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Abstract: A Mg—13Gd—4Y—2Zn—0.5Zr (wt.%) alloy was selected as the experimental material. After preheating, initial
microstructures with different long-period stacking ordered (LPSO) phase and f’ phase distributions were obtained, and
hot compression experiments were conducted. The effects of secondary phases on microstructure and dynamic
recrystallization (DRX) behavior were investigated. The results revealed that the average grain size decreased from
70.93 to 31.53 um, and the DRX volume fraction increased from 20.3% to 40.1% after the pre-annealing treatment. The
average grain size of Sample SO (pre-aging) decreased to 39.29 um, and the DRX volume fraction increased by 79.8%,
whereas the average grain size of Samples S1—S7 (pre-annealing + aging) slightly increased, and the DRX volume
fraction slightly decreased. With increasing pre-annealing time, the width of the lamellar LPSO phase increased, which
generated less dynamic precipitation during deformation and weakened the pinning effect. The DRX mechanism
transformed from continuous dynamic recrystallization (CDRX, pre-homogenization sample) to particle-stimulated
nucleation (PSN) + discontinuous dynamic recrystallization (DDRX, pre-annealing sample). After the pre-aging
treatment, the reticular structure effectively pinned the dislocations and delayed the nucleation and growth of DRX
grains. The DRX mechanism changed from the original CDRX+PSN (pre-aging sample) to DDRX (pre-annealing +
aging sample).
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and improve the strength of the alloys [6—8].
The LPSO phase can be divided into two types
according to its morphology: bulk and lamellar. The

1 Introduction

Mg alloys are favored by scholars because of
their low density and high specific strength-to-
stiffness ratio. However, owing to their hexagonal
close-packed (HCP) structure, few slip systems are
available at room temperature, which is not
beneficial for plastic deformation [1-5]. Some
scholars have improved the plasticity by adding rare
earth (RE) elements. On the one hand, the addition
of RE elements can effectively reduce the critical
resolved shear stress (CRSS) for non-basal slip; on
the other hand, the addition of RE elements and
transition elements (such as Zn) can form a new
type of long-period stacking ordered (LPSO) phase

lamellar phase is generally located inside the grain;
during the deformation process, the basal slip is
hindered by kinking and bending to coordinate
the deformation, which effectively improves the
plasticity of the alloy [9—11]. The bulk LPSO phase
can be crushed during deformation, which refines
the grains and weakens the texture through the
particle-stimulated nucleation (PSN) mechanism [8].
The continuous large lamellar LPSO in the
hot-rolled Mg—9.7Gd—2.5Y-1.5Zn—0.4Zr (wt.%)
alloy crystal strongly pins the dislocation motion.
The migration of recrystallized grain boundaries
along the basal plane and c-axis of lamellar LPSO
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is hindered. This makes it difficult to achieve a
wide range of lattice rotations, which is not
conducive to recrystallization and nucleation [12].
With respect to the relationship between the LPSO
phase and twinning behavior, most researchers
believe that the LPSO phase inhibits twinning [13].
However, some scholars hold the opposite view.
ZHENG et al [6] reported that the combination of
LPSO phase kink-induced lattice rotation and
efficient Schmid factor under shear loading could
stimulate twinning under strong shear deformation
(a maximal shear strain of 3) in Mg—11Gd-4Y—
27Zn—0.5Zr (wt.%) alloys.

For Mg—Gd-Y—Zn—Zr alloys, the ' phase
is vital and is primarily introduced by aging
heat treatment before deformation. During the
deformation process, the f’ phase gradually
transforms into the S phase, which promotes
dynamic recrystallization (DRX) through the PSN
mechanism. The precipitation sequence of
Mg-9Gd—4Y—-2Zn—0.5Zr (wt.%) during aging at
200 °C is " (DO19) — B’ (BCO) — B (FCC), and
the increase in hardness of the alloy is mainly due
to the increase in the volume fraction of the
precipitated phases and the transition of the S”
phase to the S’ phase [14]. ZHENG et al [15]
reported that extruded Mg—9.5Gd-4Y-2.2Zn—
0.5Zr (wt.%) alloys after the pre-aging treatment
had a more homogeneous microstructure with a
greater fraction of DRX grains, a yield strength
(YS) of 408 MPa, an ultimate tensile strength
(UTS) of 476 MPa, and an elongation (EL) of
8.3%. KANG et al [16] investigated the effects of
the pre-aging treatment on the microstructure,
texture, and mechanical properties of the Mg—6Zn—
1Gd—1Er (wt.%) alloy. The results showed that
the precipitation of the second-phase particles
promoted the PSN mechanism during extrusion,
which increased the volume fraction of DRX.

