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Abstract

The work aims to investigate the formation and transformation mechanism of non-basal texture in the extruded Mg alloys. With this
purpose a pure Mg as reference and eight Mg-Gd binary alloys with the Gd concentration ranging from 0.5 wt.% to 18 wt.% were prepared
for extrusion. This study shows that the basal fiber texture in pure Mg transited into RE (rare earth) texture in diluted Mg-Gd alloys and
into the abnormal C-texture in high-concentration Mg-Gd alloys. In pure Mg, discontinuous dynamic recrystallization plays a predominant
role during the extrusion process, resulting in the formation of a typical basal fiber texture. Alloying with high concentration of Gd impedes
the dynamic recrystallization process, facilitating the heterogeneous nucleation of shear bands as well as the dynamic recrystallization within
shear bands. Dynamic recrystallized grains within shear bands nucleate with a similar orientation to the host deformed parent grains and
gradually tilt their c-axis to the extrusion direction during growth by absorbing dislocations, leading to the formation of either the RE-
texture orientation or the C-texture orientation, depending on the stored energy within shear bands. The analysis aided by IGMA and
TEM characterization reveals that the shear bands originate from the extensive but heterogeneous activation of pyramidal I slip. Tensile
tests illustrate a close correlation between the fracture elongation and texture types. A comprehensive understanding of the formation and
transformation mechanism of different texture components in Mg alloys holds significant importance for the design of high-performance Mg
alloys by texture engineering.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction ity/formability, mechanical anisotropy, and significant tension-

compression yield asymmetry [4-6]. These drawbacks of

As the typical light metals with a high specific strength,
wrought magnesium (Mg) alloys have great potential for
achieving excellent energy efficiency [1-3]. However, their
applications in industries are limited by their poor plastic-
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wrought Mg alloys mainly result from the strong crys-
tallographic texture, which are formed during the thermo-
mechanical processing due to the limited activation of de-
formation modes. Unfortunately, the strong crystallographic
texture cannot be effectively weakened or removed by an-
nealing treatment afterwards [7]. For instance, a typical
<1010 >//ED (extrusion direction) basal fiber texture that de-
velops after extrusion in pure Mg and conventional Mg al-
loys (e.g. AZ31 Mg alloy) undergoes subsequent transform
into @ <1120>//ED basal fiber texture or <1010>-<1120>
double fiber texture, which is characterized by a comparable

2213-9567/© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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intensity along with the occurrence of dynamic recrystalliza-
tion [8].

To alleviate the texture effect in Mg alloys and improve
their plasticity/formability, tremendous efforts have been un-
dertaken, primarily by modifying their chemical compositions
with rare earth (RE) elements [9,10], or by the use of special
processing methods, such as asymmetric extrusion [11-13].
In particular, the alloying method has proven to be more ef-
fective for two primary reasons. Firstly, RE elements with
a larger atomic radius tend to substitute the atoms on the
basal plane of Mg alloys, thus leading to stronger solute-
basal dislocation interactions [14]. Moreover, they can ef-
fectively increase the critical resolved shear stress (CRSS)
of tension twinning by inhibiting the atomic shuffling pro-
cess [15]. With the reduced CRSS ratio of non-basal dis-
locations to basal dislocations and non-basal dislocations to
tensile twins, the activation of non-basal dislocations at room
temperature or at high temperature will be enhanced [16].
Secondly, the addition of RE elements could decrease the I;
stacking faults energy (SFE) of Mg alloys, thereby promoting
the operation of <c + a> slip systems by increasing their het-
erogeneous source [5,17-20]. Consequently, the texture effect
in the wrought Mg-RE alloys is weakened, as more profuse
non-basal slip systems can be activated.

Instead of the sharp basal texture usually developed in pure
Mg, a special texture component with <1121 > parallel to the
extrusion direction (RE-texture) is often formed in the Mg-
RE alloys after uniaxial extrusion. To rationalize such tex-
ture modification, numerous mechanisms have been proposed
over the past two decades, including preferential nucleation
at special sites [21,22], preferential growth of oriented grains
[23-25], the increased activation of <c + a> dislocations
[16] and solid solutes drag effect [26,27]. Recently, another
texture component was also reported in Mg-RE alloys. The
new component is termed as C-textured, as it is comprised
of grains with c-axis preferentially aligned with the extrusion
direction [28-31]. The formation mechanism of C-texture is,
however, yet to be fully revealed. Moreover, the following
questions also emerge with the appearance of the abnormal
C-texture: (i) What is the selection mechanism between basal
fiber texture, RE-texture and abnormal C-texture? (ii) How
do the RE concentration and processing variables affect the
texture evolution? (iii) Can we tailor the extrusion texture of
a Mg-RE alloy by manipulating the processing variables? The
responses to these inquiries establish the groundwork for en-
hancing the plasticity of magnesium alloys through texture
engineering.

This work aims to investigate the dependency of extrusion
texture with RE concentration and processing variables, to
unravel the formation mechanism of different texture compo-
nents in Mg-RE alloys, and finally to propose the strategies
of tailoring extrusion texture of Mg-RE alloys. To achieve
the aims, binary Mg-Gd alloys, in which the basal fiber tex-
ture [32], the RE-texture [32] and C-texture [30] are all re-
ported, with a wide range of Gd content from 0.5 wt.% to
18 wt.% were prepared. In addition, an interrupted extrusion
experiment combined with systematic electron backscattered

diffraction (EBSD) measurements were conducted. To track
the effect of different slip systems on texture evolution, the
intergranular misorientation analysis (IGMA) technique and
TEM characterization were conducted. The results provided
clear evidence for understanding the formation mechanism
of all kinds of extrusion textures in Mg alloys, which is of
great significance for designing high-performance Mg-RE al-
loys with tailored mechanical properties.

