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Abstract: The microstructure evolution and strengthening mechanism of WE54 alloy with different hard-plate rolling
(HPR) processes were systematically investigated. The results suggest that the mechanical properties of the as-rolled
alloys are significantly enhanced compared to those of the as-cast alloy. When subjected to three rolling passes at
450 °C and 490 °C, grain refinement occurs due to dynamic recrystallization. A mixed-grain structure is formed after a
single pass rolling with a substantial reduction (65%) at 490 °C. The dynamic recrystallization (DRX) mechanism of the
alloy during the HPR includes continuous dynamic recrystallization (CDRX), discontinuous dynamic recrystallization
(DDRX), and twin-induced recrystallization (TDRX). The WE54 alloy exhibits the highest strength after three passes of
HPR at 450 °C, with tensile strength and yield strength of 374 and 323 MPa, respectively. The significant improvement
in the mechanical properties of the alloy is primarily attributed to fine-grain strengthening, solid solution strengthening,
and dislocation strengthening.
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Mg—RE alloys have attracted significant attention
due to their outstanding mechanical properties,
such as WE54 (Mg—5.1Y—3.3RE—-0.5Zr, wt.%) and

1 Introduction

Magnesium alloys are used in aerospace,
defence, and military industries due to their low
density, high specific strength and stiffness, and
high electromagnetic shielding properties [1,2]. In
recent years, the increased demand for lightweight
equipment has further accelerated the development
of magnesium alloys. However, their large-scale
applications are limited by their relatively poor
strength compared to traditional metal structural
materials such as steel and aluminium alloys [3—5].

Among the various wrought magnesium alloys
(e.g., AZ series, ZK series, Mg—RE series, etc.),

WE43 (Mg—4.2Y—3.3RE—0.5Zr, wt.%) magnesium
alloys [6,7]. The tensile strength (UTS), yield
strength (TYS), and elongation of WE54 alloy at
room temperature are 285 MPa, 200 MPa, and 4%,
respectively, which is still far from the aluminium
alloys in terms of mechanical properties [8]. To
enhance the mechanical properties of WE54 alloy,
researchers have explored various strategies,
including compositional adjustments such as
increasing the content of alloying elements and
introducing new alloying elements. LI et al [9]
improved the mechanical properties of Mg—5.10Y—
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1.91Nd—2.03Gd (wt.%) alloy by utilizing the grain
refining effects of Zr elements. GUI et al [10]
introduced 3 wt.% Sm elements in Mg—5Y—2Nd-
0.5Zr alloy, which increased compressive strength
of up to 390 MPa. This improvement is attributed to
the grain refining effect of the Sm element. TIAN
et al [11] enhanced the tensile strength of WES54
alloy to 302 MPa by adjusting the elemental content
of Gd and combining it with ageing treatment.
Besides compositional regulation, deformation
processing (such as extrusion, forging, and rolling)
is also an effective method for enhancing the
mechanical properties of WE54 alloys. YU et al [§]
reported a high-performance Mg—3Y—-2Gd—1Nd—
0.5Zr (wt.%) alloy using extrusion + rolling +
ageing treatment, with tensile strength, yield
strength, and elongation of 345 MPa, 301 MPa,
and 9%, respectively, which is comparable to
the mechanical properties of the 6061Al alloy.
OROZCO-CABALLERO et al [12] employed a
method combining equal-channel angular pressing
(ECAP) and ultrasonic surface rolling processing
(USRP) to prepare Mg—2Nd—0.6Y-0.5Zr (wt.%)
alloy with fine-grains and high-density dislocations.
This process resulted in an increase in the tensile
strength of the alloy from 262 to 330 MPa.