After the aging treatment, the special internal
space structure of the Mg—9.55Gd—2.27Y—1.28Zn—
0.55Zr—0.11Nd (wt.%) alloy, which consists of
prismatic S’ precipitates, basal j’ precipitates,
and lamellar LPSO phases, effectively hinders
dislocation motion and achieves high strength [17].
However, most of the current studies on Mg—RE
alloys focus on a single phase with few studies on
two-phase interactions. The mechanism of the effect
of these two phases on the microstructure and DRX

behavior during deformation remains unclear. In
this work, a Mg—13Gd—4Y—-2Zn—0.5Zr (wt.%)
alloy was used as the experimental material to study
the effects of different preheating treatments on the
microstructure and DRX behavior of the LPSO and
[’ phases produced during hot pressing.

2 Experimental

Cylinders with dimensions of d8 mm % 12 mm
were machined from 800 mm-diameter cast rods via
wire cutting. As shown in Table 1, the samples were
first homogenized at 520 °C for 32 h, water-cooled
at 70 °C, and recorded as ITO sample. The ITO
sample was subsequently annealed at 460 °C for 1,
4, and 7h and subsequently air-cooled. Finally,
these samples were aged at 200 °C for 112 h and
air-cooled.

Table 1 Histories of different samples

Designation History Designation  History
ITO 520°C,32h TO (520 °C, 32 b),
compression
o (520°C, 32 h)
e G202 0o, 1h),

(460 °C, 1 h) .
compression

(520 °C, 32 h)

(520 °C, 32 h) +

IT4 (460 °C. 4 h) T4 + (460 °C, 4 h),
compression
(520 °C, 32 h)
(520°C,32h) + N
IT7 (460 °C. 7 h) T7 + (460 °C, 7 h),
compression
(520°C, 32 h)
(520°C,32h) + + (200 °C,
150 (200 °C, 112 h) S0 112 h),
compression

(520 °C, 32 h)

(520 °C, 32 h) + + (460 °C, 1 h)

IS1 (460 °C, 1 h), S1 + (200 °C,
(200 °C, 112 h) 112 h),
compression

(520 °C, 32 h)

(520 °C, 32 h) + + (460 °C, 4 h)

1S4 (460 °C,4h) + S4 + (200 °C,
(200 °C, 112 h) 112 h),
compression

(520 °C, 32 h)

(520 °C, 32 h) + + (460 °C, 7 h)

IS7 (460 °C, 7h) + S7 + (200 °C,
(200 °C, 112 h) 112 h),
compression
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The samples were subjected to thermal
compression experiments using a Gleeble—3500
system. The deformation temperature was 450 °C,
the strain rate was 0.01 s”!, and the compression
amount was 60% with a cumulative strain of
0.916. Figures 1(ai, a;) show the detailed steps of
deformation. The ends of the samples were covered
with graphite flakes to minimize friction during hot
compression. All the samples were heated at a rate
of 5 K/s and subsequently held at the experimental
temperature for 180s to ensure uniform heat
distribution. After the compression experiments, the
samples were cooled with water, and stress—strain
data were obtained.

