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Abstract: A new method of repeated upsetting—extrusion (RUE) deformation was presented. The effects of different
deformation temperatures on the microstructure and texture of RUE deformed AZ31 magnesium (Mg) alloy were
studied using optical microscopy (OM), X-ray diffraction (XRD), electron backscatter diffraction (EBSD), and Vickers
hardness tester. The results show that the microstructure of the AZ31 Mg alloy is locally refined to 0.8 pm after RUE
deformation, and the main refinement mechanism is the continuous dynamic recrystallization (CDRX). As the
temperature increases, the texture of basal plane parallel to shearing plane is formed firstly, followed by {1120}(1010)
texture with weaker intensity, and finally {0001}(1010) and {0001}(1120) textures. The texture split is caused by the
dislocation slip of basal {a) and pyramidal (a). The maximum hardness of the AZ31 Mg alloy after RUE deformation is
increased by 42.4% compared with that at the initial state, which is mainly due to the fine-grained strengthening and the
dislocation strengthening.
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room temperature, which severely restricts the

1 Introduction

Mg alloys, with low density, high specific
strength and stiffness, easy recycling, and superior
machinability, are important lightweight structural
materials with broad market demand in the fields
of aerospace, transportation, and 3C electronic
products [1]. However, due to the hexagonal close-
packed (HCP) structure of Mg alloys, this
crystallographic structure determines a limited
number of slip systems that can be activated at

application range of Mg alloys [2].

Grain refinement is an effective method for
synergistically improving the strength and plasticity
of Mg alloys. Numerous studies have illuminated
that severe plastic deformation (SPD) technologies
can effectively refine grains and improve the
mechanical properties of Mg alloys [3]. Currently,
the main SPD technologies include accumulative
roll bonding (ARB) [4], high-pressure torsion
(HPT) [5], multi-direction forging (MDF) [6], equal
channel angular pressing (ECAP) [7], and cyclic
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extrusion compression (CEC) [8], etc. CHENG
et al [9] performed 8 passes of ECAP on the Mg—
8Sn—6Zn—2Al alloy at 300 °C. When increasing
from 2 to 6 passes, the grains showed obvious
dynamic recrystallization behavior, with the
recrystallization fraction reaching approximately 91%
and the average grain size decreasing to 2.49 um,
but the grains grew to 3.07 um after extrusion for 8
passes. JI et al [10] proposed a cyclic expansion
extrusion with an asymmetrical extrusion cavity
(CEE-AEC) technique, and after 3 passes of
extrusion deformation, Mg alloys with uniform
and fine microstructures and excellent overall
mechanical properties were successfully obtained.
SIAHSARANI et al [11] investigated the micro-
structural evolution and mechanical properties
of AZ91 Mg alloy using elevated temperature
hydrostatic cyclic expansion extrusion (HCEE),
which produced ultra-long, ultra-fine-grained rods
with superior mechanical properties.

Although the previously mentioned SPD
technology could successfully improve the internal
microstructure and mechanical properties of Mg
alloy, the degree of grain refinement was limited.
Therefore, a new process of repeated upsetting—
extrusion (RUE) deformation of Mg alloy is
proposed in this research. During this process, the
Mg alloy undergoes repeated radial and axial
shortening or elongation by shearing, upsetting,
and expansion to repeatedly deform into the initial
billet size and achieve large plastic deformation.
Compared to other SPD processes, RUE has greater
strain in a single pass and higher deformation
efficiency due to its multiple deformation
characteristics. Moreover, the Mg alloy was always
under two-way or three-way compressive stress
during RUE processing, which prevented the Mg
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Fig. 1 Schematic diagram of repeated upsetting—extrusion die
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alloy from bending, cracking, and other defects,
making the material more dense, so the process was
ideal for hard-to-deform materials. As a result of
the interaction of positive stress and shearing, Mg
alloys continually accumulate uniform strain,
refining the grain and weakening the texture to
enhance strength and toughness. In this work, AZ31
Mg alloy was used as the study object to investigate
the effect of deformation temperatures on the
microstructure and texture of Mg alloy after RUE
deformation, which offers significant theoretical
reference and process guidance for the processing
and production of high-performance magnesium
alloy.