2. Experimental procedure

The materials investigated in this study include a reference
sample of pure Mg and eight Mg-Gd binary alloys with dif-
ferent Gd concentrations increasing from 0.5 wt.% to 18 wt.%
(0.5 wt.%, 1 wt.%, 3 wt.%, 6 wt.%, 9 wt.%, 12 wt.%, 15 wt.%
and 18 wt.%, respectively). Rods of pure Mg and Mg-Gd bi-
nary alloys, approximately 100 mm in diameter and 200 mm
in length, were prepared by semi-continuous casting under
the CO,/SF¢ (100:1) protective atmosphere using pure Mg
and pure Gd elements. In order to eliminate the effect of sec-
ondary phases in the as-cast Mg-Gd alloys, the rods of Mg-
(0.5-6) wt.%Gd alloys were solid solution treated at 480 °C
for 15 h, while the rods of Mg-(9-18) wt.%Gd alloys were
treated at a higher temperature of 510 °C for 15 h. After
the solid solution treatment, slabs (50 mm in diameter and
30 mm thick) were machined for extrusion. First, direct ex-
trusion was conducted at 350 °C with an extrusion ratio of 25
at a ram speed of 3 mm/s for all alloys, forming a round bar
with 10 mm in diameter, to reveal the effect of Gd concen-
tration on the extrusion texture. Besides, an extra interrupted
extrusion experiment, where the punch only moved down to
a distance of 10 mm, was conducted both for the pure Mg
and Mg-18Gd binary alloy to investigate the microstructure
evolution with strain inside extrusion die. Finally, extrusion
experiments under the other conditions, at 350 °C with an
extrusion ratio of 9 and at 400 °C and 500 °C with an ex-
trusion ratio of 25 alloy were also conducted for Mg-12Gd
binary to explore the possibility of tailoring extrusion tex-
ture of Mg-Gd alloys. The corresponding alloy compositions
and the designation of extrusion experiments are shown in
Table 1.

The microtexture of as-extruded samples was characterized
by EBSD in a dual beam focused ion beam field emission
gun scanning electron microscope (FEI Helios NanoLab Du-
alBeam 6001) equipped with an HKL. EBSD detector, a CCD
camera, as well as the data acquisition and analysis software
packages. The EBSD data were acquired on the cross-section
parallel with the extrusion direction (ED) of extruded bars
using a voltage of 30 kV, a beam current of 3.2 nA, and a
step size ranging from 0.2 wm to 0.5 wm depending on the
grain size. Transmission electron microscopy (TEM) charac-
terization was performed on a FEI Talos F200x transmission
electron microscope with the operation voltage of 200 kV.
The samples used for EBSD examination were prepared by a
stepwise procedure: a first standard mechanical grinding us-
ing SiC paper with an increasing finer grit size, a subsequent
mechanical polishing using diamond paste with the size from
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Table 1
Alloy composition and extrusion parameters in this study.

Alloy designation Reference Mg-xGd alloy (wt.%)
Pure Mg 0.5 1 3 6 9 12 15 18
Direct extrusion 350 °C/9
(Temperature/Ratio) 350 °C/25 350 °C/25 350 °C/25 350 °C/25 350 °C/25 350 °C/25 350 °C/25 350 °C/25 350 °C/25
400 °C/25
500 °C/25
Interrupted extrusion 350 °C/25 350 °C/25

(Temperature/Ratio)

3 wm to 0.25 pm, and the final surface finishing using a
colloidal silica suspension. The lamella for TEM characteri-
zation was prepared using a FIB trenching-and-lift-out tech-
nique. The average grain size was calculated based on the
average line intercept obtained from the EBSD data by mul-
tiplying a shape factor of 1.74. Intragranular misorientation
axis (IGMA) was analyzed to investigate the activation of
different slip systems.

3. Results

3.1. Effect of Gd-concentration on the microstructure and
microtexture of pure Mg and Mg-Gd binary alloy

Fig. 1 complies the EBSD inverse pole figure (IPF) ori-
entation maps in the extrusion direction (ED) of pure Mg
and Mg-Gd binary alloys after extrusion at 350 °C with
an extrusion ratio of 25. It is clear that most of the spec-
imens have been fully recrystallized with homogeneously
equiaxed grains. Only two of the Mg-Gd binary alloys con-
tain a small number of elongated grains, as demonstrated in
Figs. 1(e) and (f). The average size of dynamically recrystal-
lized grains for each alloy is plotted in Fig. 1(j). The vari-
ation of recrystallized grain size with the Gd concentration
demonstrates that Gd alloying is highly effective in refin-
ing the microstructure of extruded Mg alloys. As expected,
the extruded pure Mg possesses a larger average grain size,
~50 wm. By comparison, the average grain size of the ex-
truded Mg-Gd binary alloys reduces to 15 pm when 0.5 wt.%
Gd is added. It reduces slightly to 13 pm at 1.0 wt.% Gd,
but then the average grain size levels off with increasing Gd
concentration.

The effect of Gd concentration on the texture development
can be demonstrated by the corresponding inverse pole figures
in Fig. 2. As shown in Fig. 2(a), the extrusion of pure Mg
at 350 °C establishes a typical basal fiber texture, composed
of grains with the crystallographic orientation located along
the <1010 >-<1120> boundary of unit triangle parallel with
ED. As a consequence of complete dynamic recrystallization
and apparent grain growth, the texture of extruded pure Mg is
not as strong as the cold-deformed Mg alloys [33], only ~3.5
MRD (multiples of random distribution) in intensity. Minor
alloying with Gd (~0.5 wt.%) has a slight effect on the extru-
sion texture component of Mg alloys, which is in agreement
with earlier studies that texture modification occurs only when

the Gd concentration exceeds a threshold limit [34,35]. In the
Mg-0.5Gd alloy (Fig. 2(b)), the <1010>-axis fiber texture
was preserved after extrusion, while the <a>-axis fiber tex-
ture component was weakened along with these corresponding
grains tilting their c-axis a few degrees (~17.1°) toward the
ED. Increasing the Gd concentration leads to a progressive
rotation of the maximum texture pole from the <1010 >-
<1120> boundary of unit triangle toward (0001) pole (the
tilting angle increases from 17° to 40°), and finally stablish-
ing a fairly strong single-pole <1123 >//ED RE-texture with
an intensity of 2.0 MRD in the Mg-9Gd alloy (Fig. 2(f)) after
the intermediate configuration with arc distribution (Figs. 2(d)
and (e)). The variation in the location of maximum texture
pole with Gd concentration illustrates that the RE texture does
not have a specific orientation but covers a wide crystallo-
graphic orientation range spanning from <1120>-<1010>
arc to (0001) pole in the stereographic triangle, which is also
highly composition-dependent. Further increasing the Gd con-
centration up to 12 wt.% yields a bi-pole crystallographic tex-
ture in the Mg-Gd binary alloy (see Fig. 2(g)); one component
is the RE texture with <1123 >//ED, and the other is the ab-
normal C-texture, comprising grains with the c-axis aligned
closely with the ED. Moreover, the color gradient between
(1123) and (0001) pole in the inverse pole figure of Mg-12Gd
binary alloy provides the evidence that a higher proportion of
grains are oriented between <1123 >//ED and <0001>//ED
compared with the Mg-Gd binary alloys with a lower Gd
concentration. This indicates that the transformation from RE
texture to C-texture is also a progressive rotation process. It
is worth noting that the intensity of abnormal C-texture com-
ponent increases sharply in the Mg-Gd binary alloys when
the Gd concentration exceeds 12 wt.% (see Figs. 2(h) and
(1)). When the Gd concentration increases up to 15 wt.%
and 18 wt.%, the intensity of abnormal C-texture compo-
nent reaches to 7.5 MRD and 15.4 MRD, respectively, which
is comparable with the texture intensity of cold-rolled Mg
alloys [33,36,37].