L (a)
2 Homogenization
] 520°C,32h
g Annealing
g 460 °C, 1 h/4h/7h
o Compression
&= =450 °C, £=0.916
Time
g (ay)
= Homogenization
= 520°C,32h
2
g Annealing
g 460 °C, 1 h/4 /7 h Compression
. T=450 °C, &=0.916
Aging
200°C, 112 h /\

Time

(b)

Observation area

Fig. 1 Schematic illustration of experimental procedures
(a1, a2), and specimen observation area (b)

Figure 1(b) shows the specific observation
area, where the more drastically deformed region in
the middle was selected as the observation location.
The microstructures of the different samples were
analyzed via optical microscopy (OM, Zeiss Axio
Imager A2m) and scanning electron microscopy
(SEM, Hitachi SU5000). First, the samples
were mechanically polished using water-abrasive
sandpaper of varying roughness values and etched
with a solution of 1 g picric acid, 2 mL acetic acid,
14 mL alcohol, and 2 mL distilled water. Then, they

were metallographically photographed using the
optical microscope. Scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD)
were performed at an accelerating voltage of 20 kV,
a working distance of 15 mm, and a tilt angle of
70°. The experimental results were post-processed
using the Orientation Imaging Microscopy (OIM)
Analysis 7.0 software from EDAX. The phase
compositions of the alloys were analyzed via X-ray
diffraction (XRD, Smart Lab) with Cu K, radiation
at 40 kV and 40 mA. The samples were prepared as
single pieces with diameter of 43 mm and thickness
of 30 mm and subjected to transmission electron
microscopy (TEM, JEOL JEM-F200) at 200 kV.

3 Results

3.1 Initial microstructure

Figure 2 shows SEM images of different
samples before deformation and the corresponding
EDS analysis, which verified that the gray phase
was the LPSO phase (Spot 2). The bulk LPSO
phase was partially dissolved after heat treatment
with little overall change. As shown in Fig. 2(a),
after the homogenization treatment (Sample 1T0),
there was only bulk LPSO phase at the grain
boundaries, and there was no lamellar LPSO phase
in the grains. As shown in Figs. 2(b—d), after
the pre-annealing treatment (Samples IT1-1T7),
lamellar LPSO phases with different densities
appeared in the grains, and the density of these
lamellar LPSO phases increased with lengthening
annealing time. As shown in Figs. 2(e—h), after the
pre-aging treatment, a white second phase appeared
at the grain boundaries, which was analyzed via
EDS and identified as the Mg5RE phase (Spot 1).
The density of the lamellar LPSO phase in the
grains slightly increased, and a precipitation-free
zone (PFZ) appeared at the grain boundaries
because the Mg5RE phase precipitated. The width
of the PFZ increased with lengthening annealing
time.

After the pre-aging treatment, the f’ phase in
the grains could not be observed via SEM due to its
small size. To observe the difference in the second
phase before and after aging, further TEM images
were taken. Samples IS0 and IS1 were selected for
specific analysis, as shown in Fig. 3. The second
phase was analyzed via EDS. The specific
composition of 84.58Mg—12.03Gd—1.47Y—0.75Zn—
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Fig. 2 SEM images of initial samples (a—h), and EDS analysis (i, j): (a) ITO; (b) IT1; (c) IT4; (d) IT7; (e) ISO; (f) IS1;
(g) IS4; (h) IS7; (i) Spot 1; (j) Spot 2
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Fig. 3 TEM images (a, b) and corresponding SAED patterns (¢, d) of samples: (a) ISO; (b) ISI; (c) B’ phase;
(d) 14H-LPSO phase
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1.17Zr (wt.%) confirms that aging generated the S’
phase [11]. For Sample IS0, many f' phases
appeared in the grains, but no obvious lamellar
LPSO phases were observed. This finding is
attributed mainly to the low aging temperature,
which failed to provide a sufficient driving force to
form the LPSO phase. In contrast, for the IS1
sample, an interlayer structure that consisted of
lamellar LPSO and f' phases was observed within
the grains. Previous studies [3,11] have shown that
the LPSO phase on the basal plane can impede the
motion of non-basal dislocations during deformation.
The B’ phase of prismatic surfaces hinders the
motion of basal dislocations [18,19]. We focus on
the effects of the reticulation structure formed by
these two materials on the microstructure and DRX
behavior after thermal compression deformation.
Figure 4 shows the distribution of the LPSO
and f' phases after pre-annealing treatment. The
density and width of the lamellar LPSO phase

520°C,32h

(520°C, 32 h) +
(460 °C, 1 h)

(520°C, 32 h) +
(460 °C, 4 h)

(520°C, 32 h) +
(460 °C, 7 h)

@ Bulk LPSO phase
~ ZnZr phase

(=0 (70
(0
©®)

(7N (770

inside the grains increased with lengthening
pre-annealing time. After the aging treatment, the 5’
phase precipitated inside the grains and formed a
reticulated structure with the LPSO phase. The best
effect was observed in Sample IS1. In IS4 and IS7
samples, the expansion of the lamellar LPSO phase
in the grains consumed more solid-solution
elements, which weakened the aging effect and
decreased the size of the §’ phase.