2 Experimental

The as-cast AZ31 Mg alloy was chosen as the
experimental material. Table 1 shows the chemical
composition of the experimental alloy. A
rectangular billet with dimensions of 20 mm X
20 mm X 40 mm was wire cut from the AZ31 bars
to perform the RUE experiments. The schematic
diagram of the repeated upsetting—extrusion die is
shown in Fig. 1. The RUE die consists of three parts:
the convex die, the billet, and the concave die. First,
a billet with a cross-sectional length and width of /
and D is put into the upper cavity. As the convex die
extrudes downward, the billet is laterally deformed
through the interaction with the convex and
concave dies until it fills the lower cavity and
completes the extrusion, resulting in the length and

Table 1 Chemical composition of AZ31 alloy (wt.%)
Al Zn Mn Fe Si Cu S Mg
3.00 090 026 0.04 0.07 0.03 0.03 Bal
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width of the billet cross-sections becoming L and d.
The billet is then rotated 90° into the second die
for a second extrusion, and the dimensions of the
billet cross-section change again to / and D. One
cycle is defined as one deformation pass. During
the deformation process, the billet is constantly
subjected to shearing, upsetting, and expansion
deformations.

The dies and materials were heated to 290, 350,
and 410 °C in a resistance furnace and held for a
period of time before the experiments. One pass
RUE experiments were performed at three different
temperatures to compare the effect of RUE at
different temperatures on grain refinement and the
improvement of the mechanical properties of AZ31
Mg alloy. Sampling was done from the center of
each deformed sample, and their longitudinally
sectioned surfaces were observed. Figure 1 shows
the locations of these samples.

The microstructure and macro-texture of the
initial states and RUEed specimens were observed
along the extrusion direction (ED)—transverse
direction (TD) plane using OM, XRD, and EBSD.
For OM observation, the samples were etched in a
solution of 1 g of oxalic acid, 1 mL of nitric acid,
and 98 mL of distilled water for 2535 s. By using
Cu K radiation at a voltage of 40 kV and a current
of 40 mA, XRD (XPert MRD) was used to analyze
the macro-texture. The incomplete polar figures of
{0002}, {1010}, {1011} and {1012} were swept
in 5° step size by concentric circles, with the
measurement ranges of a (0°—70°) and S (0°-360°).
The EBSD sample was created using an ion beam
thinner after mechanical grinding and polishing.
The samples were run at 20 kV while being inclined
70° along the horizontal plane. It is set at 0.4 um
for the step size. EBSD data were processed by
Channel 5 software. The hardness of the Mg alloy
was studied and analyzed by using a Vickers
hardness tester to test the sample at eight points.
The loading load and loading time for the hardness
test were 5 N and 10 s, respectively.

3 Results and discussion

3.1 Microstructure

Figure 2 shows the microstructure of the AZ31
Mg alloy in different states. It can be seen from
Fig. 2(a) that the grains of the AZ31 Mg alloy in the
initial state are relatively coarse, with an average

grain size of approximately 276.8 um. After RUE
deformation at 290 °C, there are a large number of
initial grains without dynamic recrystallization
(DRX) and a large number of broken fine grains
in the microstructure, as shown in Fig. 2(b). The
dynamic recovery process is slow due to the
low stacking fault energy and wide extended
dislocations of Mg, which are difficult to unwind
from nodes and dislocation networks and also
difficult to make dissimilar dislocations cancel each
other by cross-slipping and climbing [12]. The
dislocation density in the substructure is high, and
the large strain causes the grains to break beyond
the critical deformation level. In addition, the strain
generated by deformation can provide sufficient
driving force for DRX, and the dislocations
accumulated on the subgrain boundaries are
absorbed to accelerate the process of DRX,
resulting in the formation of a large number of
finely equiaxed recrystallized grains along the
grain boundaries. Furthermore, Fig.2(e) shows
that the grain size distribution is scattered, the
microstructure refinement is not uniform enough,
some of the grains turn into long strip grains, and
the broken grains do not undergo complete DRX.

Compared with 290 °C, Figs. 2(c, f) show that
the overall uniformity of the deformed micro-
structure at 350 °C is greatly improved. The main
distribution of grain size ranges from 5 to 15 um,
indicating that the Mg alloy billets undergo
sufficient DRX after RUE at this temperature
and that the microstructure mainly consists of
a large number of finely equiaxed grains. As
the deformation temperature increases (410 °C),
dynamic recovery is enhanced. Under the same
strain conditions, deformation is not enough to
provide sufficient energy for DRX, resulting in
insufficient DRX. It can be seen from Fig. 2(d) that
there are not only fine grains with a grain size of
approximately 2 um, but also coarse initial grains
larger than 25 um, showing a typical bimodal grain
structure. As shown in Fig. 2(g), the proportion
of grains smaller than 5 um increases, while the
proportion of grains larger than 15 pm also
increases compared to Figs. 2(e,f), and the
uniformity of the grains is lower.