In summary, EBSD results reveal that a threshold concen-
tration of Gd is required to trigger the formation of the RE
texture and the abnormal C-texture. Moreover, the evolution
from the basal fiber texture in pure Mg to the RE texture in
dilute Mg-Gd alloys, and subsequently to the abnormal C-
texture in high-concentration Mg-Gd alloys is not an abrupt
event. Instead, it represents a Gd-concentration-dependent and
progressive grain rotation process.
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Fig. 1. IPF orientation maps (a-i) in the extrusion direction (ED) of samples extruded at 350 °C with an extrusion ratio of 25 and the corresponding average
grain size (j): (a) pure Mg, (b) Mg-0.5Gd, (c) Mg-1Gd, (d) Mg-3Gd, (e) Mg-6Gd, (f) Mg-9Gd, (g) Mg-12Gd, (h) Mg-15Gd, (i) Mg-18Gd, (j) the variation
of average grain size with the Gd concentration. The Gd concentration was also included as an insert in each figure.

3.2. Effect of extrusion parameters on the microstructure
and microtexture of Mg-12Gd alloy

Fig. 3 presents the IPF orientation maps of Mg-12Gd al-
loy extruded under different conditions. The corresponding
average grain size of dynamically recrystallized microstruc-
ture was also included as an inset in each figure. Extru-
sion at 350 °C with a ratio of 9 only activated the incom-
plete dynamic recrystallization in the Mg-12Gd alloy ow-
ing to the relatively small extrusion strain (Fig. 3(a)). More-
over, the average size of dynamically recrystallized grains was
much smaller (only ~9.0 wm) compared with the Mg-12Gd
alloy extruded at 350 °C with a ratio of 25 (~12.4 um,
Fig. 3(b)). With the increase of extrusion temperature, the
average size of dynamically recrystallized grains of Mg-
12Gd alloy increased progressively. When the extrusion tem-

perature increased up to 400 °C and 500 °C, the aver-
age size of dynamically recrystallized grains increased up to
18.8 wm and 38.2 pm, respectively, as shown in Figs. 3(c)
and (d).

As illustrated by the inverse pole figures in Figs. 4(a)-(b),
after extrusion at 350 °C, the Mg-12Gd alloy possesses a bi-
pole texture, consisting of RE texture and abnormal C-texture.
However, in comparison with the Mg-12Gd alloy extruded at
350 °C with a ratio of 25 (Fig. 4(b)), the intensity of RE tex-
ture increased slightly along with the weakening of C-texture
in the Mg-12Gd alloy after extrusion with a smaller ratio of 9
(see Fig. 4(a)). Increasing the extrusion temperature to 400 °C
has little effect on the intensity of C-texture but established
a weak basal texture by consuming the RE texture in the
Mg-12Gd alloy extruded with a ratio of 25 (Fig. 4(c)). Fur-
ther increasing the extrusion temperature to 500 °C, at which
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Fig. 2. Inverse pole figures (in the ED) of the recrystallized microstructure in samples extruded at 350 °C with an extrusion ratio of 25: (a) pure Mg, (b)
Mg-0.5Gd, (c) Mg-1Gd, (d) Mg-3Gd, (e) Mg-6Gd, (f) Mg-9Gd, (g) Mg-12Gd, (h) Mg-15Gd, (i) Mg-18Gd.

Fig. 3. EBSD IPF orientation maps (in the ED) of Mg-12Gd alloy extruded under different conditions: (a) at 350 °C with an extrusion ratio of 9, (b) at 350
°C with an extrusion ratio of 25, (c) at 400 °C with an extrusion ratio of 25, (d) at 500 °C with an extrusion ratio of 25. The corresponding average grain
size (dynamically recrystallized grains) and the color coding for EBSD IPF maps are included as insets.

the Gd concentration is lower than its equilibrium solubil-
ity in Mg, the C-texture disappeared, and the basal texture
was further enhanced to be the dominant texture component
(Fig. 4(d)).

In summary, the above results prove that extrusion param-
eters, in particular the extrusion temperature, have a consider-
able effect on the texture of Mg-Gd alloy. Increasing extrusion
temperature is able to realize the transformation between C-

texture, RE texture and basal texture in the extruded Mg-Gd
alloy.

To investigate the formation and transformation mechanism
between basal texture, RE texture and C-texture, the inter-
rupted extrusion experiments were conducted for pure Mg
and Mg-18Gd alloy. Their microstructure evolutions with the
strain inside extrusion die will be presented in the following
sections.
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Fig. 4. Inverse pole figures (in the ED) of dynamically recrystallized microstructure of Mg-12Gd alloy extruded under different conditions: (a) at 350 °C with
an extrusion ratio of 9, (b) at 350 °C with an extrusion ratio of 25, (c) at 400 °C with an extrusion ratio of 25, (d) at 500 °C with an extrusion ratio of 25.