Traditional rolling processes often result in
edge-cracking due to significant shear stresses
along the rolling direction [13]. Hard-plate rolling
(HPR) is an upgrade from the conventional rolling
method, offering the advantages of reducing
edge-cracking, improving rolling efficiency, and
effectively improving the mechanical properties of
the alloy [14—16]. Inspired by the HPR process,
a hard-plate hot forging (HPHF) method was
developed, and the microstructure and mechanical
properties of magnesium alloys under various
HPHF conditions were investigated. The results
indicated significant improvements in the mechanical
properties of magnesium alloys [17-21]. However,
research on HPR was primarily focused on the
deformation of RE-free magnesium alloys, with its
application in Mg—RE alloys remaining limited.

In this study, HPR was employed to enhance
the mechanical properties of the WE54 magnesium
alloy. The dynamic recrystallization behaviour and
strengthening mechanisms of the WE54 alloy were
investigated through analysis of the microstructure
evolution with varying rolling temperatures and
deformation paths.

2 Experimental

The alloy used in this study was the
commercial WE54 alloy. The chemical composition
of the alloy was examined using inductively
coupled plasma—atomic emission spectrometry
(ICP—AES), and the obtained results are listed in
Table 1. Homogenization heat treatment of the
WES54 alloy was undertaken at 520 °C for 8 h,
followed by cold water quenching. The plate
specimens with dimensions of 40 mm X 25 mm X
4 mm were cut from as-cast alloy. Before rolling,
the specimen was fixed between two steel plates
using steel wires. The schematic diagram for the
HPR of the WE54 alloys is presented in Fig. 1(a).
The HPR processes for different alloys are
illustrated in Fig. 1(c). Each specimen was held at
the rolling temperature for 20 min before rolling.
For S1 and S2 alloys, the rolling reduction between
passes was 30%, and the total thickness reduction
was 65%. Each specimen was annealed for 15 min
to eliminate residual stresses. The S3 alloy was
HPRed in a single pass with a thickness reduction
of 65% at a temperature of 490 °C. The surfaces of
the final rolled specimens were smooth and bright,
as shown in Fig. 1(b), and no cracks were found on
the edges, indicating that HPR can improve the
formability of the WE54 alloy.

Table 1 Chemical composition of WE54 alloy (wt.%)
Y Nd Gd Zr Mg
5.03 2.02 1.30 0.37 Bal.

The room-temperature tensile properties of
specimens with a width of 4 mm and a gauge length
of 20 mm were tested with an initial strain rate of
0.2 mm/min at ambient temperature. Three tensile
experiments were conducted for each alloy, and the
mean values were taken as the final mechanical
properties. The microstructure was examined using
optical microscopy (OM, Olympus BX51), with
grain size determined via the linear intercept
method from optical micrographs. Metallographic
samples were prepared by grinding, polishing, and
etched in a solution of 4.2 g picric acid, 10 mL
acetic acid, 70 mL ethanol, and 10 mL distilled
water. A scanning electron microscope (SEM,
Hitachi SUS5000) equipped with an electron
backscattered diffraction (EBSD) detector was used
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Fig. 1 Schematic diagram of HPR for WE54 alloy (a); Appearance of as-rolled alloys (b); Schematic diagrams of HPR

process routes for S1, S2, S3 samples (c¢)

to examine the microstructure. The specimens
for EBSD observation were electrochemically
polished in a solution of 15 mL perchloric acid
and 85mL alcohol at 25V and 0.5mA for
5—8s. The data were analyzed using Channel 5
software. Additionally, detailed microstructure was
investigated on a transmission electron micro-
scope (JEOL, JEM—F200). Thin foils for the TEM
observation were prepared by mechanical grinding
(~50 pm) and ion beam thinning.

3 Results

3.1 Microstructure evolution

The microstructures of the as-cast and
homogenized WE54 alloys are presented in Fig. 2.
The as-cast WE54 alloy comprises an a-Mg matrix
and irregular interdendritic phase located at grain
boundaries. Alloy grains are equiaxed with a size of
about 70—80 pum. In addition to the eutectic phase at
the grain boundaries (e.g., Points B, C, and D in
Fig. 2(b)), a small number of cubic phases (e.g.,
Point A in Fig. 2(b)) as well as particulate phases
(e.g., Point E in Fig. 2(b)) are observed in the alloy.
According to the results given in Table 2, the cubic
phase is enriched with a large amount of Y elements,