3.2 Microstructure after thermal compression

deformation

Figure 5 shows the EBSD maps of different
samples with the corresponding DRX volume
fractions (Xprx). Different colors represent different
grain orientations, where black indicates regions
unidentified by the software (LPSO phase regions).
The black lines denote large-angle grain boundaries
(>15°), whereas the white lines represent small-
angle grain boundaries (2°—15°). After the thermal

(520°C, 32 h) +
(200 °C, 112 h)

(520 °C, 32 h) +
(460 °C, 1 h) +
(200 °C, 112 h)

(520°C, 32 h) +
(460 °C, 4 h) +
(200 °C, 112 h)

(520°C, 32 h) +
(460 °C, 7 h) +
(200 °C, 112 h)

D
(i

2

(h)

< f'phase

Lamellar LPSO phase

Fig. 4 Schematic distribution of second phase after pre-heating treatment



Liang LIU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2536—2552 2541

compression deformation, the coarse grains
extended perpendicularly to the compression
direction, and the grains became elongated from
their original equiaxed shape.

In the annealed samples, the volume fraction
of DRX increased after the hot compression, and
the average grain size decreased with prolonged
annealing time. In contrast, for the aged samples,
the volume fraction of DRX did not exhibit a
consistent trend with the annealing duration. Instead,
it first decreased and subsequently increased.
Figures 5(a, e) show significant differences in the
overall microstructure with a noticeable increase in
the DRX volume fraction and effective grain
refinement after aging. Conversely, for the other

samples, the DRX volume fraction slightly
decreased after the aging treatment, although the
overall differences were not significant. Table 2
lists the specific grain sizes.

Figure 6 shows SEM images of different
samples. After the thermal compression
deformation, the bulk LPSO phase underwent
kinking and fragmentation and was distributed
perpendicularly to the compression direction.
Lamellar LPSO phases appeared inside the grains
of all the samples, mostly within the coarse and
deformed grains, and kinked to various degrees
during the deformation process. LUAN et al [20]
investigated the plastic deformation behavior of
Mg—4Gd—1Zn—0.5Mn alloys that contained LPSO

| Xpx=39.2%

Jlafshaped
IERSOlphases

o 100y

Fig. 6 SEM images of samples: (a) TO; (b) T1; (c) T4; (d) T7; (e) SO; (f) S1; (g) S4; (h) S7

Table 2 Grain sizes of different samples after hot compression (um)

Grain TO T1 T4 T7 SO S1 S4 S7
Whole grain 70.93 62.05 58.50 31.53 39.29 66.67 63.38 36.17
DRX grain 4.29 4.64 4.96 5.40 4.47 4.37 4.84 5.24
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phases under high-temperature compression. They
reported that the lamellar LPSO phase hindered
grain boundary migration, which delayed DRX,
whereas the bulk LPSO phase dissolved, broke up
at 500 °C, and acted as heterogeneous nucleation
points to effectively promote DRX.

At higher deformation temperatures, the S’
phase produced by aging gradually transformed into
the f (MgS5RE) phase. The Mg5RE phase was
primarily found at the grain boundaries of DRX
with dynamic precipitation during deformation.
On the one hand, it could effectively pin grain
boundaries and inhibit DRX grain boundary
migration. On the other hand, when the dynamic

100
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£ 60
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precipitation size was large (>1 um), DRX could be
promoted through the PSN mechanism. Under
appropriate conditions, dynamic precipitation and
DRX can occur in the deformed region. Dynamic
precipitation mainly occurs at grain boundaries in
the deformed region, and the second-phase particles
at the grain boundaries of recrystallized grains
can pin these boundaries, which refines the
recrystallized grains [21].