3.2 Macro-texture B
The (0002) and (1010) pole figures of
different samples are shown in Fig. 3. In the (0002)
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Fig. 2 Microstructure and grain size distribution of AZ31 alloy in different states: (a) As-cast sample; (b, ¢) RUE at

290 °C; (c, f) RUT at 350 °C; (d, g) RUE at 410 °C

pole figure, the peak texture components are located
at both ends of the TD for AZ31 Mg alloy samples
extruded at 290 and 350 °C, while there are four
peak texture components along the ED in the
(1010) pole figure. This indicates that at these two
extrusion temperatures, the AZ31 Mg alloy exhibits
a typical non-basal fiber texture with mainly
pyramidal orientation characteristics. Most of the
grains are oriented parallel to the shearing plane
after corner shearing deformation, and the weak
effect of upsetting deformation allows them to
maintain this fiber texture.

As temperature increases, the peak intensity of
the (0002) pole figure decreases from 6.1 to 4.3,
and the peak intensity of the (1010) pole figure
decreases from 2.3 to 2. At 350 °C, the (0002) pole
figure texture axis is deflected approximately 5°
around the normal direction (ND), and a weak

intensity basal texture begins to appear. The
(1010) pole figure texture axis is also deflected
around the ND, and the primary and secondary
intensity peaks are interchanged with a more
diffusive distribution. In a study of the effect of
three different paths of ECAP on the texture of
AX41 Mg alloy, KRAJNAK et al [13] found partial
differences in the (0001) pole figures for grains
smaller and larger than 2 pm, even for samples that
underwent one pass of deformation under the same
path. The increase in temperature accelerates the
DRX, and the orientation changes after the coarse
grains are divided into fine recrystallized grains.
At the same time, the pyramidal slip system is
activated by the increase in temperature [14],
enhancing the rotation of the c-axis so that the basal
plane is more susceptible to deflection by upsetting
action.
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Fig. 3 (0002) and (1010) pole figures of samples after RUE deformation at different temperatures: (a, b) 290 °C;

(¢, d) 350 °C; (e, f) 410 °C

The (0002) and (1010) pole figures at
410 °C are shown in Figs. 3(e, f), and the texture
components change considerably at this time. The
pole density point in the (0002) pole figure is
deflected approximately 20° toward the center,
indicating that the c-axis turns approximately 20°
around the ND, while the basal texture in the
350 °C pole figure disappears. However, the peak
intensities of the (0002) and (1010) pole figures
increase further, from 4.3 to 6.4 and from 2 to 3.3,
respectively. At 410 °C, due to insufficient DRX,
there are still coarse initial grains in the micro-

structure, forming a new texture. WU et al [15]
rolled AZ31B Mg alloy at 773 K and found
that the {0001} texture completely disappeared
and a {0552} + {0110} texture was formed, and
showed that the formation of this texture was
caused by slip and twinning at high temperature.
Figures 4(a—c) depict orientation distribution
function (ODF) of the AZ31 Mg alloy at ¢,=0°
and ¢»=30°, which corresponds to the pole
figure of Fig.3. Two characteristic fiber texture
components, {1120}1010) and {1010}(1120),
exist in the AZ31 Mg alloy at 290 °C (Fig. 4(a)),
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with peak Euler angles of (36°, 85°, 0°) and (38°,
89°, 30°) and texture intensities of 4.1 and 2.9,
respectively. The main texture component is the
{1120}(1010) fiber texture, which means that most
of the grains have pyramidal planes parallel to
ED and the crystal orientation is at an angle of
approximately 36° to the TD. As the temperature
increases to 350 °C (Fig. 4(b)), the peak Euler
angles change to (20°, 80°, 0°), closer to the
ideal {11203(1010) position with a more diffusive
distribution, and the intensity decreases from
4.1 to 3.6. The {1010}(1120) texture component
disappears and begins to show a {0001}(1010)
basal texture with an intensity of 2.6 and the
presence of a few crystals of (1120) parallel to TD.
The temperature continues to increase to 410 °C,
at which the strongest point of the texture density

Fig. 4 ODF (¢>=0° and ¢,=30°) (a—c) of RUEed samples
at 290 °C (a), 350 °C (b), and 410 °C (c) and schematic
diagram of macro-texture evolution (d)

shifts from @=80° to ®=60°, i.e., most of the grains
deflect 20° around the ED, as shown in Fig. 4(c).
The texture intensity increases to 4.3, while the
basal texture {0001}(1010) intensity weakens and
transforms to (1120 parallel to ED.