3.3. Microstructure evolution of pure Mg and Mg-18Gd
alloy with strain inside extrusion die

Fig. 5 compares the EBSD IPF orientation maps (in the
ED) of pure Mg and Mg-18Gd binary alloy at different po-
sitions below the punch (see the inserts at the bottom). On
one hand, the dynamic recrystallization area fraction of pure
Mg increases with deceasing the distance to the die exit
where plastic strain reaches its maximum. At 3.5 mm below
the punch, the dynamic recrystallization has been initiated
along the grain boundaries of deformed grains, as shown in
Fig. 5(a). When the position moves to 10.5 and 17.5 mm,
first formed is a bimodal microstructure with fine recrystal-
lized grains and coarse unrecrystallized grains, and then the
complete dynamic recrystallization microstructure in the pure
Mg, as demonstrated by Figs. 5(b) and (c), respectively. On
the other hand, the dynamic recrystallization in the Mg-18Gd
alloy is severely impeded during extrusion. At 3.5 mm and
10.5 mm below the punch, there are only limited recrystal-
lized grains, as shown in Figs. 5(d) and (e). Even at a closer
position around the die exit, the dynamic recrystallization pro-
cess still lags considerably, as shown in Fig. 5(f). Addition-
ally, the recrystallized grain size in the Mg-18Gd alloy is
much smaller due to the retardation of grain growth by the
high-concentration Gd.

Besides, in the case of Mg-18Gd alloy, numerous lenticular
configurations were captured in the microstructure at 3.5 mm
and 10.5 mm below the punch. The EBSD results in Fig. 6
reveal that large amounts of tensile twins were activated and
even to form crossing structures during the extrusion process
of Mg-18Gd alloy [38], while the compressive twins and dou-
bles twins were not activated, which can be evidenced by the
absence of 56° and 38° <1120 > misorientation angle bound-
aries. It has been widely reported that the addition of RE el-
ements can increase the activation stress of tensile twins by
inhibiting the atomic shuffling process, thereby suppressing
twining in the Mg alloys [15]. Conversely, in this study, pro-
fuse tensile twins are observed in the Mg-18Gd alloy during
extrusion, while few of them are formed in pure Mg. The

anomalous twinning behavior during extrusion of the pure
Mg and Mg-18Gd alloy is assumed to be related with the
difference in recrystallization process caused by Gd addition,
which will be discussed later in more detail.

3.4. Microtexture evolution of pure Mg and Mg-18Gd alloy
with strain inside extrusion die

Fig. 7 illustrates the EBSD inverse pole figures (in the
ED) of pure Mg (a-c) and Mg-18Gd alloy (d-f) at different
positions inside the extrusion die. In the pure Mg, an apparent
<1010 >//ED orientation along with a weak non-basal texture
component has been established at the early state of extrusion
(at 3.5 mm, see Fig. 7(a)). With the successive occurrence of
dynamic recrystallization, the extrusion texture at 10.5 mm
was weakened slightly (Fig. 7(b)). Finally, a typical basal
texture with an intensity of 3.8 MRD developed in the front
of the die exit (at 17.5 mm).

During the extrusion of Mg-18Gd alloy, a typical basal
texture (<1010 >-<1120>//ED) with a maximum intensity of
6.1 MRD was formed at the early stage (at 3.5 mm below the
punch, see Fig. 7(d)). Further straining strengthened the basal
texture, making the orientation more concentrated at 10.5 mm
and 17.5 mm (Figs. 7(e)-(f)). It is clear that a stronger basal
deformation texture was established throughout the extrusion
process of Mg-18Gd alloy in comparison with pure Mg owing
to limited dynamic recrystallization.

3.5. Comparison of drx mechanism between pure Mg and
Mg-18Gd alloy and its effect on texture development

In order to reveal the formation mechanism of different
texture components, the effect of Gd on dynamic recrystal-
lization mechanism and on texture development of Mg alloy
was investigated by EBSD measurements. Fig. 8 shows the
enlarged view of a typical recrystallization area that is en-
closed within the red rectangle in Fig. 5(b). It is clear that
the dynamic recrystallization mainly starts at the grain bound-
aries in pure Mg. Moreover, the deformed grain boundaries
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Fig. 5. EBSD IPF orientation maps in the extrusion direction (ED) of pure Mg (a-c) and Mg-18Gd alloy (d-f) at different positions inside extrusion die during
extrusion at 350 °C with a ratio of 25: (a) and (d) at 3.5 mm below the punch, (b) and (e) at 10.5 mm below the punch, (c) and (f) at 17.5 mm below the
punch. The schematic graph of extrusion and the color coding for the EBSD maps are included as an inset. Areas enclosed by red, white and dark rectangles

will be further analyzed below.

exhibit to be highly mobile during extrusion at 350 °C with an
extrusion ratio of 25. Several segments of grain boundaries,
as highlighted by the red arrows in Fig. 8(a), are observed to
be bowed out, which is a salient feature of the discontinuous
dynamic recrystallization. As demonstrated by the line profile
of misorientation angle along the white arrow spreading from
one side of deformed grain to the other, the apparent misorien-
tation variation only appears when the arrow intersects with a
low angle boundary (see Fig. 8(d)), indicating the intragranu-
lar relative rotation induced by internal strain. Also, the small
point-to-point misorientation angle demonstrates the low dis-
location density within the deformed grains, which is consis-
tent with the discontinuous dynamic recrystallization process
(DDRX). The other dynamic recrystallization mechanisms,
such as continuous (CDRX) and twinning-induced dynamic
recrystallization seems to be suppressed during extrusion of
pure Mg at 350 °C with an extrusion ratio of 25. The orienta-
tion of recrystallized microstructure along <1010 >-<1120>

boundary of the unit triangle (Figs. 8(b)-(c)), as well as the
misorientation peak at 30° (Fig. 8(e)) indicate that the prefer-
ential nucleation and growth of DDRXed grains with specific
orientation (30° <0001> relative to the host deformed parent
grains), which is in agreement with the previous studies [39].

