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Preparation of high-strength and high-ductility Mg—Gd—Y—Zn—Zr alloy
via deformation at low temperature and small extrusion ratio
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Abstract: A method of pre-regulating the lamellar long-period stacking ordered (LPSO) phase was introduced to
enhance the hot plasticity of rare earth magnesium alloys. Additionally, low-temperature extrusion was used to achieve
a comprehensive improvement of alloy performance with small deformation, providing a new approach for the
preparation of high-performance large components. The strengthening—toughening mechanism under low-temperature
extrusion with an extrusion ratio of 3.6:1 was investigated by comparing the microstructure and performance of
pre-regulated Mg—Gd—Y—Zn—Zr alloy at three different extrusion temperatures (420, 450, and 480 °C). Results show
that the alloy extruded at 420 °C exhibits a yield strength of 341 MPa, tensile strength of 419 MPa, and elongation of
7.2%. The increase in strength is mainly caused by the strong texture and internal dislocation pinning of the undynamic
recrystallization (un-DRX) zone, and a lower volume fraction of f dynamic precipitation phase is beneficial to
improving the ductility of the alloy.
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1 Introduction

The Mg—RE (rare earth)—Zn-based alloys
reinforced with long-period stacking ordered
(LPSO) structures exhibit higher strength, better
ductility, and better heat resistance compared to
conventional magnesium alloys, making them
widely used in aerospace, defense and military
industries [1]. Research on the LPSO phase shows
that this kind of heterostructure can effectively
improve the strength of the material. YOSHIHITO
et al [2] prepared an ultra-high strength magnesium
alloy by rapid solidification powder metallurgy,
which has a yield strength of 610 MPa and an
elongation of 5% at room temperature. The
ultra-high strength is attributed to the precipitation

of the LPSO phase within the crystal structure. XU
et al [3] prepared a high-strength and high-ductility
alloy containing the LPSO phase through hot
extrusion technology. This alloy exhibited a tensile
yield strength (TYS) of 356 MPa, ultimate tensile
strength (UTS) of 419 MPa, and elongation at break
(FE) of 17.2%. The excellent properties of the
LPSO phase provide better plastic deformation
ability. For example, HAGIHARA et al [4]
investigated the plastic deformation mechanism of
the 14H-typed LPSO phase under compression.
It was found that a deformation kink zone is
formed under compression when the basal slip is
suppressed. WU et al [5] studied the deformation
mechanism of the LPSO phase in equal channel
extrusion of MgoZn,Ys alloy. They found that
the kink of the LPSO phase can promote dynamic
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recrystallization to a certain extent. In summary,
a large number of studies have shown that the
lamellar LPSO phase can effectively improve
plasticity at room temperature. Pre-regulating the
lamellar phase morphology can promote non-basal
slip and induce continuous recrystallization,
triggering a series of reactions that improve the
deformation coordination ability. More importantly,
it is possible to form a stress balance mechanism,
inhibit crack initiation, and enhance the hot-forming
ability of the alloy.

The strengthening—toughening mechanism of
magnesium alloys has long been a hot issue. Adding
rare earth elements is an effective way to improve
the strength [6,7]. Studies have shown that rare
earth elements, such as Gd and Y, can produce
significant solid solution strengthening and
aging-strengthening effects [8]. The precipitation of
S’ phase during the aging process of Mg—Gd—Y
alloy can effectively improve the strength of the
alloy [9]. In addition, scholars have also achieved
very good strengthening—toughening effects by
adding Mn, Zr elements [10] and Sn elements [11].
However, the unstable supply and high cost of rare
earth elements limit their widespread application.
In addition, regulating the precipitation of the
precipitated phase by heat treatment can improve
the strength, but to a certain extent, it sacrifices the
ductility [8]. In contrast, plastic forming can
improve the strength and plasticity of the alloy at
the same time, which is considered to be the best
way to improve the performance of magnesium
alloy. The existing high-performance magnesium
alloys are reported to be obtained by ultra-high
extrusion ratio and large deformation. For example,
the extrusion ratio can reach 10:1 [12], 16:1 [13],
and 20:1 [14]. The reason is that ultra-high
deformation can obtain finer grain structure, leading
to enhanced strength and ductility. However, due to
equipment limitations, the preparation of large
components can only be achieved through a small
deformation degree (generally the extrusion ratio
is less than 5). Since it is difficult to replicate
the deformation process of small specimens, the
performance of these large components often
falls short of that observed in small specimens.
Consequently, improving the performance of
components at lower extrusion ratios has become
a significant global challenge.