indicating that the phase is MgxYs. The eutectic
phase is mainly enriched with Y and Nd elements,
and the atomic ratio of Nd to Y is close to 2:1,
which suggests that this phase is the Mgi4sNd,Y. It is
in agreement with the previous reports [22—24]. As
for the particle-like phase, the results indicate that
it is the a-Zr core, consistent with other reports
[25—27]. Most of the magnesium alloys are
grain-refined by Zr elements. Zr is an ideal
heterogeneous nucleation site due to the low
crystallographic disregistry between Zr particles
and the Mg matrix [27,28]. Figure 2(c) shows the
optical image of the homogenized alloy. The
eutectic phase located at the grain boundaries has
completely dissolved into the matrix, while some
petal-like regions are observed inside grains (as
shown by the yellow curves in Figs. 2(c, d)). As the
petal-like phase is very fine, verifying it with XRD
and TEM is necessary. In addition, Table 2 gives the
concentrations of Y, Gd, and Nd elements at Point F
in Fig. 2(d), and it is clear that Y, Gd, and Nd
elements are mainly soluble in the matrix.

Figure 3 displays the XRD patterns of the
as-cast and homogenized WES54 alloys. In addition
to a-Mg, the MgxYs and MgisNd>Y phases are
observed for the as-cast alloy, corresponding to the
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Fig. 2 Microstructures of as-cast and homogenized WES54 alloys: (a) Optical image of as-cast alloy; (b) SEM image of
as-cast alloy; (c) Optical image of homogenized alloy; (d) SEM image of homogenized alloy

Table 2 EDS analysis results of different points in Fig. 2

) Mg Y Nd Gd Zr
Polnt wt.% at. % wt.% at. % wt.% at. % wt.% at. % wt.% at. %
A 11.17 33.1 73.89 59.86 4.79 2.39 10.15 4.65 - -
B 51.39 85.13 8.46 3.83 32.94 9.19 7.21 1.85 - -
C 75.99 93.19 14.99 5.03 4.65 0.96 4.37 0.82 - -
D 459 81.79 11.41 5.56 35.75 10.74 6.94 1.91 - -
E 78.93 94 341 1.11 3.9 0.78 1.94 0.36 11.83 3.75
F 91.87 98.02 4.8 1.4 2 0.36 1.33 0.22 - -
. Mg EDS results. Only the diffraction peaks of Mg are
v Mg, Nd,Y found in the XRD pattern for the as-homogenized
* Mg, Ys alloy, and the petal-like phases need further
confirmation.
. (As-homogenized TEM results for the as-homogenized WES54
o1 I | 1 alloy are shown in Fig. 4. The high-angle annular
dark-field (HAADF) image and elemental maps of
the petal-like region in Fig. 4(a) confirm that they
. 1 A . A‘i‘s‘ca“ consist of rod-shaped phases with different
length-to-diameter ratios, and some plate-like
20 30 20 50 50 70 30 phases are also observed. The phase size is in the
20/(°) micron scale. The EDS mapping results confirm

Fig. 3 XRD patterns of as-cast and as-homogenized
WE54 alloys

that the petal-like regions are enriched with
Zr elements. The formation of petal-like regions in
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Fig. 4 TEM results for as-homogenized WE54 alloy: (a) HAADF images of petal-like phase; (b) HRTEM image of
rod-like phase; (c) Corresponding FFT image; (d) Corresponding IFFT image

Zr-containing magnesium alloys is very common.
ZHANG et al [29] and HU et al [30] observed the
petal-like regions in solid-solution-treated Mg—Gd
alloys, and the rod-shaped phase was considered to
be the Zr-rich phase. This petal-like microstructure
has also been found in the Mg—Gd(Nd)—Zn—Zr
alloys [31,32], in which the rod-like phase was
identified as the Zn,Zr; phase in a tetragonal crystal
structure. The WES4 alloy studied in this work
does not contain Zn elements, so the petal-like
microstructure must not be Zn,Zr; phase. As
determined by high-resolution TEM (HRTEM)
and fast Fourier transform (FFT) analysis in
Figs. 4(b, c), the rod-like phase is the Zr phase with
a hexagonal structure. According to the inverse-FFT
(IFFT) analysis, the interplanar distance in (101)z:

1s ~0.2507 nm.