In contrast with the extrusion deformation of pure Mg, the
microstructure evolution of Mg-18Gd alloy, during extrusion
at 350 °C with an extrusion ratio of 25, is barely affected by
the discontinuous dynamic recrystallization. The absence of
recrystallized grains at the deformed grain boundaries in Mg-
18Gd alloy (see Figs. 5(d)-(e)) provides clear evidence that
the severe suppression of discontinuous dynamic recrystalliza-
tion by the high-concentration Gd element. The IPF map (in
the ED) in Fig. 9(a) is the enlarged view of the boxed area by
dark rectangle in Fig. 5(f). It illustrates that only a small num-
ber of recrystallized grains are formed along the boundaries
of deformed grains in the Mg-18Gd alloy near the die exit
during extrusion. Owing to the limited recrystallization, a high
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Fig. 6. The twin distribution from the boxed areas in Figs. 5(d) and (e): (a) at 3.5 mm, (b) at 10.5 mm. The boundaries of different twin variants are

highlighted by lines with different colors, as shown in the insert.
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Fig. 7. EBSD inverse pole figures in the extrusion direction (ED) of pure Mg (a-c) and Mg-18Gd alloy (d-f) at different positions inside extrusion die during
extrusion at 350 °C with an extrusion ratio of 25: (a) and (d) at 3.5 mm, (b) and (e) at 10.5 mm, (c) and (f) at 17.5 mm.

density of dislocation was accumulated within the deformed
grains, leading to a large misorientation (Fig. 9(d)). The in-
verse pole figures of unrecrystallized grains and recrystallized
grains were plotted separately (Figs. 9(b) and (c)) to reveal
the effect of discontinuous dynamic recrystallization on the
texture evolution of Mg-18Gd alloy. As what occurred in the
pure Mg, the discontinuous dynamic recrystallization did not
perturb the basal fiber texture of Mg-18Gd alloy, only leading
to a relative rotation from (1010) pole to (1 120) pole along the
boundary of stereographic triangle, generating a peak at 30°
in misorientation distribution histogram (Fig. 9(e)). Hence, the
RE-texture and abnormal C-texture in the extruded Mg-18Gd
alloy shall not originate from the discontinuous dynamic re-
crystallization.

In comparison with discontinuous dynamic recrystalliza-
tion along the grain boundaries, continuous dynamic recrys-
tallization within grains seems to have more important effect
on the microstructure evolution of Mg-18Gd alloy during ex-

trusion. In order to gather more information, the enlarged
view of typical continuous dynamic recrystallization areas,
which are enclosed within white rectangles in Figs. 5(d)-
(f), are illustrated in Fig. 10 (the corresponding unrecrys-
tallized microstructures are provided in supplement, see Fig.
S1). It shows that the nucleation of dynamical recrystallization
grains in the deformed grains is highly heterogeneous, con-
fined within some very narrow shear bands, approximately
10 pm to 30 wm in width (see Figs. 10(a)-(c)). With in-
creasing strain (moving from 3.5 mm to 17.5 mm below the
punch), the dynamic recrystallization is enhanced by activat-
ing more shear bands and by increasing the width of shear
bands. By contrast, the nucleation of dynamic recrystalliza-
tion outside the shear bands is not apparent even near the die
exit (at 17.5 mm). Figs. 10(al)—(cl) depict the correspond-
ing inverse pole figures of recrystallized grains within shear
bands. It is worth noting that recrystallization within shear
bands in the sample at 3.5 mm, where the strain is smaller,



3650

100 pm

X.Z. Jin, G.J. Yang, X. Xu et al./Journal of Magnesium and Alloys 13 (2025) 3642-3658

20 0.16
d —— point-to-origin e
( ) 164 point-to-point ( )0'14
i 0.12
2
2 124 il
c $ 0.08
2 s ] 30+5°
g 8y £ 0.06 =
5 fr ¥
g 4l 0.04
0.02-
0+ | WSSUSRISYI, SRV 0.00+
0 20 40 60 80 100 120 0 15 30 45 60 75 90

Distance (um)

Misorientation angle (°)

Fig. 8. The enlarged view of a typical recrystallization area enclosed within the red rectangle in Fig. 5(b): (a) EBSD IPF map, as well as the corresponding
inverse pole figures (b) (scatter plot) and (c) (after calculation), (d) line profiles of misorientation angle along the white arrow in Fig. 8(a), (¢) misorientation

angle distribution.

yields a faint basal fiber texture along the <1010>-<1120>
boundary of unit triangle and a weaker RE texture orienting
51.5° far from the (1120) pole. Further straining weakens the
basal fiber texture component, reoriented the RE texture from
51.5° to 59° far from the (1120) pole, and lead to the forma-
tion of C-texture component in dynamically recrystallized mi-
crostructure within shear bands (at 10.5 mm, see Fig. 10(b1)).
Near the extrusion die exit (at 17.5 mm below the punch) the
orientation of dynamically recrystallized grains within shear
bands becomes more concentrated, only the C-texture com-
ponent with a preferred alignment of ED with (0001) pole
is apparent in the inverse pole figure (Fig. 10(cl)). There-
fore, it can be envisaged that the orientation of dynamically
recrystallized grains within shear bands experience a substan-
tial rotation as the strain increases during extrusion.

In summary, the results above reveal that discontinuous
dynamic recrystallization, a prominent recrystallization mech-
anism in the extruded pure Mg, is severely suppressed in
the extruded Mg-18Gd alloy, thus impeding the development
of basal extrusion texture. Moreover, the recrystallized grains
(CDRX), with a similar orientation with the host deformed
parent grain (along the <1010>-<1120> boundary of unit
triangle), are nucleated within the shear bands, and then they
are successively reoriented to (0001) pole during nucleuses
growth, undergoing an intermediate configuration with the
RE-texture orientation. We will unravel the formation mech-

anism of shear bands in the following sections by combining
the IGMA analysis and TEM characterization.

4. Discussion

4.1. Dynamic recrystallization mechanism and the effect of
RE

Three primary dynamic recrystallization mechanisms have
been proposed in Mg alloys based on the operating de-
formation mechanism, including discontinuous dynamic re-
crystallization (DDRX), continuous dynamical recrystalliza-
tion (CDRX), and twinning-induced dynamical recrystalliza-
tion (TDRX) [40,41]. Among them, DDRX occurs via grain
boundary migration, which is accompanied with the nucle-
ation and growth of strain-free new gains from grain bound-
aries. By contrast, CDRX results from dislocation accumu-
lation, a gradual process with low-angle boundaries succes-
sively evolving into high-angle boundaries. TDRX has a sim-
ilar nucleation mechanism with CDRX except that nucleation
preferentially occurs in twin regions. In the deformation pro-
cess of Mg alloys, the prevalence of one or the other depends,
however, not only on the deformation conditions but also on
the alloy’s composition.

