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ARTICLE INFO ABSTRACT

Handling editor: L Murr The anisotropic mechanical properties of wrought Mg alloys are significantly influenced by their crystallographic
texture. This study examines the impact of texture multi-polarization on the mechanical anisotropy of Mg-10Gd
(wt.%) alloy, using conventional extrusion (EX) and extrusion-shearing (ES) processes. A multipolar texture
distribution was successfully achieved through the ES process, including basal textures (<10-10> or <2-1-10> ||
extrusion direction (ED)), shear-induced B fiber texture (basal plane || shear plane), C-texture (<0001> || ED)
and “Rare Earth” texture (c-axis || shear direction). The evolution of microstructure and mechanical properties of
the processed samples under tension and compression were thoroughly investigated. At equivalent strain levels
applied via both EX and ES processes, the ES samples demonstrated superior mechanical properties and isotropy.
The yield stress and elongation to failure of ES sample under tension were 166.48 MPa and 23.33 %, that is
19.92 % and 50.41 % higher than those of EX sample. The compressive yield strength ratio between ED and
normal direction of the ES samples reached 0.93, higher than that of the EX samples (0.77). This improvement is
attributed to the more homogenized microstructure and the multipolar textures. Moreover, the effect of indi-
vidual texture components on plastic deformation and yield strength were calculated by Visco-Plastic Self
Consistent (VPSC) modeling. The results suggested that variations in the activation of {10-12} extension twins
are the primary factor responsible for the mechanical anisotropy observed under compression. For the ES sample,
the grains with c-axis tilted towards the shear direction or the shear plane normal benefit the reduction of
anisotropy.
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1. Introduction which restricts the activation of slip systems during deformation at room

temperature [4-6]. This restriction results inleads to poor ductility in

Wrought magnesium (Mg) alloys exhibit excellent specific strength,
stiffness, and low density, making them ideal structural materials for
lightweight applications in aerospace, automotive, electronics, and
various other fields [1-3]. However, Mg alloys have a hexagonal
close-packed (HCP) crystallographic structure with low symmetry,
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wrought Mg alloys. Additionally, when processed by traditional defor-
mation techniques, such as hot-rolling [7,8] and extrusion [9,10], strong
basal textures are commonly formed in Mg alloys, leading to pro-
nounced mechanical anisotropy [11]. As structural materials, wrought
Mg alloys face challenges in industrial applications due to these
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limitations. Improving the overall mechanical properties of wrought Mg
alloys has become a primary focus in research on Mg alloys [11-14].

Grain refinement is one of the most important strategies used to
enhance the strength and ductility of Mg alloys [15,16]. By applying a
reasonable increase in strain through deformation processes, such as
severe plastic deformation techniques [16,17], the average grain size of
Mg alloys can be refined to below 1 pm [18,19]. According to the
Hall-Petch relationship, significant grain refinement should substan-
tially improve the yield strength of Mg alloys [20]. However, researchers
have found that the strength improvement from grain refinement is not
always as expected [21,22]. For example, while further grain refinement
can occur following equal channel angular pressing (ECAP) of extruded
Mg alloys [18], the yield strength may decrease unexpectedly. This
phenomenon is primarily attributed to the transformation of the basal
fiber texture in extruded Mg alloys into shear texture components after
deformation by ECAP, leading to a texture softening effect [18,23,24].
Avoiding the formation of crystallographic textures in thermally
deformed Mg alloys is particularly challenging [24]. In wrought Mg
alloys, the texture dependence of deformation mechanisms along
various loading directions is one of the main causes of mechanical
anisotropy properties [14,25]. Therefore, controlling the texture while
refining the grains is critical for developing Mg alloys with superior
comprehensive mechanical properties [4,7,26].