It is worth noting that some scholars have

achieved the synergistic improvement of strength
and ductility of magnesium alloys through low-
temperature deformation. For example, ZHAI
et al [15] reported that low-temperature extrusion of
Mg-Bi—Ca alloy resulted in a tensile yield strength
of ~397.1 MPa, an ultimate tensile strength of
~416.2 MPa, and an acceptable elongation of ~8%.
YU et al [12] investigated the effect of temperature
on the microstructure and mechanical properties of
as-extruded Mg—11.5Gd—4.5Y—(1Nd/1.5Zn)—0.3Zr
(wt.%) alloy. The mechanical properties of the alloy
included a tensile yield strength (TYS) of 371 MPa,
an ultimate tensile strength (UTS) of 424 MPa, and
a fracture elongation (FE) of 7.2%. In summary,
low-temperature extrusion can usually obtain a
favorable microstructure, with strengthening
achieved by controlling the grain size, texture, and
the number of precipitates, thereby enhancing the
mechanical properties of the alloy [16—19]. These
studies suggest that conducting plastic forming
of components under low-temperature conditions
could significantly improve their mechanical
properties. In recent years, a growing number of
researchers have focused on using strong basal
textures to enhance mechanical properties [20,21].
A strong basal texture can be obtained not only
through low temperature and rapid extrusion but
also via small deformation. For instance, LI et al
[22] prepared a binary Mg—13Gd (wt.%) wrought
alloy by traditional extrusion process with an
extrusion ratio of 4. The results demonstrated that a
high strength of above 500 MPa under tension can
be readily achieved in the 85% un-DRX alloy by
effectively utilizing both texture strengthening and
precipitation strengthening. Overall, these studies
have partially validated the feasibility of low-
temperature extrusion strengthening technology.
Magnesium has a typical hexagonal close-
packed crystal structure, which limits its ability
to undergo plastic deformation, making low-
temperature extrusion particularly challenging.
However, previous studies have shown promising
results, indicating that the high temperature
plasticity of rare earth magnesium alloy can be
improved by pre-regulating the precipitation of
lamellar 14H-LPSO. In this study, the plastic
deformation behavior and mechanical properties of
Mg—Gd—Y—Zn—Zr alloys with pre-regulated LPSO
phases at different temperatures and under small
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deformation are investigated. The aim is to gain a
deeper understanding of the plastic deformation
mechanism, as well as the strengthening—
toughening mechanism of alloys under low
extrusion ratios and low temperatures. This
research will contribute to more comprehensive
understanding of plastic deformation mechanism of
rare earth magnesium alloys and provide new
insights for the strengthening of large components
made from these materials.

2 Experimental

The material used in this experiment was
Mg—13Gd—4Y—-2Zn—0.5Zr magnesium alloy rod,
formed by upsetting and extrusion after semi-
continuous casting, with a size of d330 mm X
1000 mm. Its compositions are shown in Table 1.

Table 1 Compositions of Mg—13Gd—4Y—-2Zn—0.5Zr
(wt.%)

Mg Gd Y Zn Zr Si Cu Fe

Bal. 12.88 4.00 2.00 0.50 <0.01 <0.01 <0.01

The alloy obtained by three times of upsetting
and extrusion was heat treated at (510 °C, 18 h) +
(480 °C, 1 h). To investigate the effect of thermal
deformation at different temperatures on the
microstructure and mechanical properties, a forward
extrusion experiment was conducted on the heat-
treated samples with an extrusion ratio of 3.6:1.
Three extrusion temperatures were selected in the
study: 420, 450, and 480 °C. The forward extrusion
die diagram is shown in Fig. 1.

Load

OM/SEM/EBSD/TEM

mapped surface
.
ch .
d38 mm
—
Die
420 mm

Fig.1 Forward extrusion experiment and sampling
diagram

The samples were polished on 6007, 1000
20007, 30007, 5000%, 7000 sandpapers in turn.
The finely ground samples were then polished
to a scratch-free, mirror-like finish by an MP-2A
endless variable speed grinding and polishing
machine with flannel. The corrosion solution was
prepared, consisting of 1 g of picric acid, 2 mL of
deionized water, 2 mL of glacial acetic acid, and
14 mL of anhydrous ethanol. The polished samples
were etched in the solution for 5s and then rinsed
with alcohol. The metallographic observation was
conducted using a ZEIS-Image optical metallo-
graphic microscope.