Figure 5 shows metallographic photographs of
different as-rolled WES54 alloys. When the rolling
temperature is 450 °C, with the increase of rolling
reduction, the grain size of S1 alloy is gradually
refined. After the first and the second passes of
rolling, the alloy grain sizes are ~78 um and
~55 pm, respectively. After three passes of rolling,
i.e., when the thickness reduction is 65%, the grain
size of the S1 alloy is refined to ~10 um. At the
same time, a small number of deformation twins are
observed within the alloy (as shown by the blue
arrows in Fig. 5(c)).

When the rolling temperature increases to
490 °C, the grain size of the S2 alloy is gradually
refined with the increase of rolling reduction. The
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Fig. 5 Optical micrographs of as-rolled WE54 alloys: (a—c) S1 alloy; (d—f) S2 alloy; (g—i) S3 alloy

grain size is ~85 um by the first pass of rolling, and
after the alloy is rolled for two passes, the grain size
reaches ~50 uym. The S2 alloy grain size is refined
to ~12 pum as the rolling reduction continues. It can
be seen that the grain size increases with the
increase in rolling temperature. In addition, a
certain number of deformation twins are also found
in the S2 alloy (as shown by the blue arrows in
Figs. 5(e, 1)).

The metallographic photographs of the S3
alloys at different magnifications are shown in
Figs. 5(g, h,1). It is evident that the S3 alloy
involves a high proportion of un-dynamic
recrystallized (un-DRXed) regions, suggesting that
the degree of dynamic recrystallization (DRX) in
the S3 alloy is pretty low. The grain structure of
the alloy exhibits a typical mixed grain structure,
which contains deformed coarse grains (CG) and
refined recrystallized grains (FG). The DRXed
grains are mainly distributed near the original
grain boundaries (GBs), which is related to the
intensification of lattice mismatch and the increase
of dislocation density near the GBs [33,34].

Similarly, a certain number of deformation
twins are formed in the S3 alloy (as shown in
Figs. 5(h, 1)). The formation of deformation twins
relates to the poor formability of magnesium
alloys. For magnesium alloys with a hexagonal
close-packed (HCP) structure, twinning is another
important deformation mechanism besides slip. It
can accommodate plastic deformation by inducing
lattice reorientation and optimize the alloy
microstructure by inducing DRX [35,36]. It is
worth mentioning that the petal-like structure
formed during the homogenization process still
exists after rolling deformation.

The microstructure evolution of as-rolled
WES54 alloys is characterized by EBSD, as shown
in Fig. 6. After three passes of rolling at 450 °C,
DRX occurs in the S1 alloy, and the DRXed grains
are equiaxed with an average size of ~7.9 um (as
shown in Fig. 6(b)). The inverse pole figure in
Fig. 6(a) shows that the S1 alloy exhibits a strong
basal texture of [0001]me//ND, and the maximum
texture intensity is ~8.65. When the rolling
temperature increases to 490 °C, DRX also takes
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Fig. 6 IPF figures, pole figures, and grain size distributions of as-rolled WE54 alloys: (a, b) S1 alloy; (c, d) S2 alloy;

(e—h) S3 alloy

place in the S2 alloy, and the grain size for the S2
alloy is slightly increased compared with that of the
S1 alloy, which is to be ~9.3 um. The inverse pole
figure of the S2 alloy also exhibits a strong basal
texture, with a maximum texture intensity of

~10.12. When the alloy is HPRed at 490 °C with
considerable reduction (65%) in a single pass, DRX
only appears in the original GBs, and most of the
regions are un-DRXed regions consisting of
deformed CGs. The grain size statistics in Fig. 6(f)