Texture modification in wrought Mg alloys can be effectively ach-
ieved through the addition of rare earth (RE) elements [27]. Numerous
studies [28-30] have demonstrated that alloying by RE elements not
only provides significant solution strengthening and precipitation
strengthening effects on Mg alloys, but also weakens the basal texture by
promoting the formation of “RE-textures”. For instance, RE-texture
components of <2-1-12>—<2-1-14> || extrusion direction (ED) could
replace the traditional <10-10> || ED basal component in extruded
Mg-Gd alloys [31]. This alteration is beneficial for improving ductility
and reducing anisotropy [32,33]. Applying shear deformation is also an
effective method to alter control the deformation textures in Mg alloys.
Beausir et al. [34] reported that following shear deformation via ECAP,
multiple types of ideal shear texture components could develop in the
alloy, including: basal plane || shear plane (B fiber), <a> || shear di-
rection (P fiber), c-axis rotated towards the shear plane by 30° (Y fiber)
and c-axis firstly rotated 90° in the shear direction then +30° in the
shear plane direction (C; and Cy fiber), respectively. In recent years, the
development of fine-grained microstructures with multipolar orienta-
tions has emerged as a vital method for achieving high-performance Mg
alloy [35-37]. In this study, the presence of multiple crystallographic
texture components with several orientation poles in {0002} pole figure
of Mg alloy is defined as multipolar texture, and the process to introduce
the multipolar texture distribution is referred to as texture
multi-polarization. Compared to completely randomizing the textures,
obtaining multipolar textures in Mg alloys is more feasible. For example,
by employing combined deformation techniques such as rolling and
compression [35], pre-tension and subsequent re-compression defor-
mation followed by annealing treatments [36], applying rotary-die
equal channel angular pressing (RD-ECAP) process [10,38,39], or the
extrusion-shearing process [40], it is possible to achieve texture
multi-polarization in Mg alloys. It was also reported [38] that the me-
chanical anisotropy of Mg alloys can be improved due to the presence of
multipolar texture distribution. Nevertheless, research on multipolar
texture in wrought Mg alloys remains scarce, and the influences of in-
dividual texture components on the deformation mechanisms during
processing require further investigation.

In this study, we successfully prepared a Mg-10Gd (wt.%) alloy with
distinct multipolar texture distribution by employing a composite
deformation process consisting of extrusion followed by two ECAP
passes in route C. This deformation process is referred to as extrusion-
shearing (ES) process [41]. Compared to the sample obtained through
conventional extrusion processing (EX), the ES-processed samples
exhibit superior mechanical properties under tension and compression.
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Under compression, the ES process enabled the Mg-10Gd alloy to ach-
ieve excellent isotropic yield stress. To reveal the impact of multipolar
texture distribution on mechanical anisotropy, polycrystal plasticity
simulations were used to quantitatively evaluate the contributions of
individual texture components to yield strength and their roles in
deformation mechanisms under compression.

2. Experiments

The initial ingots of the Mg-10Gd (wt.%) were fabricated via sand
casting. Prior to the deformation process, the initial alloy was treated at
530 °C for 10 h to homogenize the microstructure and mitigate the
casting-related defects. The temperature and duration of homogeniza-
tion are determined based on previous literature [42,43] and the phase
diagram [44], which indicates that 530 °C and 10 h are sufficient to
eliminate most of the casting defects. An extrusion-shearing process (ES)
was then applied to the homogenized alloy at 400 °C. As shown in
Fig. la, a direct extrusion (with ratio of 4) and 2 passes ECAP defor-
mation with channel angle of 105° could be imposed through a single
pass of ES deformation. During the hot deformation, the temperature of
both the ingots and the die was maintained at 400 °C, and
water-quenching treatment was immediately performed after the
deformation. For comparison, Mg-10Gd ingots were also processed
using a conventional direct extrusion process (EX) with an extrusion
ratio of 13 under identical processing conditions (Fig. 1b). The applied
von-Mises equivalent strains at the center of the extruded bars were
calculated as 2.56 for the EX process and 2.54 for the ES process [40]. An
extrusion speed of 20 mm/s was consistently maintained across both
methods. Therefore, the strain path remained the sole variable between
these two processes. The samples produced through these two methods
were designated as the ES sample and the EX sample, respectively.

For microstructure observation, optical microscopy (OM) and scan-
ning electron microscopy (SEM) techniques were employed. The sam-
ples were mechanically polished to a mirror finish on the extrusion
direction-nominal direction (ED-ND) plane, followed by etching in a
solution of 4 % Nital. The precipitates were analyzed using an energy
dispersive spectrometer (EDS) attached to the SEM and transmission
electron microscopy (TEM). Additionally, electron backscatter diffrac-
tion (EBSD) was conducted on the ED-ND plane of the deformed samples
using a ZEISS Gemini SEM 560 machine. To ensure high precision in
EBSD analysis, a step size of 0.3 pm was adopted. The EBSD results were
subsequently analyzed using the ATEX software [45]. Quasi-static ten-
sile tests were conducted along the ED direction at a strain rate of 1.5 x
1073, The gauge dimensions of the dog-bone-shaped samples were 2
mm x 3 mm X 5.5 mm. However, due to the reduced diameter of 10 mm
in the extruded bar following the ES process, it was not feasible to
prepare tensile test samples along the ND. Therefore, quasi-static
compression tests were utilized to characterize the anisotropy of the
mechanical properties. For compression testing, rectangular samples
with side lengths of 5 mm were prepared.