In this experiment, SEM and BSE experiments
were carried out using a Hitachi SU-5000 scanning
electron microscope to characterize the evolution of
microstructure at high magnification. The surface
morphology and phase changes of the deformed
samples were observed and analyzed to further
elucidate the relationship among phase morphology,
grain evolution, and deformation mechanism. The
area fractions of the f phase were quantified from
SEM images using IPP6.0 software. To ensure
statistical accuracy, at least three images were
analyzed for each sample.

Additionally, polished samples were subjected
to ion thinning on a Leica ion thinning instrument at
a voltage of 6.5 kV. After thinning for 35 min, the
samples were used for EBSD detection in Hitachi
SU-5000 scanning electron microscope. The
scanned area included grains larger than 200 pm,
with a scanning step size ranging from 0.8 to
1.2 um. After experiment, the data were processed
by OIM (orientation imaging microscopy)
Analysis-v7.0 software. To accurately count the
DRX volume fraction, recrystallised grains were
singled out in the OIM software according to the
grain orientation spread (GOS) criterion (<2° for
recrystallised grains), and the area fractions of the
DRX were measured using IPP6.0 software.

For the preparation of TEM samples, thin
sheets with a thickness of 80—100 pm, smooth
surface, and no scratches were prepared by wire
cutting and mechanical grinding. Round sheets with
a diameter of 3 mm were then punched out using
a punching machine. The thin areas required for
transmission electron microscopy observation
were prepared by a twin-jet electropolisher. The
composition of the twin-jet liquid was 15 mL
perchloric acid and 285 mL ethanol. The working
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current for the electropolisher was maintained at
about 10 mA, and the temperature of the liquid was
about —40 °C. After the sample was perforated, it
was gently placed in ethanol for cleaning. After
cleaning, the samples were dried with filter paper to
remove surface moisture and immediately observed
under a microscope. Bright-field image (BF) and
selected area electron diffraction (SAED) were
performed on the samples using an FEI Tecnai G20
field emission transmission electron microscope
and a Titan G2 60—300 objective lens spherical
aberration correction field emission transmission
electron microscope. High-angle annular dark field
(HAADF) imaging was performed by Titan to
observe the atomic stacking and atomic segregation
of the second phase.

In this study, the mechanical properties of
samples were tested. To obtain accurate results,
rod-shaped sample was used in the tensile test, as
shown in Fig. 1. The tensile test was carried out
using an Instron 3382 electronic tensile testing
machine at a tensile rate of 1 mm/min. The yield
strength and tensile strength of different samples
were obtained by extensometer, and three samples
were tested under the same conditions to ensure
consistency.

3 Results

3.1 Microstructure before hot extrusion
Figure 2 shows the initial microstructure of the
alloy. There is a small amount of bulk LPSO phase
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Fig. 2 Initial microstructure of alloy: (a, b) Optical microstructure; (c) Inverse pole figure map; (d) Grain size
distribution; () TEM image; (f) SAED pattern of 14H-LPSO phase
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in the intercrystalline region, and the lamellar
14H-LPSO phase with a narrow spacing is densely
distributed in the crystal. Figure 2(c) shows the
LPSO phase captured under TEM bright-field
conditions with incident light beam of B=[1120].
The LSPO phase is observed to be dense, with
an interlamellar spacing of about 0.5 um. The
corresponding diffraction spot of the LPSO phase is
shown in Fig. 2(f). The IPF diagram of the initial
microstructure is given in Fig. 2(d), which indicates
a weak 0001 texture and random grain orientation.
The average grain size calculated by EBSD is
53.7 pm.

3.2 Microstructure after hot extrusion

Figure 3 shows the optical microstructures
(OM) of alloy extruded at different temperatures.
Figures 3(a—c) show the microstructure at low
magnification, and Figs. 3(d—f) show the enlarged
microstructure. Upon examining the metallographic
images, it can be observed that the equiaxed large
grains are elongated along the extrusion direction
and distributed along the extrusion streamline. The
narrow lamellar 14H-LPSO phase within the grains
is severely kinked after extrusion deformation, and
the lamellar LPSO phase aligns parallel to the
extrusion direction after extrusion. This is related to
the crystallographic orientation of the lamellar
LPSO phase [23] and the formation of the extrusion
texture of magnesium alloy. At an extrusion
temperature of 420 °C, dynamically recrystallized

sy XY BB R &L

(DRX) grains are arranged in a necklace-like
pattern around the un-DRX zone, as indicated by
the red arrows in Fig. 3(d). When the extrusion
temperature increases to 450 °C, the location of the
DRX changes; it not only appears around the
un-DRX zone but also begins to form within the
parent grains, as shown by the yellow arrows in
Fig. 3(e). Moreover, when extrusion temperature
reaches 480 °C, the DRX size increases, and the
large grains are gradually divided, as indicated by
the blue arrows in Fig. 3(f).