3.3 Stress—strain curves

Figure 7 shows the true stress—strain curves of
the samples in different states. Figure 7(a) shows
the stress—strain curves of the hot compression

100
(b)
80
=
£ 40 — S0
8 — S1
= — S4
& 20 s7
0 -
0 0.2 0.4 0.6 0.8 1.0
True strain
100
(d
80
£ 60
=
3
£ 40
3
=1 — S1
20 —TI
0 L
0 0.2 0.4 0.6 0.8 1.0
True strain
100
®
80
£ eoll
e
3
= 40
[}
=4 — 7
Eoaof —T7
0 -
0 0.2 0.4 0.6 0.8 1.0

True strain

Fig. 7 True stress—strain curves of samples after hot compression deformation
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samples after the pre-homogenization and annealing
treatment, which can be divided into three main
stages: hardening, transition and softening. With
increasing strain, the stress first rapidly increases,
reaches the peak stress, and subsequently slightly
decreases. In the early stage of deformation, the
flow stress rapidly and linearly increases with strain
because the movement of dislocations rapidly
increases the dislocation density. In this stage, the
dislocations are insufficient to counteract the work
hardening produced by the increased dislocation
density, so the flow stress rapidly increases during
the hardening stage [22—24]. As the strain increases,
dynamic recovery and dynamic recrystallization
occur. To accommodate the deformation, the LPSO
phase of the alloy undergoes kinking. The softening
effect of kinking and the dynamic recrystallization
of the LPSO phase partially offset the
work-hardening effect, which decreases the
work-hardening rate. Owing to the delayed DRX
and twinning behavior of the LPSO phase, there is a
dynamic competition between softening and work
hardening, which leads to a dynamic equilibrium
region before the peak stress is reached, and this
process corresponds to the transition stage.

As deformation continues, twinning occurs in
the alloy and increases the work-hardening capacity
until peak stresses are achieved (as indicated by the
orange circles). With increasing strain, dynamic
recrystallization reoccurs due to the continuous
increase in  dislocation density and the
intensification of lattice distortion. The nucleation
and growth of dynamically recrystallized grains
consume the dislocations in the material, which
makes the softening process dominant. After
reaching the peak, the curve decreases at a fast rate,
which indicates that DRX is the primary softening
mechanism in this stage. Interestingly, when the
strain increases, the curve does not exhibit the usual
steady-state phase, which suggests that the
cumulative strain of this deformation is limited, and
the DRX does not completely occur.

Figure 7(b) shows the stress—strain curves of
the hot-compression samples after the pre-
homogenization, annealing and aging treatment.
The curve follows a pattern identical to that in
Fig. 7(a), which has three stages: hardening,
transition and softening. Figure 7(c) compares the
stress—strain curves with and without the pre-aging

treatment. The peak stress of the curves after the
pre-aging treatment is close to that before the
annealing treatment. However, the peak strain
slightly shifts back, which indicates that the
pre-annealing and aging treatment can suppress
DRX during the hot compression process.

4 Discussion

4.1 Driving force model of DRX

DRX is an effective mode of grain refinement
in Mg—Gd—-Y—-Zn—Zr alloys, which weakens the
texture and improves the properties. During the
deformation process, the local stress concentration
is mainly relieved by dynamic recovery (DRV)
in the early stage because the accumulated
dislocations are initially insufficient to reach the
critical conditions to begin DRX. As deformation
continues and dislocations accumulate, when the
rate of increase in the dislocation density surpasses
that at which the dynamic recovery can
accommodate, and dynamic recrystallization occurs
at the critical point. The corresponding strain and
stress at this point are called the critical strain and
critical stress, respectively. The DRX model can be
expressed via the Avrami equation as follows:

XDRXZI—eXpl:k(S;::CJ ] (D

where Xprx 1S the volume fraction of DRX, k£ and
n are constants, ¢ is the strain, g, is the critical
strain, and &" is the strain that corresponds to the
maximum softening rate of DRX.