Earlier studies have highlighted the temperature-dependent
nature of the dynamic recrystallization mechanism. For exam-
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ple, in ZK60 alloy, the activation of TDRX prevails during
deformation at low temperatures (below 200 °C). At interme-
diate temperatures (200 °C — 250 °C), CDRX is the dominant
mechanism, while at high temperatures (> 300 °C), DDRX
is notably enhanced [40]. Owing to the higher mobility of
grain boundaries in pure Mg than compared to the ZK60
alloy, the extrusion process of pure Mg at 350 °C in this
study appears to be dominated by the DDRX (Fig. 8). Alloy-
ing with rare earth elements was reported to retard dynamic
recrystallization [42—46]. On one hand, alloying with RE el-
ements not only increase the stress required for dislocations
gliding, but also inhibit the cross-slip and climb of disloca-
tions, i.e., nucleation process of CDRX [47-49]. On the other
hand, segregation of rare earth elements to grain boundaries
can effectively reduce the boundary mobility, thus restricting
the DDRX [50,51]. Moreover, dynamic precipitation cannot
be avoided completely in the Mg-18Gd alloy during extru-
sion (some areas with poor indexing in Fig. 11), and thus
affect the microstructure evolution. The earlier studies [52]
have evidenced that the presence of particles will enhance
the dynamic recrystallization process, i.e. particle-stimulated
nucleation recrystallization. However, in comparison with the
retardation of the high-concentration solid solution atoms on
the dynamic recrystallization, the effect of particle-stimulated
nucleation on dynamic recrystallization is much smaller in
the solid solution treated alloy. Therefore, after the addition
of high-concentration Gd element, the nucleation of dynamic

recrystallization, in particular by grain boundaries migration
(DDRX), is dramatically inhibited in the Mg-18Gd alloy (see
Fig. 5). This eventually gives rise to a strong basal fiber tex-
ture (see Fig.7) that is characteristic of high-density dislo-
cations distributed inhomogeneously in the deformed grains,
as evidenced by Fig. 11. Therefore, either the non-basal slip,
which is infrequent in the pure Mg, or the deformation twin
that is assumed to be inhibited in high alloyed Mg alloys has
a high propensity to be activated during extrusion.

4.2. Shear bands and the effect of deformation mechanism

Shear bands are narrow zones with intense shear strains,
the local areas of heterogeneous plastic deformation that pro-
vide an extensive internal misorientations [53]. They are nu-
cleated by the discrete slips and twins at the microscale and
can pass through several grains or even extend through the
specimen, leading to flow instability at macroscale [54]. Plas-
tic deformation of Mg alloys is highly anisotropic due to com-
paratively very low CRSS of basal slip, which can only ac-
commodate the strain along the <a> axis, with respect to that
of non-basal slip, rendering the deformation along the <c¢>
axis much harder. As a consequence, the development of shear
bands is prevalent during the severe plastic deformation of
pure Mg and Mg alloys both in the single-crystalline [29,49]
and polycrystalline specimens [22,26,62,63,54-61]. The ori-
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Fig. 11. KAM maps of the Mg-18Gd alloy samples at different positions inside extrusion die: (a) at 3.5 mm, (b) at 10.5 mm, (c) at 17.5 mm. The average

KAM value is included as an insert in the corresponding map.

gin of shear bands in Mg alloys remains, however, unclear
because of the complex dislocation-twin interaction.
Twinning-induced shear band, mainly by the {1011} com-
pression twin or by {1012}-{1011} double twin, was evi-
denced to be an important mechanism in the Mg-RE alloy.
According to our EBSD results (see Fig. 6), however, only
tension twins are active during the extrusion of Mg-18Gd al-
loy at 350 °C, while the activation of compression or double
twins is restricted. This indicates that the mechanism of dou-
ble twinning in promoting nucleation of shear bands might
not apply to our study. Recently, it has been demonstrated that

slip either on the basal or on the pyramidal plane can also
trigger the shear bands at micro scale [29,49,61]. In order to
reveal the origin of shear bands in the Mg-18Gd alloy, several
typical areas with shear bands were extracted for further anal-
yses. The analyzed results are presented in Fig. 12. Note that
multiple dark grey lines, aligned with the shear bands where
dynamic recrystallization preferentially occurs, are present in
the microstructure of extruded Mg-18Gd alloy, as highlighted
by the red arrows in Figs. 12(a) and (d). The darker contrast
of these grey lines is indicative of a higher geometrically
necessary dislocation density on the corresponding crystallo-
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graphic planes that are favorable for the occurrence of dy-
namic recrystallization. For this reason, these dark grey lines
can be considered as precursors of shear bands. From the
line profiles of misorientation angle along the dark arrows in
Figs. 12(a) and (d), it can be seen that there is a minor jump
with only 4-6° in misorientation angle when the arrows inter-
sect with these dark grey lines (see Figs. 12(c) and (f)). The
measured misorientation is much smaller than that triggered
by compression twin (~56°) or double twin (~38°). Such mi-
nor misorientation change is usually related to the pile-up of
geometrically necessary dislocations.

To reveal the corresponding slip modes that lead to the slip
localization, IGMA analysis was also conducted. In principle,
the low-angle boundaries with IGMA lying around (0001) are
triggered by the pile-up of prismatic <a> dislocations, while
the low-angle boundaries with the IGMA along <1010 >-
<1120 > boundary of unit triangle correspond to the basal
<a> and {1022} <1123 > pyramidal II dislocations [64].

{1011} <1123 > pyramidal I slip in the hcp structure with an
ideal c/a ratio has the IGMA of <25 41 16 9> [8]. As shown
in Figs. 12(b) and (e), a part of the low-angle boundary seg-
ments along the dark grey lines or near shear bands possess
the <25 41 16 9> Taylor axis. A TEM lamella traversing
dark grey lines was also milled, as highlighted in blue in
the band contrast EBSD map of Fig. 13(a), to further exam-
ine the corresponding dislocation structures of the low angle
boundaries. The corresponding TEM results are presented in
Figs. 13(b)-(f). Fig. 13(b) represents a typical low angle grain
boundary, consisting of tangled dislocations. The dislocation
structures of low-angle boundary appear to be composed of
a large array of rectilinear dislocations, that are aligned with
the prismatic plane under g=[0002]. Some of the rectilinear
dislocations, as indicated by the blue arrows in Fig. 13(c),
are still visible under g=[1010] and g=[1011], but they are
invisible under g=[1011]. According to the g - b = 0 invisi-
bility criteria, these dislocations indicated by the blue arrows
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Fig. 13. (a) Band contrast map showing, in blue, the location of where the lamella was milled. (b) The bright field TEM image showing the low angle grain
boundary in Fig. 13(a). (c)-(f) Bright-field TEM images of dislocation structures taking under different diffraction conditions.