Figure 4 shows the IPF diagrams of the
transverse and longitudinal sections of extruded
alloy at different temperatures and the texture
pole figures of the corresponding (0001) and
(1010) planes. In the figure, the high-angle grain
boundaries (15°—180°) are indicated by black lines,
and the low-angle grain boundaries (2°—15°) are
marked with white lines. The EBSD cross-sectional
analysis reveals that the proportion of the DRX
gradually increases with the extrusion temperature.
Specifically, the calculated DRX volume fractions
for the alloy extruded at 420, 450, and 480 °C are
28%, 31%, and 58%, respectively. Additionally,
the size of the DRX grains also increases with
extrusion temperature, measuring 3.41, 3.52, and
5.86 um, respectively. Overall, the average grain
sizes for samples extruded at 420, 450, and 480 °C
are 24, 22 and 20 um, respectively.

Further analysis of the texture of the extruded
rod is shown in the extrusion texture pole figures

Fig. 3 Optical microstructures of extruded alloys at different temperatures: (a, d) 420 °C; (b, €) 450 °C; (c, f) 480 °C
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Fig. 4 IPF diagrams and texture diagrams of alloys at different extrusion temperatures: (a—c) 420 °C; (d—f) 450 °C;
(g—1) 480 °C; (a, d, g) Cross section; (b, e, f) Longitudinal section

(Figs. 4(c, f, 1)). The (0002) basal plane is parallel
to the extrusion direction. However, with the
increase in temperature, the texture intensity
decreases from 10.55 at 420 °C to 9.79 at 450 °C,
and finally to 6.94 at 480 °C. This decrease in basal
texture intensity correlates with the increasing
volume fraction of DRX.

In addition, the distribution of the local
misorientation (KAM map) is shown in Figs. 5(a—c).
The color scale indicates that local dislocation
density gradually increases as the color shifts from
blue to red. It can be seen from the KAM map that
as the deformation temperature increases, the main
color of the image changes from green to blue. As
the extrusion temperature increases, the average
KAM value of the sample gradually decreases from

0.97 to 0.91, and eventually to 0.61. From the color
strips, the higher dislocation density is mainly in the
coarse grain region, while the dislocation density in
the fine grain region is lower. With the increase
of extrusion temperature, the average dislocation
density decreases, which aligns with the increasing
DRX fraction. These results suggest that a greater
number of dislocations accumulate in the coarse
grains due to the lower DRX fraction of low-
temperature deformation.

Figure 6 presents the SEM images of the
longitudinal section of the extruded alloy rod at
different temperatures, revealing three types of
second phases formed after extrusion. The first is
the block-shaped LPSO phase at grain boundary,
which exists throughout the entire deformation
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Fig. 6 SEM images of alloys at different extrusion temperatures: (a, d) 420 °C; (b, ¢) 450 °C; (c, f) 480 °C

process. After extrusion, the block-shaped LPSO
phase is distributed along the extrusion streamline
at the grain boundary, similar to the distribution of
un-DRXed grains. The extrusion temperature does
not significantly affect the volume fraction of the
block-shaped LPSO phase. The second is the
lamellar LPSO phase inside the un-DRXed grains.
As mentioned, after severe plastic deformation, the
LPSO phase inside the grain kinks violently and
presents a streamlined distribution parallel to the
extrusion direction. In addition, due to the presence
of lamellar 14H-LPSO phase with narrow spacing
in the primary alloy grains, the narrow-spacing
characteristics of the LPSO phase are maintained in
the un-DRXed grains after extrusion, potentially
contributing to the subsequent strengthening
effect[3]. In addition, the third type observed in the
sample is the particle phase precipitated at the grain
boundary during the deformation process. The
volume fractions of these particle phases in the
extruded alloys at 420, 450, and 480 °C are found
to be 2.6%, 5.6%, and 1.5%, respectively.