The critical point at which dynamic
recrystallization (DRX) of the alloy occurs cannot
be directly and accurately identified from the
stress—strain curve. The onset of DRX was related
to the inflection point of the strain hardening rate
(0) versus flow stress (o) curve [21,25]. If we fit the
6—o curve from 0 to the peak stress three times, the
fitting equation is as follows:

0=Ac*+Bs*+Co + D 2)

where 6=do/de, and A, B, C and D are constants for
a given deformation condition. The 6—¢ curves for
different states were fitted three times via Origin
software, and Fig. 8 shows the results. The critical
stress generated by DRX was found at —d6/de=0 via
derivation, which corresponds to the critical stress
for DRX, as shown in Table 3.
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Table 3 Corresponding critical values under different
conditions and volume fractions of DRX

Sample o/MPa & Xorx/%
TO 78.83 0.059 52.21
T1 65.75 0.104 59.19
T4 59.20 0.089 60.70
T7 57.40 0.080 78.3
SO 68.99 0.088 73.33
S1 64.53 0.112 45.80
S4 62.85 0.151 52.14
S7 61.59 0.134 76.52
L (@)
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Since DRX commonly occurs before the peak
stress, the work-hardening rate before peak stress
was logarithmized, and the In 6—¢ curve was fitted
three times. As shown in Fig. 9, the work hardening
rate rapidly decreased with increasing strain; when
a certain critical value was reached, the curve
became smooth with a slight upward trend. This
trend is consistent with the phenomenon observed
in the stress—strain curve. The inflection point of
the In 6— curve represents the critical strain of
DRX, which can be determined by taking the first
derivative of the curve. The strain at the point
where the derivative is zero is the critical strain of
DRX. Table 3 shows the specific values.
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In addition to Eq. (1), Eq. (3) can be used to
calculate the volume fraction of DRX:

O'p—O'

3)

Xprx =

0, 0

where g, is the peak stress, o is the stress, and o
is the stress when the flow stress curve reaches the
stabilization stage. By associating Egs. (1) and (3),
we obtain Eq. (4) and the specific values of the
constants & and n.

D77 1 _exp k(g_f°j )

o, — 0
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Fig. 9 In 6—¢ curves of samples

Figure 10 shows the DRX model obtained
according to Eq.(1). When the strain increases,
the volume fraction of DRX also increases. The
volume fraction of DRX gradually increases with
lengthening annealing time. The lowest DRX rate
in the pre-deformation stage of the T7 sample can
be attributed to the lamellar LPSO phase, which
effectively strengthens the matrix, dampens the
dislocation movement and delays DRX in the early
stage. In the later stage of deformation, the LPSO
phase coordinates deformation by kinking and
breaking. The inhibitory effect of the broken LPSO
phase decreases and promotes DRX through the
PSN effect.
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As shown in Fig. 10(c), the critical strain for
DRX of the sample after the aging treatment
increases, and the DRX rate is low in the early stage
of deformation. This delay in DRX at the early
stage occurs because the ' phase generated
after aging hinders the dislocation motion. A
comparison of Samples TO and SO revealed that the
volume fraction of DRX increased after the aging
treatment, since the MgSRE phase effectively
promoted DRX through the PSN mechanism, which
is consistent with our previous findings [15].
However, for Samples T1-T7, the aging treatment
significantly inhibited the occurrence of DRX,
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Fig. 10 Xprx—¢ curves of samples

which gradually weakened with increasing
annealing time. This phenomenon may be related to
the interaction between the LPSO phase and the f’
phase.

The theoretical volume fraction of DRX is
high, which may be due to the neglect of the solute
drag effect and pinning effect of the dynamic
precipitation. However, the variation rule of the
calculated volume fraction of DRX remains
consistent with the experimentally observed trend
in Fig. 5. The DRX driving force model can better
predict the optimal process parameters and provide
guidance for experiments.
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4.2 Dynamic recrystallization mechanism
4.2.1 LPSO regulatory mechanism relative to DRX

Figure 5 shows that the volume fraction and
average grain size of DRX after hot compression
gradually increased with lengthening annealing
time (from 20.3% to 40.1% and from 4.29 um to
5.40 um, respectively). Studies have demonstrated
that the presence of the lamellar LPSO phase
retards DRX nucleation and growth. LI et al [26]
manipulated the intragranular spacing of the LPSO
phase by adjusting the cooling rate after the solid
solution heat treatment. The closely spaced LPSO
phases suppressed DRX, whereas large spacings
promoted non-basal slip and continuous dynamic
recrystallization (CDRX). The density of the
internal lamellar LPSO phase increased with
lengthening annealing time. However, the volume
fraction of DRX that corresponded to thermal
compression reached its peak.