2234 Yan-hui LIU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2227-2243

shows that the grain size for the FG regions is
~3.7 wm, while the grain size in the CG regions
reaches ~51.4 um. The inverse pole figure of the
CG regions shows that deformed CGs exhibit an
extremely strong basal texture, with a maximum
texture intensity of ~23.81, while the maximum
texture intensity in FG regions is just ~8.51. The
results indicate that the deformed grains rotate
under stress, and their basal plane rotates to be
parallel to the RD, thus forming a strong basal
texture. In contrast, DRXed grains nucleate and
grow up during the rolling process, and the grains
are oriented more randomly, presenting a weak
texture [37,38].

The DRX and deformed grains are separated
by grain orientation spread (GOS), and the volume
fraction of DRXed grains in different alloys was
calculated. The results in Fig. 6 show that the
fractions of DRXed grains in S1, S2 and S3 alloys
are 7.05%, 8.5% and 5.3%, respectively, indicating
that the fraction of DRXed grains increases
moderately when the rolling temperature increases.
After a considerable reduction in a single pass, the
alloy mainly comprises CGs with a low proportion
of DRXed grains. From the microstructure
differences among S1, S2, and S3 alloys, the
deformation behaviour of WES4 alloy is not only
affected by the rolling temperature but also by the
rolling path. The recrystallization and strengthening
mechanisms of the WES4 alloy at different
temperatures and rolling paths will be analyzed in
detail below.

3.2 Mechanical properties of alloys at different

states

The typical room-temperature tensile stress-
strain curves and the corresponding mechanical
properties of WES54 alloys at different states are
presented in Fig. 7. Compared with the cast alloy,
the mechanical properties of as-rolled alloys are
significantly improved. The yield strength (YY),
ultimate tensile strength (UTS), and elongation (EL)
of as-cast WE54 alloy are ~123 MPa, ~207 MPa,
and ~6.5%, respectively, while the as-rolled S1
alloy exhibits a YS of ~323 MPa, UTS of
~374 MPa, and elongation of ~5.0%. That is, the
yield strength of WE54 alloy has improved more
than twice, with almost no decrease in elongation,
indicating that the strengthening effect of HPR is

very significant. The mechanical properties of
as-rolled S2 alloy exhibit YS of ~279 MPa, UTS of
~338 MPa, and elongation of ~8.0%. Compared to
the S1 alloy, the strength of the as-rolled S2
alloy decreases, but its elongation is improved. The
as-rolled S3 alloy exhibits better mechanical
properties than the S2 alloy, with YS, UTS and EL
of ~320 MPa, ~365 MPa and ~4.5%, respectively.
The changes in mechanical properties of different
alloys are related to the grain size, texture intensity,
dislocation density, etc.

400
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Fig. 7 Room-temperature tensile stress—strain curves (a)
and mechanical properties (b) for WES54 alloys at
different states

Figure 8 shows SEM images of the tensile
fracture surfaces of different as-rolled alloys. The
fracture surfaces of all the rolled alloys are
observed to have many cleavage planes and tearing
ridges, as shown in Figs. 8(a,c,e), which is
characterized by brittle fracture. Meanwhile, a
certain number of dimples are also identified from
the high-magnification images of Figs. 8(b, d, f),
indicating that the fracture mode of the as-rolled
alloys is a combination of the brittleness and
toughness.
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Fig. 8 SEM images of tensile fracture surfaces for as-rolled WES4 alloys: (a, b) S1 alloy; (c, d) S2 alloy; (e, ) S3 alloy

4 Discussion

4.1 Recrystallization mechanisms of as-rolled

WES4 alloys

During the HPR process, the WES54 alloy
undergoes DRX to achieve grain refinement. To
clarify the DRX mechanism of the alloy during
different HPR processes, typical regions of
as-rolled alloys in the final pass, i.e., the RI-R5
regions in Fig. 6, are selected for further analysis.