The location of the dynamically precipitated
phases varies depending on extrusion temperature.
Figure 7 shows high-magnification SEM images of
the extruded alloy at 420 °C. At this temperature,
the dynamically precipitated phases are primarily
located at the grain boundaries. At the un-DRX
grain boundaries, these phases are about 1—2 pm in
size, as indicated by the red arrows in the figure.
The size of the dynamically precipitated phase
generated around the DRX grains is about
0.3—0.5 um, as indicated by the blue arrows in the
figure. Previous studies by GUO et al [24] have
shown that a large number of dislocations generated
by deformation provide pathways for the phase
precipitation, resulting in a large amount of
dynamic precipitation during extrusion. In the
alloy, there are more dislocations near the grain
boundaries of un-DRXed grains, so the size of
dynamic precipitation cannot be limited. Conversely,
there are fewer dislocations near DRX grains,
resulting in smaller dynamic precipitation sizes in
those areas.
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Fig. 7 Enlarged SEM images of alloys at different extrusion temperatures: (a—c) 420 °C; (d—f) 450 °C; (g—i) 480 °C

When the extrusion temperature is 450 °C,
the location of dynamic precipitation changes. In
addition to a large number of dynamic precipitation
at the grain boundaries, there is also trace dynamic
precipitation near the lamellar LPSO phase inside
the un-DRXed grains, as indicated by the yellow
arrows in Fig. 7. When the extrusion temperature
is increased to 480 °C, the dynamic precipitation
is different. In addition to a small amount of
dynamically precipitated particle phase near the
grain boundaries, the lamellar phase is precipitated
inside the DRX grains, as indicated by the green
arrows in Fig. 7.

Figure 8 further reveals that the main structure
of these particle phases is the f (MgsRE) phase,
while the lamellar phase precipitated within the
DRX grains in the alloy extruded at 480 °C is the
14H-LPSO phase.

3.3 Mechanical properties

Figure 9 shows the tensile stress—strain curve
of the alloys extruded at different temperatures.
Table 2 summarizes the corresponding mechanical
properties. For the alloy extruded at 420 °C, the
tensile yield strength (TYS) is 341 MPa, the
ultimate tensile strength (UTS) is 419 MPa, and

the elongation (EL) is 7.2%. At an extrusion
temperature of 450 °C, the tensile yield strength
(TYS) is 336 MPa, the ultimate tensile strength
(UTS) is 402 MPa, and the elongation (EL) is
5.6%. Finally, for the alloy extruded at 480 °C, the
tensile yield strength (TYS) is 313 MPa, the
ultimate tensile strength (UTS) is 388 MPa, and the
elongation (EL) is 8.2%.

4 Discussion

4.1 Microstructure evolution

Figure 10 shows the feature region intercepted
in Fig. 4. At a low extrusion temperature of 420 °C,
most of the recrystallization sites in the extruded
alloy are at the grain boundaries of parent grains,
forming a necklace-like pattern around these
boundaries. When the extrusion temperature rises to
450 °C, a large amount of recrystallization occurs
inside the parent grains, and the grains with
large deformation are thoroughly segmented by
recrystallization, as indicated by the arrow in
Fig. 10(c). When the extrusion temperature is
480 °C, the grain size is more uniformly distributed
compared to alloys extruded at the other two
temperatures.
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Fig. 8 TEM images of alloy extruded at 420 °C (a) and 450 °C (b), and diffraction spots of § phase (c); TEM images of
alloy extruded at 480 °C (d, e) and diffraction spots of LPSO phase (f)
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Fig. 9 Tensile stress—strain curves of alloys extruded at
different temperatures

Table 2 Mechanical properties of alloys extruded at
different temperatures

Extrusion

temperature/°C TYS/MPa UTS/MPa  EL/%
420 341+2.4 419+22  7.2+0.2
450 336+3.2 402+2.1  5.6+0.3
480 294+42.5 373£1.8  8.2+0.5

During the extrusion, the dominant mechanism
of DRX changes with the extrusion temperature.