3. Results
3.1. Microstructures

The microstructure of the homogenized ingot is shown in Fig. 2a. It
reveals a non-uniform grain size distribution. After heat treatment,
smaller grains had a diameter of ~50 pm, while grain sizes of larger
grains reached 300 pm. The average grain size of the initial alloy was
calculated to be 154 pm. As observed by SEM in Fig. 2b, a large number
of insoluble particles larger than 10 pm still existed at grain boundaries
after homogenization treatment. Based on EDS analysis (shown in
Fig. 2b) of particle 1 (P1) and particle 2 (P2), these particles were
identified as Gd-rich particles.

Fig. 3 presents microstructures of the Mg-10Gd alloy processed by
the EX and ES processes. Although the two processes could apply the



D. Han et al. Journal of Materials Research and Technology 36 (2025) 7881-7896

54 mm

B R,

20 mm

15 mm
>

microstructure / texture e
characterization compreéssion Niry

test

Fig. 1. Schematics of the deformation processes: (a) ES; (b) EX.
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Fig. 3. Microstructure of Mg-10Gd alloy processed by EX and ES: (a-b) OM; (c—d) SEM images of deformed samples and quantitative analysis of elements in
representative areas/points with EDS.
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same von-Mises equivalent strain level, the deformed Mg-10Gd alloys
exhibited distinctly different microstructures. In the EX sample,
numerous deformation traces were formed parallel to ED (Fig. 3a and c).
These deformation traces typically occur in rare-earth (RE) Mg alloys
with high RE contents or after extrusion with a high ratio [46]. The
traces occupy approximately 5 % of the area in the EX sample. Fig. 3c
clearly indicates that a significant number of particles were present at
the edges of or within the traces. Gd atoms were segregated in the traces,
resulting in a Gd content of up to 23.6 wt% (Fig. 3c).

In the ES sample, the microstructure was significantly more uniform,
without any observable deformation traces. As shown in Fig. 3b and d,
the microstructure of ES sample is mainly composed of equiaxed grains,
with elongated grains rarely observed. Some cuboidal and irregular
particles were dispersed along grain boundaries in the ES sample. A
large number of fine particles were distributed along the ED, forming a
fine particle band. The EDS results show that the Gd content in these fine
particles was higher than in the Mg matrix, indicating dynamic
precipitation.

Furthermore, the Gd contents of the irregular and cuboid-shaped
particles in the EX and ES samples were analyzed using EDS. The re-
sults indicate that the Gd contents in the irregular particles exceeded 80
wt%. These particles were refined during the hot deformation from the
residual particles in the initial ingots. The cuboid-shaped particles are
identified as the commonly observed MgsGd precipitates in Mg-Gd al-
loys [47,48].

The composite strain paths resulting from extrusion and subsequent
ECAP processing positively influenced the uniform refinement of the
microstructure in the ES samples.

The EBSD Orientation Image Mappings (OIM) of the EX and ES
samples are shown in Fig. 4. The related grain size distribution, dynamic
recrystallization maps, and disorientation distributions are included. As
seen in Fig. 4a, several ultrafine grains with grain sizes less than 1 pm
appeared in the interior of the deformation traces of the EX sample.
Thus, the deformation traces formed in the Mg-10Gd alloy after extru-
sion represent mixed regions of particles and ultrafine grains. This
phenomenon aligns with the particle-stimulated nucleation (PSN)
mechanism [49]. The average grain size of the EX sample is calculated to
be 5.36 pm, with recrystallized grains accounting for 99.2 % and
low-angle grain boundaries comprising 1.9 %.

When Mg-10Gd alloy is subjected to the ES process, elongated grains

Journal of Materials Research and Technology 36 (2025) 7881-7896

with specific orientations remain in the sample, as shown in Fig. 4d. In
our previous study [40], it was demonstrated that these elongated grains
were introduced by the upfront extrusion deformation with a small ratio
during the ES process. The residual elongated grains tended to exhibit a
typical basal orientation, where the <10-10> axis of the grains aligned
with ED and the <0001 > axis was oriented to ND. The average grain size
of the ES sample was 4.74 pm. Following ES deformation, the Mg-10Gd
alloy retained a high recrystallization ratio of 96.3 %. The EBSD results
confirm that both the EX and ES processes achieved significant grain
refinement.