To analyze the DRX mechanism of as-rolled
S1 alloy, R1 and R2 regions from Fig. 6(a) were
selected. The EBSD results of the R1 region are
shown in Fig. 9. It can be observed in Fig. 9(a) that
the parent grains are divided by the DRXed grains
and subgrain boundaries (sub-GBs), forming the

unDRXed regions of Pi, P», and P3;, the DRXed
grains of Gi—Gg, and the subgrain S;. The parent
grains show irregular shapes and serrated GBs.
Sub-GBs isolate the subgrain S1 from its parent
grains. New DRXed grains (G;—Gs) are formed
along the serrated GBs and at the triple junctions of
the parent grains. The GBs of P; are bowed toward
the adjacent grains, leading to the formation of
G1—Gs; grains. The above observations provide
adequate evidence for the operation of the
discontinuous dynamic recrystallization (DDRX)
process with conventional nucleation and nucleus
growth at serrated pre-existing high-angle grain
boundaries (HAGBs) by bulging [39].

The line graph (Fig. 9(b)) represents the
misorientation angle from point to origin and point
to point along the arrow direction of A to B in P,
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grain (as shown by the black arrow in Fig. 9(a)).
The line profile of point-to-origin suggests that the
misorientation angle increases gradually up to ~14°
as the distance increases, indicating the continuous
change of orientation occurring in the P; grain, i.e.,
dislocations within the grain are pretty active.
Figure 9(c) depicts the crystallographic orientations
of different grains in the R1 region. It can be
observed that grain orientations differ significantly
between the DRXed grains and unDRXed grains, as

D 1010 Min Max
RD == 2° 15°
0001 2110 15790
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the DRXed grains of Gi—Gs have a random
orientation. In contrast, unDRXed grains of P—P3
have a basal orientation.

Figure 10 depicts the EBSD results of the R2
region. It is evident in Fig. 10(a) that DRXed grains
such as G1—Go are distributed at the parent GBs,
surrounded by a high density of low-angle grain
boundaries (LAGBs) and sub-GBs. Fine DRXed
grains named G;—Gy in Fig. 10(a) are formed at the
severe accumulation region of sub-GBs. It can be
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deduced that the nucleation of DRXed grains is
related to the continuous absorption of dislocations
in these sub-GBs. As the deformation continues,
dislocations gradually accumulate and rearrange at
the GBs, forming LAGBs. The LAGBs absorb
the surrounding dislocations continuously and
transform into the HAGBSs; thus, new DRXed
grains are formed. The formation of these DRXed
grains is classified as a typical continuous dynamic
recrystallization (CDRX) mechanism [39,40].
Double twins {l011}—{1012} and contraction
twins {1011} (as shown by T, and T, in Fig. 10(a))
are observed in this region. The contraction twins
reorient the crystal lattice by ~56.2° about (1120)
directions, and double twins {1011} —{1012} have
a reorientation by ~ 37.5° about the same direction
[41,42]. During the deformation process, strain
accumulation occurs inside the {1011} contraction
twins and the {1011} {1012} double twins with
stable twin boundaries (TBs). The dislocations
move inside TBs to form sub-GBs, which then
transform into LAGBs and new DRXed grains
are formed, referred to as the twin-induced
recrystallization mechanism (TDRX) [40,42].

Figure 10(b) shows the misorientation
distribution from point to origin and from point to
point along the black arrow AB inside the parent
grains P. It can be observed that the misorientation
angle in the parent grain P increases with the
increase of the distance. When the distance is
~20 um, the point-to-origin misorientation angle
increases to ~16°, indicating that the dislocation
inside the parent grains is very active. The pole
figure in Fig. 10(c) shows the orientation of grains
in the R2 region. It can be seen that the orientation
of the DRX grains (Gi, G3—Gs, and G7) (as shown
by the red dashed line in Fig. 10(c)) is consistent
with that of the parent grains, which is one of the
typical characteristics of CDRX mechanism.