1120 0001

1010

1120 0001

1010 1010

Fig. 14. IGMA distribution of the low-angle grain boundaries (2-6°) in the samples of Mg-18Gd alloy at 3.5 mm (a), 10.5 mm (b) and 17.5 mm (c) below

the punch.

in Figs. 13(c), (d) and (f) are perfect <c + a> dislocations
with the Burgers vectors b = 1/3[1123] or b = 1/3[2113]. Be-
sides, a regular dislocation array with the dislocations lying
on the basal plane and with the stacking direction perpendicu-
lar to the basal plane is observed under g=[1010], g:[lOH]
and g:[lOil], but which is invisible under g=[0002], thus
the regular dislocation array is composed of <a> dislo-
cations. Comparative analysis of the Taylor axis and TEM
results, we can prove the critical role of {1011} <1123 >
pyramidal I slip system in promoting the formation of shear
bands.

Owing to its higher energy and CRSS with respect to
the {1022} <1123 > pyramidal II dislocations, the {1011}
<1123 > pyramidal I slip system is usually overlooked in the
previous studies for considering its contribution to promoting
the nucleation of DRX and modifying the deformation texture
of Mg alloys. Solutes, especially RE elements, however, have
been evidenced to reduce the energy of pyramidal I disloca-

tion, to enable its mobility and even to switch it to be the
primary <c + a> slip system with the solute concentration
exceeding a limit (3.55 wt.% for Gd) [17]. The profuse ac-
tivation of pyramidal I dislocations was also reported in the
deformation of Mg-(0.6—-1.1) at.% Y single crystals along the
c-axis or in the textured polycrystals [65].

Apart from preceding local shear bands, we also performed
the statistics analysis of the IGMA in the large areas pre-
sented in Figs. 5(d)-(f). The concentration of IGMA around
(0001) pole throughout the entire deformation stage is shown
in Fig. 14. It illustrates that the extrusion of Mg-18Gd alloy
is dominated by the prismatic <a> dislocations. In addition,
the high-density and dispersive distribution of IGMA in the
entire unit triangle reveal the extensive activation of other slip
systems, as well as the strong dislocation interactions. How-
ever, if we take a closer inspection of the deformed grains
(see Fig. S2 in the supplement), where the prismatic slip is
prevalent but pyramidal slip is scarce, shear bands and the
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resultant dynamical recrystallization do not appear, indicating
the sole operation of prismatic <a> slip cannot induce shear
bands and the resultant heterogeneous nucleation of DRX.

In summary, although the prismatic <a> slip is the pre-
dominant deformation mechanism during the extrusion of Mg-
18Gd alloy, the pyramidal I dislocations are also profusely
yet heterogeneously activated. The heterogeneous activation
of profuse pyramidal I dislocations facilitate the formation
of shear bands, providing the sites for dynamic recrystalliza-
tion nucleation in the high-concentration Mg-Gd alloy during
extrusion.

4.3. Nucleation of dynamic recrystallization and orientation
evolution in Mg-Re alloys

As aforementioned, CDRX within shear bands dominates
the microstructure evolution of Mg-18Gd alloy, and it has a
profound effect on the recrystallization texture. For this rea-
son, the following discussions will be concentrated on the
nucleation of dynamic recrystallization within shear bands.
As shown in Fig. 10(al), the nucleuses of dynamic recrystal-
lization within shear bands at the initial stage of deformation
(at 3.5 mm below the punch, where the strain is relatively
smaller) have a similar orientation with the host deformed

parent grains (see Fig. S1(al)). This is in agreement with
previous studies that recrystallized grains arising from both
continuous and discontinuous subgrains growth usually have
the same orientation with the host deformed parent grains
[22,26,66]. From the observation in Fig. 11(al) that the RE
texture component tilts 51.5° away from the (1120) pole, it
is reasonably deduced that a small number of recrystallized
grains has reoriented either at nucleation stage or during the
subsequent subgrain growth process. With increasing strain
(moving the observation position to 10.5 mm and 17.5 mm
below the punch), there is an increasing proportion of recrys-
tallized grains within shear bands that are reoriented by tilting
their c-axis farther from the <1010>-<1120> boundary of
unit triangle, yielding the C-texture orientation with c-axis
aligned with the extrusion direction (Figs. 10(b1) and (cl)).
The RE orientation seems to be a transition stage during the
reorientation process of recrystallized grains from <1010 >-
<1120 > boundary of unit triangle to (0001) pole in the Mg-
18Gd alloy. As a consequence, the recrystallized grains either
with the RE-texture orientation or with the C-texture orien-
tation are initially nucleated with <1010>-<1120>//ED ori-
entation, but they are gradually tilted their c-axis to ED dur-
ing nucleuses growth by successively absorbing dislocations,
which can be considered as an extensive recovery process
[49].
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Fig. 16. Summary of mechanical properties of pure Mg and Mg-Gd alloys extruded at 350 °C with an extrusion ratio of 25.

As reported earlier [27,67], the prevalence of basal and
prismatic slip contributes to the formation of recrystalliza-
tion texture with <1120 >//ED during extrusion of Mg al-
loys, which will be further enhanced during the grain growth
owing to a relative lower energy and higher mobility of the
30° <0001> grain boundaries [39]. Only the pyramidal slip
is able to reorient the recrystallized grains with their c-axis
tilting to ED [28,31,32]. As analyzed above, pyramidal I slip
is profusely activated along the shear bands, so it is in favor
of the nucleus reorientation process.