3.2. From single-polar to multi-polar texture

Fig. 5 shows the micro-texture of the EX and ES samples with {0002},
{10-10} pole figures (PFs) and inverse pole figures (IPFs). The micro-
texture calculation was based on the EBSD results in Fig. 4, account-
ing for more than 2500 grains. As shown in Fig. 5a-b, the EX sample
exhibits a typical rare-earth texture (RE-texture) component with <2-1-
12> || ED. The c-axis of the grains in the EX sample tended to rotate
+10°-60° from ND to ED. The development of RE-texture is considered
to be associated with RE atom segregation at grain boundaries [50,51],
RE elements partitioning to dislocations [52], and the grain boundary
pinning effect of precipitates [53]. However, the precise mechanism
remains unclear at present.

Fig. 5d-f shows the texture of the ES sample, which differs signifi-
cantly from that in the EX sample. After being processed via ES, shear
texture components [34], such as B, P, Y, C; and Cy, are introduced into
the Mg-10Gd alloy. The ideal shear texture components generated by
ECAP were identified using the ATEX software, based on the defined die
angle of 105°. As seen in Fig. 5e, the ideal shear texture components
formed during the two-pass ECAP deformation in ES are marked, with
the shear direction (SD1 and SD2) and the shear plane normal (SPN)
indicated. The results demonstrate that the texture of the ES sample does
not entirely conform to the ideal positions. In the ES sample, the B fiber
displayed the highest texture intensity, and a weak C1 fiber texture was
also observed. Interestingly, a novel texture component emerges,
exhibiting a 22° clockwise rotation relative to C2. This new texture
component develops along the shear direction, exhibiting an orientation
of <2-1-12> || ED. Its intensity is surpassed only by that of the B fiber.
Fig. 5f clearly shows that the angle between the c-axis of the grain and
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Fig. 4. Inverse pole figure (IPF) color maps of the microstructures, grain size distributions, recrystallization distributions (DRX grains in blue, deformed grains in

red), and disorientation distributions: (a—c) EX sample, (d-f) ES sample.
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ED in the ES sample tends to cluster within three distinct ranges: 0-27°,
27°-70° and 70°-90°. The ES sample exhibits a distinct multipolar
texture distribution.

3.3. Mechanical properties

The engineering strain-stress curves of the EX and ES samples under
quasi-static tensile tests are presented in Fig. 6. The EX samples
exhibited a tensile yield strength (TYS) of 138.82 MPa, ultimate tensile
strength (UTS) of 223.74 MPa, and elongation to failure (EL) of 15.51 %.
By contrast, the ES samples exhibited TYS of 166.48 MPa, UTS of 262.33
MPa, and EL of 23.33 %. Both strength and ductility were considerably
enhanced compared to the EX samples.

Fig. 7a and c illustrate the true strain-stress curves of the EX and ES
samples under compression, and the samples compressed along the ED
and ND are designated as EX-ED, EX-ND, ES-ED and ES-ND, respectively.
The compressive yield strength (CYS), ultimate compressive strength
(UCS), and compression fracture strain (CEL) corresponding to each

—ES
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=
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L
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Engineering Strain (%)

Fig. 6. Mechanical properties of EX and ES samples under uniaxial tensile tests
along extrusion direction.
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curve are listed in Table 1. Under uniaxial compression, the EX sample
exhibits the lowest mechanical properties, with a CYS of 133.31 MPa
and CEL of 0.22. Conversely, when the samples were subjected to
compression along the ND, the ES sample demonstrateds superior
strength and ductility, measured at 177.29 MPa and 0.27, respectively.
In this study, the ratio of the CYS (CYSgp/CYSnp) was used to represent
the anisotropy of the samples under compression. The experimental
results indicate that the ratio of yield strength for the ES sample is 0.93,
while for the EX sample, it is only 0.77.