The R3 and R4 regions are selected to
investigate the DRX mechanism of S2 alloys, and
the EBSD results are shown in Fig. 11. For the R3
region in Fig. 11(a), it can be observed that the
parent grains are divided into DRXed regions
(G1—Gg¢) and unDRXed regions (P;, P, and P3) by
GBs. The simultaneous formation of DRXed Gi—Gs
with a high density of LAGBs at original GBs
indicates that the CDRX also occurs in the R3
region. For the R4 region of Fig. 11(d), the parent
grains also consist of unDRXed and DRXed regions

located at GBs. Contraction twins {l011} can also
be observed in the R4 region, as shown by T; in
Fig. 11(d), suggesting that the TDRX mechanism
also occurs in S2 alloys. The misorientation
distribution from point to origin and from point to
point along the black arrows AB in the parent grains
of P3 and P are presented in Figs. 11(b) and 11(e),
respectively. As the distance increases to 35 pum, the
point-to-origin misorientation angle in the parent
grains gradually increases to ~20° and ~21°,
respectively, indicating the high activity of
dislocations in the S2 alloy. Figures 11(c, f) show
the kernel average misorientation maps (KAM) of
the R3 and R4 regions. It can be observed that
both regions have high-density dislocations, which
corresponds to the results in Figs. 11(b, ¢).

Figure 12 shows the EBSD analysis results of
the RS region. Inverse pole figure map in Fig. 12(a)
exhibits a mixed-grain structure consisting of
coarse unDRXed grains (P;, P, and P;3) and
relatively refined DRXed grains (G;—Gs). The finer
DRXed grains are formed both along the unDRXed
GBs and within the grains, which is associated with
the CDRX and TDRX mechanisms. Many LAGBs
are distributed at the parent GBs, which can further
migrate to form new DRXed grains. Examination of
the KAM maps (Fig. 12(b)) indicates that the
unDRXed grains have higher dislocation density at
the original GBs compared to the intragranular
regions. The accumulation of dislocations can
provide energy for the subsequent DRX processes,
which is the reason for the high density of LAGBs
at the original GBs. Figure 12(c) shows the
misorientation distribution from point to origin and
from point to point along the black arrow AB in the
P, grain. The point-to-origin misorientation angle in
the parent grains gradually increases to ~19°,
indicating the continuous orientation change in the
parent grains.

4.2 Strengthening mechanisms of WE54 alloy
The mechanical properties of WE54 alloy are
improved to different degrees compared with the
as-cast state after the HPR deformation, as shown
in Fig. 7. There are multiple reasons for the
enhancement of WE54 alloy. Firstly, the DRX of
the alloy occurs after the HPR deformation, and the
grain is effectively refined, resulting in the fine-
grain strengthening. The second is that the alloy
has a high density of dislocations during the HPR
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processes, and these dislocations generate work
hardening. Moreover, the solid solution of Y, Nd
elements can produce a strong strengthening effect.
In addition, the twin boundaries and precipitation
of the Zr phase can also contribute to the
strengthening of the alloy.

High-density residual dislocations generated
during the HPR process can be considered
geometrically necessary dislocations (GNDs) [40].
The KAM method is used to study the GNDs in
as-rolled WE54 alloys quantitatively. According to
this method, the GNDs are determined by the local

misorientation. Local misorientation angles below
5° measured by EBSD are considered to estimate
the GNDs according to the formula:

poe = 200 ()
ub

where pNPs gtands for the GNDs density; A6,
represents the local misorientation; u is the step size
of the EBSD map (1 um); b is the magnitude of
Burgers vector (3.2x107'm in use) [43].

Figure 13 shows the KAM maps and the
corresponding pSNP* of as-rolled S1, S2, and S3
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alloys. The calculated pS™P* values for the as-rolled the as-rolled S2 alloy decreases compared to the S1
S1, S2, and S3 alloys are ~1.71x10", ~1.62x10',  alloy due to the consumption of DRXed grains. The
and ~2.32x10"m™?, respectively. When the rolling  grain sizes of the S1 and S2 alloys are close,
temperature increases, the dislocation density for and the Zr phase contents are at the same level.
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However, the mechanical properties of the S1 alloy
show a much better performance than those of the
S2 alloy, which suggests that the high density of
dislocations in the S1 alloy improves the level of its
work-hardening.

