during cryogenic tensile deformation.

5. Conclusions
In the present study, specific microstructure characterization via EBSD measurement

and numerical simulation via VPSC simulation has been conducted to explore the underly-
ing mechanisms of mechanical properties and the microstructure evolution in a bimodal
non-basal textured AZ31 Mg alloy sheet during cryogenic tensile deformation. The follow-
ing conclusions can be drawn:

1. The studied BNT sample possesses a FE value of ~0.23 and a YS value of ~155 MPa
during cryogenic tensile deformation. This obtained FE value is quite close to that
(~0.24) of the BNT sample at room temperature, showing the good plasticity of this
bimodal non-basal textured AZ31 Mg alloy sheet at cryogenic temperature. The major
characteristic of texture evolution is as follows: Those tilted basal poles concentrate ob-
viously towards ND (c-axis//ND). Meanwhile, a TD-texture component (c-axis//TD)
begins to emerge and enhance gradually with the increasing plastic strain.

2. The initial YS value of the studied BNT sample at cryogenic temperature is mainly
determined by the activation of a basal <a> slip and {10-12} ET. Although the initial
CRSS (49.79 MPa) of a basal <a> slip is larger than that (25.14 MPa) of {10-12} ET, the
initial YS value is more sensitive to the variation of CRSS for a basal <a> slip.

The obvious concentration of the c-axis of grain to ND at the early stage of cryogenic
tensile deformation is mainly due to the extensive activation of {10-12} ET. By comparison,
the concentration of the c-axis of grain towards ND at the later stage of cryogenic tensile
deformation is mainly derived from the heavily activated basal <a> slip. In the current
version of VPSC, as the role of {10-12} ET for coordinating plastic deformation between
neighboring grains and the role of {10-12}-{10-12} DT cannot be effectively and concisely
considered, the discrepancies between simulation and experimental results about texture
characteristics and twin volume fraction are inevitable. This can also serve as a promising
research direction for future VPSC simulations.
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Abbreviations
The following abbreviations are used in this manuscript:

BNT Bimodal Non-Basal Textured
BT Basal Texture
CRSS Critical Resolved Shear Stress
CT Compression Twin
DT Double-Twin
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EBSD Electron Back-Scattered Diffraction
ECAR-CB Equal Channel Angular Rolling-Continuous Bending
ET Extension Twin
FE Fracture Elongation
GB Grain Boundary
HABs High Angle Boundaries
HCP Hexagonal Close-Packed
IPF Inverse Pole Figure
KAM Kernel Average Misorientation
LABs Low Angle Boundaries
MAD Misorientation Angle Distribution
Mg Magnesium
ND Normal Direction
ODF Orientation Distribution Function
OM Optical Microstructure
PSO Particle Swarm Optimization
PTR Predominant Twin Reorientation
RD Rolling Direction
SF Schmid Factor
TD Transverse Direction
VPSC Visco-Plastic Self-Consistent
YS Yield Stress
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