In addition, the visco-plastic self-consistent (VPSC) modeling [54,
55] has been applied to capture the compression mechanical properties
of the EX and ES sample. The procedure for the VPSC computational
model refers to the latest VPSC code version 8 from the Los Alamos
National Laboratory (open source). For uniaxial compression, the ve-
locity gradients for the ED and ND loadings are as follows:

10 0

(L) =10 0 1/2 0 )
0 0 1/2
1/2 0 0

D)p=L0{ 0 -1 0 2
0 0 1/2

The orientation aggregate used in the VPSC simulation was calcu-
lated using the ATEX software based on the EBSD results shown in
Figs. 4 and 5. In each aggregate, 5000 orientations were discretized and
used to predict the compression performance. In VPSC modeling, the
flow stress is calculated according to the Voce hardening law, which can
be expressed as a function of the accumulated strain [56]:

6(e) =00 + 01 (l-exp (-iif) )

where the 6, represents the initial yield stress, 6 is the initial hardening
rate, and the saturation stress is given by 6o + 0;. Considering that the
hardening of each grain varies from grain to grain, Tome et al. [55]
proposed an empirical hardening law. This law determines the resolved
shear stress in each slip system of a grain as a function of its accumulated
crystallographic shear:

3)

4

1

(D) =T + (1 +0,T) <l-exp (2_90))
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Fig. 7. (a, c) Experimental and simulated mechanical properties curves of EX and ES samples under uniaxial compression tests along extrusion direction and normal
direction (b, d) relative activation of basal, prismatic, pyramidal sip and extension twining obtained by VPSC simulation.

Table 1
Mechanical properties statistics of the EX and ES samples under compression and
related anisotropy ratio.

Process-Loading CYS (MPa) UCS (MPa) CEL CYSgp/
direction CYSnp
EX-ED 120.31 + 404.72 + 0.22 + 0.77 £ 0.04
8.2 6.9 0.03
EX-ND 155.63 + 487.37 + 0.23 +
5.6 7.8 0.03
ES-ED 165.02 + 502.23 + 0.26 + 0.93 £ 0.01
4.3 6.7 0.01
ES-ND 177.29 + 528.47 + 0.27 +
2.5 3.9 0.02

where 19 and 6, are the initial yield stress and hardening rate in the
given slip system, and t; and 6; determine the asymptotic hardening
rate.

In recent years, VPSC modeling has been widely employed to predict
the deformation mechanisms for Mg alloys. During the simulation of
uniaxial compression, the influences of basal <a>, prismatic <a>, py-
ramidal <c+a> slip systems and {10-12} extension twinning on me-
chanical properties are typically considered. The activation of the
deformation modes depends on the parameters t¢, t1, 69, and 6;. In
previous studies, VPSC simulations have been extensively applied to
analyze the deformation mechanisms of pure Mg [57], AZ31 [58],
Mg-15Gd [57] alloys, and Mg-Gd-Y series alloys [59]. Adjusting the
hardening parameters in VPSC modeling is a common method for
obtaining well-fitted mechanical property curves. Based on previously
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reported hardening parameters for Mg-Gd-based alloys [43,45], Table 2
lists the adjusted hardening parameters used in this study, which were
fitted by comparing the VPSC simulated curves with experimental
curves in Fig. 7.

The simulated strain-stress curves are also presented in Fig. 7, and
the simulated yield strength and anisotropy ratio are summarized in
Table 3. The simulation results show that the simulated mechanical
properties of the samples are basically consistent with the experimental
results, except for the EX-ED sample. Unexpectedly, the simulated
anisotropy ratio of the EX sample is 0.95, significantly higher than the
experimental value of 0.77. This discrepancy will be discussed in Section
4. Fig. 7b—d shows the relative activation of the slip systems and <10-
12> twinning in the EX and ES samples under the compression. Statis-
tical results indicate that prismatic slip is the most activated mechanism
in both the EX and ES samples. At the initial stage of compression
deformation, the likelihood of twinning activation in the EX sample
slightly exceeds that of the ES sample. The relative activation of the
other deformation mechanisms and their trends are similar.

Table 2

Hardening parameters of VPSC modeling (unit is MPa).
Deformation mode To T 0o 0,
Basal <a> 35 110 100 80
Prismatic <a> 90 130 600 90
Pyramidal <c+a> 115 175 700 45
Extension twinning 60 80 60 40
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Table 3
Simulated yield stress and yield anisotropy.

Process-Loading Simulated yield stress (S, Simulated yield

direction MPa) anisotropy
EX-ED 148.36 0.95
EX-ND 156.40

ES-ED 166.92 0.97
ES-ND 171.95

4. Discussion
4.1. Specification of multi-polarization texture

To accurately characterize the differences in texture proportion in
the Mg-10Gd alloy after conventional extrusion and the novel extrusion-
shearing process, the angle distributions between the c-axis of the grains
in the EX and ES samples and the ED were statistically analyzed and
depicted in Fig. 8. This analysis aids in the classification and quantitative
assessment of texture components. According to the IPF in Fig. 5f for the
ES sample, grains with angles between the c-axis and the ED (0) of
0°-27°, 27°-70°, and 70°-90° were separated from the related EBSD
mapping and reproduced in the I-VI region of Figs. 8 and 9. The corre-
sponding PFs and IPFs were also reconstructed and presented.