In conclusion, the texture evolution of Mg-Gd alloy can
be recapitulated to be a strong basal deformation fiber tex-
ture that is developed due to the strong effects of RE atoms
on reducing the mobility of dislocations and grain boundaries,
thus retarding the nucleation of dynamic recrystallization. The
preferential orientation of deformed grains with limited DRX
can facilitate the activation of non-basal slip due to strain
hardening of basal slip and high Schmid factor of non-basal
slip. Moreover, the addition of RE elements can reduce the
CRSS ratio between basal <a> slip and non-basal slip, thus
enhancing the activation of non-basal slip, in particular of
the <c + a> pyramidal slip. Then, the heterogeneous op-
eration of pyramidal slip during low-temperature extrusion
causes the formation of shear bands and the resultant nucle-
ation of dynamic recrystallization within shear bands with an
initial orientation that is similar with the host deformed par-
ent grains. Next, nucleuses gradually grow by successively
absorbing pyramidal dislocations within or near shear bands,
which can be seen as a recovery process, along with tilting
their c-axis to ED. Finally, the tilting angle between c-axis of
DRXed grains and ED, as well as the location of maximum
pole intensity (to form RE-texture or C-texture) depends on
the store energy within shear bands provided by the pyramidal
slip.

It is expected that we can manipulate the relative orienta-
tion of grains quantitively based on the in-depth understanding
of the formation mechanism of the extrusion texture in Mg al-
loys by controlling the deformation parameters (tailoring store
energy within shear bands). On one hand, increasing the de-
formation temperature can not only improve the mobility of
grain boundaries, but also reduce the propensity of strain lo-

calization (decreasing the store energy within shear bands). It
thus can promote the nucleation by grain boundary migration
and weaken the nucleation process within shear bands. As a
result, the basal fiber texture component will be enhanced,
while the RE-texture component and C-texture component
will be weakened. Figs. 15(b)-(d) illustrates the quantitative
analysis results of the grain orientation of Mg-12Gd alloy
extruded at different temperatures with an extrusion ratio of
25. Extrusion at 350 °C (Fig. 4(b) and Fig. 15(b)) exhibits
a relatively stronger C-texture component and a weaker RE-
texture component, with 19% grains tilting their c-axis to the
ED (the angle between c-axis and (0001) pole is smaller 30°,
i.e. C-texture component) and 18% grains tilting their c-axis
far from the ED (the angle between c-axis and (0001) pole is
greater 75°). Increasing the extrusion temperature to 400 °C,
the area fraction of grains tilting their c-axis far from the ED
increases up to 25%. Further increasing the extrusion temper-
ature to 500 °C, the fraction of grains tilting their c-axis far
from the ED increases sharply up to 48%. Moreover, since
strain localization is eliminated, only 2.6% grains tilt their
c-axis to the ED. On the other hand, decreasing the extrusion
strain can also alleviate the propensity of strain localization,
and it in turn weakens the C-texture component. As shown
in Figs. 15(a) and (b), the area fraction of grains tilting their
c-axis to the ED decreases slightly from 19% to 18% with
the extrusion ratio reducing from 25 to 9.

4.4. The effect of texture evolution on the mechanical
propetrties

Fig. S3 illustrates the tensile engineering stress-engineering
strain curves of pure Mg and Mg-Gd binary alloys extruded
at 350 °C with an extrusion ratio of 25, and the correspond-
ing elongation at fracture and tensile stress were summarized
in Fig. 16. From Fig. 16(a), it can be clearly seen that the
Mg-Gd binary alloys with the RE texture have an excellent
fracture elongation, exceeding 30%. The Mg-Gd binary alloys
with the intermediate texture configuration of basal-to-RE tex-
ture or RE-to-C texture have a moderate fracture elongation,
ranging from 20% to 30%. While the pure Mg and Mg-Gd
binary alloys with the basal texture or C-texture have the low-
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est fracture elongation, smaller than 20%. Besides, the tensile
stress of Mg-Gd binary alloys does not increase linearly with
the Gd concentration (Fig. 16(b)). Both the yield stress and
ultimate tensile stress exhibit a softening phenomenon with
the basal texture transitioning to RE texture owing to the de-
crease of Schmid factor of basal slip. Due to the grain size and
maximum texture intensity of the Mg-Gd binary alloys over a
broad Gd-concentration range (from 0.5 wt.% to 12 wt.%) are
very similar, the appearance of summit during the evolution
of elongation and the valley during the evolution of tensile
stress should be closely related with the texture component.
Hereinto, the Mg-Gd alloys with the RE texture possess the
highest fracture elongation and are the most promising Mg
alloys toward high ductility by texture engineering. The ex-
cellent fracture elongation of Mg-Gd alloys with the RE tex-
ture originate from a larger fraction of grains that are favor-
ably orientated for plastic deformation, and thus improves the
strain homogeneity [68].

This work reveals that the extrusion texture of Mg-RE al-
loy depends not only on the alloying concentration, but also
on extrusion parameters. Moreover, it has proved that the mu-
tual transformation between basal texture, RE texture and ab-
normal C-texture can be achieved either by modifying the al-
loying concentration or by changing the extrusion variables.
Therefore, we believe this work can pave the way for the
design of high-performance extruded Mg alloys by texture
engineering.

5. Conclusions

This work aims to investigate formation and transformation
mechanism of various texture components in Mg alloys using
the EBSD measurements aided with the IGMA analysis. The
following conclusions can be drawn from this study:

(1) The transformation from the basal fiber texture in pure Mg
to RE-texture in dilute Mg-Gd alloy, and final to C-texture
in the high-concentration Mg-Gd alloy is a progressive and
composition-dependent process and is a result of more and
more grains gradually tilt their c-axis to ED with the in-
crease of Gd element.

(2) Discontinuous dynamic recrystallization, which is preva-
lent in pure Mg, suffers an increasing retardation with the
increase of Gd concentration, and thus impedes the de-
velopment of basal fiber texture in the recrystallized mi-
crostructure.

(3) In Mg-Gd alloy, especially with high concentration Gd,
nucleation of dynamic recrystallization is highly heteroge-
nous, only occurring within shear bands. Dynamic recrys-
tallization nucleates within shear bands with an initial ori-
entation that is similar with the host deformed grains, and
then reoriented by tilting their c-axis to ED along with
the nucleuses growth to form either the RE-texture or C-
texture depending on the store energy within shear bands.

(4) Shear bands originate from the profuse, but heterogenous
activation of pyramidal I slip, which is in favor of the reori-
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entation process of dynamically recrystallized grains, and
thereby rationalized the texture transformation mechanism.

(5) The mutual transformation between basal texture, RE tex-
ture and abnormal C-texture can be achieved either by
modifying the alloying concentration or by changing the
extrusion variables. While the fracture elongation of Mg-
Gd alloys exhibits a close correlation with texture types.
This finding provides a useful guideline towards high-
ductility Mg alloys by texture engineering.
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