The DRX mechanism of magnesium alloys is
generally divided into the continuous dynamic
recrystallization (CDRX) and the discontinuous
dynamic recrystallization (DDRX) [25,26]. At
lower temperatures, non-uniform deformation leads
to the accumulation of dislocations near the initial
grain boundaries of the billet. Dislocations undergo
cross-slip and climb to mitigate the increase of
dislocation density, resulting in CDRX [26]. The
occurrence of CDRX requires both basal slip and
non-basal slip. Due to the high critical resolved
shear stress (CRSS) of non-basal slip, non-basal
slip tends to occur near the initial grain boundaries
where the dislocation accumulation is significant.
In addition, edge and screw dislocations located
on the non-basal plane have higher stacking fault
energy than those on the basal plane, which can
be rearranged more easily and form low-angle
grain boundaries (i.e., subgrains) [27,28]. The
recrystallization behavior of alloys containing
the LPSO phase during deformation was studied.
Research indicates that the LPSO phase inhibits
DDRX [29], and the narrow lamellar LPSO phase
especially inhibits CDRX [30] to a certain extent.
Consequently, CDRX is the predominant DRX
mechanism observed in this study.
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The mechanism of CDRX is closely related to
dislocation activity. The c/a ratio of magnesium is
1.624, which is close to the ideal c¢/a ratio of a
hexagonal close-packed structure (1.633). The
CRSS of non-basal slip in magnesium alloy is
significantly higher than that of basal slip [31].
Therefore, in low-temperature plastic deformation,
the basal slip is preferentially activated through two
independent slip systems, which cannot meet the
five independent slip systems required for the
deformation of any polycrystalline metal. By
observing the dislocation density in the un-DRX
region using TEM (Fig. 11(a)), we find that the
sample extruded at 420 °C has a low dislocation
density, with the LPSO phase hindering dislocation
movement. The volume fraction of recrystallization
is extremely limited under the low-temperature
extrusion at 420°C. When the temperature
increases, a large number of non-basal slips are
initiated, and a significant increase in dislocation

density is observed in the un-DRX region of the
sample extruded at 450 °C. The dislocation density
in the grains increases, and the dislocations are
further clustered. Following dynamic recovery at
high temperatures, extensive DRX occurs within
the parent grains. Further observation of the
un-DRX region of the sample extruded at 480 °C
reveals that most of the lamellar LPSO phase
has dissolved. At this time, the obstruction of
dislocation is reduced during the movement [30],
allowing dislocations to move over longer distance,
which facilitates the conditions necessary for
recrystallization. Under high-temperature condition,
DRX grains merge and grow, resulting in larger
DRX grain sizes.

There have been many reports on the
precipitation of § phase. The dynamic precipitation
is often attributed to the nucleation of metastable
phases by rare earth elements. The metastable
phases act as the barriers of the newly generated
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Fig. 10 IPF, KAM and PF maps, and corresponding misorientation angle diagram of alloys extruded at different
temperatures: (a, b, g, h) 420 °C; (¢, d, i, j) 450 °C; (e, £, k, 1) 480 °C

Fig. 11 Dislocation structure of alloys extruded at different temperatures: (a) 420 °C; (b) 450 °C; (c) 480 °C
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dislocations, resulting in the concentration of
deformation strain. It can be considered that the
accumulation of deformation strain provides the
driving force for the growth of metastable particles
[24]. YU et al [32] found that high-density lattice
defects, such as dislocations and grain boundaries,
can lead to dynamic precipitation of magnesium-
based alloys at high temperature. ZHANG et al [33]
mentioned that dynamic precipitation occurs before
DRX and limits DRX growth. When the extrusion
temperature is 480 °C, due to the relationship
between the growth rate and the dissolution rate,
the number of S phases decreases, reducing the
constraints of DRX growth. As a result, the
recrystallized grain size of the alloy extruded at
480 °C is also larger. Furthermore, the type of
dynamic precipitation shifts from fS phase
precipitation at the grain boundaries to LPSO
phase precipitation within the DRX grains. LIU
et al [34] studied the formation mechanism of
the newly precipitated LPSO phase in dynamic
recrystallization. During the hot extrusion process
of Mg—RE alloy, the lamellar 14H phase gradually
dissolves. The RE solute atoms first dissolve and
diffuse into the a-Mg matrix, and then precipitate
in the fine DRX grains due to increased stacking
fault (SF). The mechanism of recrystallization and
dynamic precipitation is shown in Fig. 12.

4.2 Strength

Alloy strengthening includes five mechanisms:
solid  solution  strengthening,  precipitation
strengthening, texture strengthening, dislocation
strengthening, and grain boundary strengthening. In
this study, the strengthening mechanism of extruded
alloys at different temperatures is analyzed from
these five aspects.