From Fig. 8, it is observed that the C-texture grains, which have their
c-axis oriented along the ED, account for only 4.66 vol percent in the EX
sample. As a result, when plotting the overall texture of the EX sample,
the relative intensity of the C-texture is diminished by other compo-
nents, rendering it unclear in the PF. In the EX sample, when the value of
0 is within 27°-70° with respect to the ED, a RE-texture dominated by <
2-1-12> || ED forms, with a volume fraction of 51.32 % in the tested
region. In region III, the grain colors are distinctly divided into blue and
green. From the {0002} and {10-10} PFs corresponding to these grains,
it is evident that these grains contribute to promoting the formation of
an extrusion fiber texture in the Mg-10Gd alloy. These grains in region
III can be further classified into two orientation types in the IPF: <2-1-
10> || ED or <10-10> || ED.

Influenced by the composite strain path of the ES process, the Mg-
10Gd alloy was first processed by a conventional extrusion deforma-
tion with a ratio of 4. As reported in our previous study [40], after
extruded with ratio 4 at the first deformation stage, the main texture
component is the extrusion fiber texture with <10-10> || ED. Subse-
quently, during the two ECAP deformation passes, dynamic recrystalli-
zation and grain rotation occur, forming grains with shear-induced
orientations. Fig. 9 shows the texture composition of the ES sample. The
area fractions corresponding to regions IV, V, and VI are 14.09 %, 57.95
%, and 27.96 %, respectively.

In the ES sample, the C-texture (regions IV) is significantly enhanced.
Region V exhibits a typical bipolar texture distribution, not similar to
region III of the EX sample. The distinction lies in the grains within re-
gion V: the grains in the {0002} PF display atwo single orientations, one
indicating that the c-axis of these grains is parallel to the shear direction
of the ECAP deformation zone. The other notable texture component in
region V is the B fiber texture, which forms during ECAP processing and
aligns the c-axis of the grains perpendicular to the shear plane.

From the IPF corresponding to region VI, it can be seen that in the ES
sample, grains with 8 > 70° are divided into two categories: <2-1-10> ||
ED and <10-10> || ED. The c-axis of these grains deviates from the ND
(normal direction) by about 10°. Furthermore, grains with the <10-10>
|| ED orientation have a higher proportion. The ES sample exhibits
smaller area fraction differences among grain orientations than the EX
sample. Simultaneously, for the various grain types in the ES sample, the
alignment of their c-axis demonstrates a tendency towards several spe-
cific directions, highlighting a trend of texture multi-polarization.
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4.2. Strength and ductility

The strengthening and toughening of Mg alloys is primarily achieved
through grain refinement, texture weakening, and precipitation con-
trolling [4]. In this work, the average grain size of the homogenized
Mg-10Gd alloy was refined from approximately 154 pm to around 5 pm
after processing through both EX and ES deformation. Notably, the
average grain size of the EX sample was slightly larger than that of the ES
sample by only 0.67 pm. The texture index of the EX and ES samples
were measured as 1.61 and 1.57 (Fig. 5), respectively, revealing a minor
difference. However, the strength and elongation to failure of the ES
samples significantly exceeded those of the EX samples.

In fact, the grain size distribution and microstructure morphology of
the EX and ES samples exhibit clear differences. From the grain size
distributions in Fig. 4b and e, we find that the percentage of grains larger
than 10 pm in the EX sample is 32.65 %, which is 2.2 times higher than
that in the ES sample (14.91 %). According to the Hall-Petch relation-
ship (using a slope of k = 285 MPa [60]), the contribution of 10 pm
grains to the yield strength in the Mg-10Gd alloy is calculated as 37.3
MPa less than that of 5 pm grains. This suggests that the presence of
numerous large grains in the EX sample limits its strength improvement.
In order to better understand the effect of precipitates, TEM was used to
characterize the distribution of precipitates, and the results are pre-
sented in Fig. 11. It is obvious that the distribution of precipitates in the
EX sample is more concentrated. The large-sized particles (1-2 pm) and
fine particles (0.5-1 pm) are distributed in a line shape along the ED, and
they tend to approach the extrusion traces or be within the trace
(Fig. 3b). For the ES sample, as shown in Fig. 1lc, numerous
nano-precipitates (<200 nm) are formed with a dispersive distribution,
which are rarely observed in the EX sample. Cuboid-shaped large par-
ticles prefer to be located at grain boundaries (Figs. 3c and 11d). Those
nano-precipitates and cuboid-shaped precipitates will have a significant
strengthening effect through the Orowan dislocation bypassing mecha-
nism [61,62]. Therefore, the more abundant precipitation and its
dispersive distribution can be another reason for the high strength of ES
sample.