Typical grains in Samples TO and T7 were
selected for specific analysis of the DRX
mechanism. As shown in Fig. 11(a), the internal
orientation of the coarse grains in Sample TO more
noticeably changed, which indicates a greater
degree of dislocation movement inside the grains,
as confirmed in Fig. 11(b). The misorientation angle

between Points 4 and B was 20°, which clearly
validates the CDRX. CDRX is the formation of new
DRX grains through the accumulation of
dislocations when the dislocations continuously
move throughout the deformation process and
small-angle grain boundaries gradually transform
into large-angle grain boundaries [27-29]. For
Sample T7, as shown in Figs. 11(d—f), the internal
dislocation density of the grains is low, and there is
not much change in the grain orientation across
different regions. The maximum orientation
difference angle between Points C and D is only 8°,
which indicates that CDRX is not the primary grain
refinement mechanism.

Discontinuous dynamic recrystallization (DDRX)
involves the formation of subgrain boundaries through
dislocation motion, stripping of the locally bowed
portion of the grain boundary from the matrix, and
growth through the migration of high-angle grain
boundaries. As shown in Figs. 11(b,e), the grain
boundaries of Sample T7 more obviously bowed
outward, and the overall shape was serrated, whereas
Sample TO had smoother grain boundaries. The purple
arrows show the locations where DDRX occurred, and
DDRX was more likely to occur at Sample T7 than
at Sample TO. With increasing annealing time, the
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lamellar LPSO phase consumes the bulk LPSO
phase at the grain boundaries, which leads to its
dissolution and fragmentation and promotes grain
refinement through the PSN mechanism. As shown
in Figs. 11(g—1), the dislocation density around the
bulk LPSO phase is high, and many DRX grains are
distributed nearby.
4.2.2 Synergistic regulatory mechanism of DRX by

LPSO phase and ' phase

A comparison of the DRX volume fraction and
average grain size before and after aging revealed
interesting trends. For Samples S1-S7, the aging
treatment slightly decreased the DRX volume
fraction and average grain size. This phenomenon
may be attributed to the reticular structure formed
by the overlap of the LPSO phase and f’ phase,
which impedes the movement of dislocations and
suppresses the DRX. However, for Sample SO, the
volume fraction of DRX significantly increased
after the aging treatment (from 20.3% to 36.5%).
Additionally, the average DRX grain size slightly
increased. In order to elucidate these findings, we
conducted further analysis on Samples SO and S1.

Owing to the large phase spacing of the
lamellar LPSO in Sample SO, the hindering effect
on dislocation motion was weak. In Figs. 12(a, c)
for Sample SO, the misorientation angle along AB
was 18°, which indicates significant dislocation
motion inside the grain, which is a prerequisite for
CDRX to occur. In Figs. 12(d, f) for Sample S1, the
misorientation angle along CD was only 9°, which
indicates that the mesh structure composed of the

LPSO phase and f' phase can effectively inhibit
dislocation motion and suppress the occurrence of
CDRX. The corresponding KAM graphs are shown
in Figs. 12(b, e), and the KAM values are positively
correlated with the dislocation density. Sample S1
had a small dislocation density inside the grains due
to the inhibition of dislocation motion by the
second phase. Sample SO had a great dislocation
density inside the grains, which confirms the
inhibition of the CDRX. DDRX was mainly
distributed in the bowing-out area of the grain
boundaries, which formed subgrain boundaries
through dislocation movement and separated them
from the matrix. The two necessary conditions are
grain boundary bowing and dislocation movement.
The accumulation of dislocations at the grain
boundaries of Sample SO was low, which was
unfavorable for DRX.