The contribution of the solid solution
strengthening to the yield strength of the alloy
varies depending on the amount of dynamic
precipitation occurring at different temperatures.
The solid solution strengthening effect can be
quantified using the following formula [35]:

0 =k "C)’ )

where k; is the strengthening parameter constant of
the solid solution (kG¢=683 MPa and ky=737 MPa);
C: is the concentration of solute atoms obtained by
energy spectrum analysis of the Mg matrix. The
contributions of solid solution to the yield strength

7

0

-1 Dislocation — — Lamellar LPSO phase
O DRX grain <> qa-Mgmatrix “ S phase

Fig. 12 Dynamic recrystallization and dynamic precipita-

tion mechanism

of the alloy extruded at 420, 450, and 480 °C are
calculated to be 57, 55, and 56 MPa, respectively.

There are differences in the unDRX volume
fraction of the extruded alloys at different
temperatures, resulting in different volume fractions
of the lamellar LPSO phase. The following formula
(Eq. (2)) can be used to estimate the relative
strength contribution of LPSO [3]:

Gb ln(i) (2)
2n1-v(0.953/f)% —-1)d, \ b

A Z-basal =

where G is the shear modulus of the a-Mg matrix
(about 16.6 GPa), b is the magnitude of Burgers
vector (0.32nm for Mg), v is the Poisson’s
ratio (v=0.32), f, is the volume fraction of the
precipitated phase, and d; is the uniform diameter of
the precipitated phase. The contributions of LPSO
to the yield strength of the extruded alloy at
420, 450, and 480 °C are 30, 29, and 28 MPa,
respectively.

The contribution of the relative yield strength
of the block-shaped LPSO can be calculated using
Eq. (3) [36]:



Ya-yun HE, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3256—3271 3267

"
Olpso :Ao-load = T 0 (3)

where on is the strength of a-Mg matrix, V} is the
volume fraction of LPSO phases (9.6% for the bulk
LPSO phases, and the extrusion at different
temperatures cannot change the volume fraction of
the block-shaped LPSO phase), and s is the average
aspect ratio of the length to diameter of block-
shaped LPSO phases (measured s=3). The
contributions of block-shaped LPSO to the yield
strength of the extruded alloy at 420, 450, and
480 °C are 43, 43, and 37 MPa, respectively.

As mentioned above, the KAM values of
extruded alloys at different temperatures are
different. The following formula (Eq. (4)) can be
used to estimate the contribution of dislocation
density to yield strength [36]:

O gislo =Ma.Gb \/; 4

where a is commonly 0.2 in Mg, and M is the Taylor
factor of the deformed region (3.5 for Mg with
strong texture). p is the dislocation density, which
can be calculated using the following formula [36]:

_20

=~ (5)

P
where u is the scanning step. ® can be evaluated
from the local misorientation.

The contributions of dislocations to the yield
strength of alloys extruded at 420, 450, and 480 °C
are 45, 43, and 35 MPa, respectively.

The grain boundary strengthening can be
calculated using Hall-Petch formula [37]:

oe=kd ? (6)

where K is a constant of about 164 MPa, and d is
the average size of recrystallized grains. It is
roughly estimated that the contributions of grain
boundary strengthening to yield strength of
extruded alloys at 420, 450, and 480 °C are 34, 35,
and 37 MPa, respectively.

Due to the extrusion ratio of 3.6:1 in this

Table 3 Strengthening contributions

experiment, there is a strong extrusion texture in the
extruded alloy, and the texture strengthening
occupies a large contribution. However, the
texture intensity of the extruded alloys at
three temperatures is different, and the texture-
strengthening effect can be estimated using the
following formula:

O1=0y—0ss—0LPSO—Odislo— 0GB (7

The contributions of texture to the yield
strength of the alloy extruded at 420, 450, and
480 °C are 132, 130, and 101 MPa, respectively.

Based on the calculations above, the
improvement in the strength of extruded
magnesium alloys at different temperatures can
be primarily attributed to two factors. First, all
extruded alloys exhibit a bimodal structure
composed of fine DRX grains and coarse un-DRX
grains. There is a strong basal texture in un-DRX.
It has been reported that magnesium alloys
with strong basal texture can be significantly
strengthened by hindering the activation of
substrate slip when loaded along ED [38,39].
Therefore, the strong basal texture obtained in all
as-extruded alloys contributes to their high TYS.
Secondly, in the extruded alloy, the dislocation
density in the un-DRX region is significantly higher
than that in the DRX region. Un-DRX grains with
high dislocation density enhance TYS during tensile
deformation through a strain-hardening effect [40].