Additionally, by characterizing the microstructure of the EX sample
after tensile tests (Fig. 11a), it is evident that the extrusion traces formed
in the EX sample become nucleation sites for cracks during tension,
significantly reducing the strength and ductility of the alloy. In contrast,
due to the introduction of two passes of ECAP, the ES sample demon-
strates a more uniform microstructure distribution, with stress being
uniformly distributed during tension. This uniformity prevents the for-
mation of cracks.

As for the precipitates in the ES sample, as shown in Fig. 11b, the
cubic particles (MgsGd) located along grain boundaries are fractured
from the center after tension. This suggests that these precipitates
contribute to enhancing the strength of the sample. Notably, there is no
similar phenomenon observed in the EX sample.

In summary, the uniform and fine-grained microstructure achieved
in the ES sample under the composite strain path of extrusion and ECAP
process stands out as the main reason for its excellent tensile properties.

The microstructure of the EX and ES samples after compression tests
is shown in Fig. 12. When the EX sample is compressed along the ED, the
deformation traces become flattened. Comparing Figs. 3c to 12a, the
length of the deformation traces reduces from 50 pm to 20 pm. In
Fig. 12a, microvoids preferentially form within the deformation traces
in the EX sample, which likely explains the lower experimental yield
stress compared to the stress predicted by VPSC simulations.

Conversely, when compressed along the ND, the cross-section of
deformation traces takes an ellipsoidal shape and becomes more uni-
formly distributed among the grains, thereby reducing mechanical
property degradation during compression compared to compression
along ED.

For ES samples, Fig. 12c-d indicates that the grains uniformly
deform after compression along both the ED and ND. Moreover, no
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microvoids are visible in the ES samples. Furthermore, the deformation
twins are consistently concentrated within individual grains in both EX
and ES samples. This observation might relate to the specific orientation
of these grains.

The average Schmid factor value of basal slip, non-basal slip, and
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tensile twinning is displayed in Fig. 13 under compression condition.
Based on the results, it can be inferred that the RE-texture formed in the
EX sample and the multipolar texture distribution formed in the ES
sample favor the initiation of the non-basal slip system. However, the
texture composition differences of EX and ES samples are challenging to
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discern by Schmid factor analysis. components on the compression yield anisotropy of the EX and ES
samples, the grain orientations corresponding to the main texture

4.3. Polycrystal plasticity simulation of anisotropy components in both samples were separated individually. By discretiz-
ing a single texture component from EX and ES samples into 5000 ori-

In order to quantitatively analyze the effect of different texture entations, the ideal texture distributions were generated as shown in

7889



D. Han et al. Journal of Materials Research and Technology 36 (2025) 7881-7896

Precipitates
aggregating

Nano-precnpltates . (d) E ' Located at grain
; with dispersive i : boundary

~unexcepted precipitates ;
“ " cracks » ’St.rt?ngthenmg

Fig. 11. Microstructure at crack edge of fractured samples under tension: (a) EX sample; (b) ES sample.

Schematic EX samples ES samples

Microvoids
»

N
twinning',

SEM observation

Loading along ED

SEM observation

Loading along ND

Fig. 12. Microstructure of fractured samples under compression: (a-b) EX samples; (c-d) ES samples.

Figs. 14 and 15. These texture components are labeled as T1-T8 and texture; (5) texture where the c-axis of grains tilts toward the shear di-
corresponding to: (1) RE-texture in the EX sample; (2) basal fiber texture rection; (6) B fiber texture; (7) texture with c-axis of grains tilted to ND
with <2-1-10> || ED; (3) basal fiber texture with <10-10> || ED; (4) C- and <2-1-10> || ED; (8) texture with c-axis of grains tilted to ND and
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Table 4
Simulated yield stress and yield anisotropy of different texture components.