As depicted in Figs. 13(a, ¢), the presence of
larger MgSRE phases (>1 um) at the grain
boundaries of Sample SO promoted DRX through
the PSN mechanism. Additionally, as shown in
Fig. 13(b), the small size of the Mg5RE phase was
insufficient to promote DRX through the PSN
mechanism. Instead, it was mostly distributed at the
grain boundaries, which inhibited DRX growth by
pinning the grain boundaries. There was a slight
decrease in the DRX volume fraction (from 22.7%
to 21.3%) and a slight increase in the average grain
size (from 4.64 to 4.37 um) after the aging
treatment. Owing to the low aging temperature,
which prevents the LPSO phase formation, many
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Mg5RE phases are generated inside the grains.
These phases promote DRX nucleation through the
PSN mechanism and can effectively pin the grain
boundaries and inhibit grain growth because the
phases are smaller than the grains. Figure 13(d)
shows that the reticular structure composed of the
LPSO phase and g’ phase in Sample S1 impedes
dislocation movement and causes dislocation
accumulation, which is consistent with the results in
the KAM graph.

In summary, the grains of Sample TO were
refined primarily through CDRX and effectively
pinned by fine dynamic precipitates at the grain
boundaries. With increasing annealing time, the
bulk LPSO phase dissolved, broke and refined the
grains mainly through PSN and DDRX at the grain
boundaries. Compared with Sample TO, Sample SO
exhibited a significant increase in the DRX volume
fraction, which was attributed primarily to the PSN
mechanism (due to the presence of larger-sized
Mg5SRE phases) and CDRX. The interlayered
structure of the LPSO and S’ phases in Sample S1
effectively hindered dislocation motion and

Fig. 13 SEM (a, b) and TEM (c, d) i

inhibited the occurrence of CDRX, which enabled
DDRX to dominate.

4.3 Synergistic reinforcement of LPSO phase

with ' phase

In peak-aged Mg—RE alloys, the #’ phase serves
as the main precipitated strengthening phase and
hinders the dislocation motion during deformation
[30]. Compared with those in extruded state alloys,
the abundance of nano S’ precipitated phases in the
aged state alloys enhances their strength and
damping properties. After aging, the alloys
exhibit significantly increased yield and tensile
strengths and improved damping properties [18]. The
synergistic interaction between the LPSO phase and
nano-f' precipitation phase contributes to the high
strength (tensile strength of 374 MPa, and yield
strength of 270 MPa) and high plasticity (10.1%) of
the Mg—9Gd—1.5Y-0.8Zn—0.3Zr (wt.%) alloy [31].
However, studies on the combined action of these
two phases are limited, and further exploration is
needed to ascertain whether their synergistic effect
can exceed the sum of their individual contributions.

mages of Sample SO (a, ¢) and Sample S1 (b, d)
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For Sample T7, the LPSO phase had the
largest width and strongest hindering effect on
dislocations. The dislocation density in the grains
was relatively high, and the ability to refine the
grains was the strongest. The dislocation density of
the annealed samples slightly increased after the
aging treatment. Sample S1 had few dislocations in
the coarse grains, and an interlayered structure,
which consisted of the LPSO and f' phases and
effectively pinned the dislocations to distribute
most of them at the grain boundaries. For Samples
T4 and T7, more dislocations existed in the grains.
When the annealing time increased, the LPSO
phase coarsened and consumed the RE elements
dissolved in the matrix, which reduced the g’ phase
and weakened its pinning effect.

5 Conclusions

(1) After the annealing treatment, the average
grain size decreased from 70.93 to 31.53 pm, and
the DRX volume fraction increased from 20.3% to
40.1%. After the aging treatment, the average grain
size of the Sample SO decreased to 39.29 pum, and
the DRX volume fraction increased by 79.8%. For
Samples S1-S7, the average grain size slightly
increased, and the DRX volume fraction slightly
decreased.

(2) After the aging treatment (Samples S1—S7),
the critical equivalent strain of the samples
increased. The reticular structure composed of
LPSO and p' phases effectively pinned the
dislocations and delayed DRX nucleation and
growth.

(3) With increasing annealing time (pre-
annealing samples), the DRX mechanism changes
from CDRX to DDRX+PSN. For Sample S0, owing
to the lack of the LPSO phase, the CDRX+ PSN
mechanism dominates. For Samples S1-S7, the
presence of the reticulation structure inhibited the
CDRX, and DDRX dominated.
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