The microstructure obtained by extrusion at
420 °C has the strongest texture and significant
dislocations within the un-DRXed grains. The
degree of dynamic recrystallization increases as
extrusion temperature increases (450 °C). However,
in the system dominated by texture strengthening
and dislocation strengthening, the DRX fraction
is increased to improve the grain boundary
strengthening of DRX grains while reducing
the strengthening effect of un-DRX grains. In this
case, the increase of grain boundary strengthening
cannot make up for the decrease of the un-DRX

Extrusion Solid solution LPSO

Texture Dislocation Grain boundary

temperature/°C strengthening/MPa strengthening/MPa strengthening/MPa strengthening/MPa strengthening/MPa

420 57 73
450 55 72
480 51 65

132 45 34
130 44 35
101 40 37
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strengthening effect, leading to a decrease in yield
strength. Although the recrystallization fraction
further improves at an extrusion temperature of
480 °C, the large-sized recrystallized grains weaken
the effects of grain boundary strengthening, texture
strengthening, and dislocation strengthening.

4.3 Ductility

Figure 13 shows the SEM images near the
fracture position. It can be observed that the
microcracks appear near the f phase. These brittle
eutectic phases, acting as crack-forming phases
(CFPs), restrict the rotation of grains during tensile
deformation, leading to stress concentration and
premature fracture [41]. YU et al [38] reported that
the higher volume fraction of MgsRE particles in
the alloy can reduce the ductility of the alloy. This

Fig. 13 SEM images of crack initiation near fracture
position in alloys extruded at different temperatures:
(a) 420 °C; (b) 450 °C; (c) 480 °C

phenomenon is also found in this study. The
micro-cracks are observed near the f phase at the
grain boundaries in the alloy extruded at 420 °C,
whereas in the alloy extruded at 450 °C, micro-
cracks are found both at the grain boundary and at
the intragranular f phase, which is consistent with
the f phase precipitation position discussed above.
In addition, according to statistics, the volume
fraction of f# phase of the alloy extruded at 420 °C
is 2.6%, and its elongation is 7.2%, while the
volume fraction of f§ phase of the alloy extruded at
450 °C is 5.6%, and its elongation is 5.6%. It is also
shown that the volume fraction of the f phase
significantly affects the elongation of the extruded
alloy.

Moreover, in the alloy extruded at 480 °C, few
microcracks are observed, and the elongation
reaches 8.2%. This increased elongation can be
attributed to two factors. On the one hand, the
number of S dynamic precipitation phases in the
extruded alloy at 480 °C is minimal and uniformly
dispersed, which can alleviate the local stress
concentration around the particles. Additionally, the
increase in DRX fraction can also reduce the
initiation of microcracks and delay the propagation
of cracks [34]. This observation is consistent with
findings by YANG et al [14], who reported that the
decrease in the volume fraction of fine particles and
the increase of DRX fraction in high-temperature
extruded alloys can reduce the initiation of
microcracks and delay the propagation of cracks.
On the other hand, a large number of dynamic
precipitates of the LPSO phase are found within the
DRX grains of the alloy extruded at 480 °C.

5 Conclusions

(1) The volume fraction of DRX increases
with increasing extrusion temperature. With the
increase of DRX volume fraction, the texture
strength diminishes, and the density of dislocations
within the grains decreases.

(2) At an extrusion temperature of 420 °C, the
S phase only precipitates along the DRX grain
boundaries. At an extrusion temperature of 450 °C,
[ phase precipitates not only at DRX grain
boundaries but also within the un-DRX grains. At
this temperature, the volume fraction of the f phase
reaches its maximum.

(3) Increase in strength is mainly caused by



Ya-yun HE, et al/Trans. Nonferrous Met. Soc. China 35(2025) 32563271

strong texture and pinning of internal dislocations
in the un-DRX zone. As the extrusion temperature
rises, the texture weakens, and the density of
dislocations in the un-DRX regions decreases,
leading to a reduction in yield strength. A large
number of f phase particles act as crack sources
and provide pathways for crack extension at grain
boundaries. The optimum mechanical properties of
the alloy are obtained with extrusion at 420 °C,
yielding a tensile yield strength of 341 MPa, an
ultimate tensile strength of 419 MPa, and a fracture
elongation of 7.2%.
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