Process  Texture component  Simulated yield stress (S, Ratio (ED/ND)
MPa)
ED ND
EX T1 122.04 161.51 0.76
T2 160.88  155.36 1.03
T3 175.52 150.57 1.16
ES T4 221.60  155.52 1.42
T5 140.08  141.11 0.99
T6 145.64 157.37 0.93
T7 155.29  203.60 0.76
T8 178.06  165.14 1.08

<10-10> || ED. The area fraction of grain related to those components
are also marked in Figs. 14 and 15.

Table 4 summarizes yield strengths along the ED and ND for the eight
texture components predicted through VPSC simulations, along with
their ratio. It reveals that for textures T1 and T7, the yield strength under
ED loading is significantly lower than ND loading, which is unfavorable
for the anisotropy improvement in Mg-10Gd alloy. Conversely, textures
T5 and T6 offer balanced contributions to the yield strength under both
ED and ND loading, making them the most advantageous for improving
the mechanical anisotropy of the alloy.

Of particular note is the texture T1(RE-texture), which has a yield

Journal of Materials Research and Technology 36 (2025) 7881-7896

strength of only 122.04 MPa when compressed along the ED, an aspect
that limits its ability to enhance the yield strength of deformed Mg-10Gd
alloy. In the EX sample, the good yield anisotropy observed in the VPSC
simulations benefits from the promoting effect of basal textures T2-T3
on ED properties. However, during experimental tests, the mechanical
performance of the ED sample significantly deteriorates under ED
compression due to its non-uniform microstructure.

For the ES sample, the opposing impacts of textures T4 and T7 on
anisotropy, along with their lower proportion of associated grains, are
counterbalanced by the weak anisotropy of other components. This
enables the ES sample to maintain high mechanical performance along
both ED and ND directions.

Fig. 16 depicts the relative activation of slip systems and {10-12}
twinning corresponding to textures T1-T3 in the EX sample, under ED
and ND compression. As illustrated in Fig. 16a, the RE-texture T1 ex-
hibits a higher tendency to activate prismatic slip across various
compression processes. At the early stage of plastic deformation under
ND compression T1 grains are more likely to activate twinning, while its
activation probability under ED loading remains minimal. In contrast,
the twinning activation behavior in T2-T3 textures follows an opposite
trend compared to T1.

In the ES sample, as depicted in Fig. 17a, the C-texture initially ex-
hibits a strong tendency to activate numerous twins under ND
compression during the early stages of plastic deformation. As strain
accumulates, the activation of non-basal slip systems progressively
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Fig. 16. Relative activation of basal, prismatic, pyramidal slip and extension twinning under compression of different texture components in EX sample.
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increases. For textures T5-T6, the likelihood of twinning activation re-
mains low under both ED and ND compression, with prismatic slip
predominating during deformation.

For textures T7-T8, twin activation probability reaches approx-
imatively 0.6 under ED compression but stays below 0.1 under ND
compression. The statistical analysis in Figs. 16 and 17 underscores the
pivotal role of anisotropy in twinning activation under loading along ED
and ND, which significantly impacts yield stress and mechanical
anisotropy.

5. Conclusion

In this study, the texture of Mg-10Gd alloy was effectively trans-
formed into multi-polarized configuration by the extrusion shearing
process (ES). The microstructure, texture evolution, and mechanical
properties of ES sample were analyzed and compared to those of the
conventionally extruded sample (EX). Compression anisotropy in both
alloys was experimentally evaluated, and the influence of texture on
deformation mechanisms was examined using visco-plastic self-consis-
tent (VPSC) modeling under compression. The main conclusions are as
follows.

1. Both EX and ES processes are capable of producing fine-grain Mg-
10Gd alloys with an average grain size of approximatively 5 pm.
However, under identical strain level, the ES-processed sample
shown a synergistic enhancement in strength and plasticity,
achieving TYS, UTS and TEL values of 166.48 MPa, 262.33 MPa and
23.33 %, respectively.

2. The EX process results in an uneven microstructure characterized by
deformation traces. A basal RE-texture dominated by < 2-1-12> ||
ED was formed in the EX sample. Following the ES deformation, a
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uniform microstructure and multi-pole texture were achieved,
benefiting the alloy’s mechanical properties.

3. VPSC simulation revealed that the primary cause of anisotropy in the
deformed Mg-Gd alloy is the difference in twinning activation under
compression along different directions. The superior compression
anisotropy (CYSgp/CYSnp = 0.93) of the ES sample is attributed to
the multi-polarization of texture. Grains with the c-axis aligned with
the shear direction (SD) and those with the c-axis oriented toward
the shear plane normal (SPN) are the most favorable orientations.
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