In addition, there are more twin boundaries in
S1 alloy, as shown in Fig. 5, which may give it
higher mechanical properties. Twin boundaries
can effectively impede dislocation movement
and accelerate the accumulation of dislocations,
providing an effect similar to that of fine-grain
strengthening [44]. For the as-rolled S3 alloy, the
single-pass rolling with a 65% thickness reduction
results in dislocation accumulation. This is why the
S3 alloy has higher mechanical properties despite
larger grains. Furthermore, the significantly strong
basal texture of the CGs also accounts for the
increase in strength as well as the decrease in
ductility of the S3 alloy [45].

For a better understanding of the strengthening
mechanism of as-rolled alloys, the origin of yield
strength of the S1 alloy is analyzed quantitatively.
The yield strength (oy) of the S1 alloy can be
summarized as

O-ys:O-g+O-d+o-S+O-tWin+o-p (2)

where g, represents the fine-grain strengthening, aq
represents the stress resulting from dislocation
strengthening, os represents the solid solution
strengthening, owin represents the stress arising
from twin boundaries, and o, represents the
precipitation strengthening.

The fine-grain strengthening can be calculated
using the following formula [44,46]:

0,=0, +kd " (3)

where oo and k are the material constants, and the oy
and k values of 50.7 MPa and 252 MPa-um'? are
taken in this study [47]; d is the average grain size
(~7.9 um). As a result, the calculated yielding
strength due to grain refinement is ~140 MPa.

The dislocation strengthening can be evaluated
by the Taylor formula [44]:

oy =MaGb\/; 4)

where M is Taylor factor (taken as ~4.2 [48]), a is
the coefficient with the value of 0.2, and the shear
modulus G is 17 GPa, and p is the dislocation
density. The calculated dislocation strengthening
value is ~60 MPa.

Furthermore, the strengthening effect of solid
solution atoms can be evaluated as follows [44]:

3/2 1/2
ES/C/

o, =MG
700

)

where & is an experimental constant (taken as 0.74
[44]), and ¢ is the solute concentration in atomic
fraction (The ¢ value is the sum of the atomic
fractions of Y, Gd, and Nd elements in Table 2,
which is 1.98 at.%). Therefore, the contribution of
solid solution strengthening is ~64 MPa.

Therefore, the total contribution of the above
strengthening mechanisms in the S1 alloy is
264 MPa, which is 59 MPa away from the
measured yield strength of 323 MPa, indicating that
the combined contribution of twin strengthening
and precipitation strengthening is ~59 MPa. The
WES54 magnesium alloy can obtain good
mechanical properties after HPR deformation.
This is due to the synergistic effect of fine
grain strengthening, dislocation hardening, twin
strengthening, and precipitation strengthening.

5 Conclusions

(1) After homogenization treatment at 525 °C
for 8 h, the Mg—RE phases in WE54 alloy are
decomposed, and a petal-like halo structure
consisting of rod-shaped Zr phases with different
length-to-diameter ratios precipitates.

(2) When the HPR temperature is 450 °C,
the alloy grain is refined due to the dynamic
recrystallization and a basal texture of [0001]m.//
ND is formed. When the rolling temperature
increases to 490 °C, the DRXed grain size increases
slightly, and the dislocation density decreases. A
mixed-grain structure is formed after a single pass
rolling with a reduction of 65% at 490 °C.

(3) After three passes of HPR at 450 °C, the
WED54 alloy has the best mechanical properties with
a yield strength of 323 MPa, a tensile strength of
374 MPa, and an elongation of 5.0%. The grain
refinement and the high-density dislocations are
the main reasons for improving its mechanical
properties.

(4) The dynamic recrystallization mechanisms
of the WE54 alloy during HPR is a synergistic
effect of discontinuous dynamic recrystallization,
continuous dynamic recrystallization, and twin-
induced recrystallization.
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