In brief, different deformation temperatures
cause changes in both the texture components
and intensity of the AZ31 Mg alloy after RUE
deformation. Figure 4(d) shows a schematic
diagram of the macro-texture evolution of the
RUEed alloy at different temperatures. The billets
used for RUE deformation are prepared from bar
cuts and have a typical basal fiber texture. The
deformation process results in the formation of a
shear band due to the corner shearing action, and
after the corner shearing deformation, the slip
system within the alloy is fully activated, resulting
in the orientation of the basal plane parallel to the
shearing plane [16]. As the temperature increases,
the non-basal slip system is activated and the
grains are more susceptible to rotation, with the
{11203(1010) texture being closer to the ideal
position at 350 °C compared to 290 °C. The
formation of {0001}1010) and {0001}(1120)
orientation dominance when the temperature is
further increased to 410 °C may then be caused by
different slip modes and specially oriented grains.

3.3 EBSD results

In order to further investigate the refinement
mechanism of RUE deformation on the micro-
structure of Mg alloy, EBSD was used to analyze
the information related to the microstructure of
Mg alloy at 290 °C. The inverse pole figure (IPF)
maps of different deformation zones and their
corresponding misorientation angle distribution
are shown in Fig. 5. The gray lines in the maps
represent grain boundaries with misorientation
angles ranging from 2° to 15°, commonly known
as low-angle grain boundaries (LAGBs), while
the black lines represent high-angle grain
boundaries (HAGBs) with misorientation angles
larger than 15°.

From Figs. 5(a, b), it can be seen that the color
of the grains varies when they are in the initial stage
of deformation, which indicates that the grain
orientation of AZ31 Mg alloy is random in Zone I
and that the grain size of the alloy is significantly
refined to approximately 12.4 um. After that, the
billet continues to be deformed, the grains start to
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Fig. 5 Inverse pole figure maps (a, b) and distribution histogram of misorientation angle with axis distributions for
angles of 2°—15° and 25°-35° (c, d): (a, ¢) Zone I; (b, d) Zone II

exhibit expansion deformation after corner shearing
and upsetting deformation, and the large grains are
obviously reduced when entering Zone II. The
average grain size is about 7.8 um, and the local
area is refined to be 0.8 pum. TIAN et al [17]
performed a tube continuous extrusion—shear—
expanding (TCESE) deformation of AZ31 Mg alloy,
and the grain size of AZ31 Mg alloy was only
reduced to 10 pm. This demonstrates the superiority
of RUE deformation in grain refinement. In
addition, it can be clearly seen from Fig. 5(a) that
there are many LAGBs within the coarse grains,
which are caused by a large number of dislocations
and rapid climbing. With continuous deformation,
the LAGBs absorb moving dislocations and
transform into HAGBs, and the coarse grains are
segmented continuously. It is inferred that there is a
CDRX mechanism during RUE deformation.
Figures 5(c, d) show the distribution of
misorientation angles in different regions, showing
two peaks in the range of LAGBs (2°-15°) and
25°-35°. The LAGBs show no obvious axis of
rotation. It is worth noting that the peak of the
misorientation angle in the range of 25°-35°
increases significantly with increasing deformation
degree. According to previous studies, the

recrystallization and grain growth of metal
materials with HCP structures often lead to a c-axis
rotation of 25°-35° [18]. This indicates that the
high peak values in the vicinity of 25°-35° may be
due to the DRX process or grain growth during
extrusion deformation.

Figures 6(a,b) show the distribution of
dynamic recrystallization (DRX) in the Mg alloy
during deformation, with red, yellow, and blue
representing deformed grains, subgrains, and
dynamically recrystallized grains, respectively.
At the initial deformation stage (Fig. 6(a)), the
deformation degree of Mg alloy is small, the
microstructure is dominated by deformed grains,
and there are some DRXed grains and subgrains.
Some DRXed grains can be observed at the grain
boundaries of larger grains. With the process of
RUE deformation (Fig. 6(b)), most of the subgrains
disappear after deformation, and the grains evolve
into refined deformed grains and tiny recrystallized
grains, as well as more crushed fine crystal
structures. With the progress of extrusion
deformation, the DRX becomes increasingly
sufficient, and the DRX grains of Mg alloys
gradually increase, from the initial 36% to 47%

(Fig. 6(c)).
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The driving force of recrystallization is the
deformation storage energy that is not released
after recovery. The nucleation mechanisms
include grain boundary bowing out mechanism,
subgrain migration mechanism, and subgrain
merging mechanism [19]. The misorientation angle
between adjacent grains increases further after
recrystallization, resulting in an HAGB (>15°).
Therefore, the degree of recrystallization or
recovery of the material can be qualitatively
analyzed by using the kernel average misorientation
(KAM), and then the geometric dislocation density
during deformation can be quantitatively analyzed
by Eq. (1) [20] and Eq.(2) [21], as shown in
Figs. 6(d—f). With continuous deformation, the
strain continuously accumulates, a large number of
dislocations entangle in the deformed grains, and
the dynamically recrystallized grains nucleate more
and refine the grains. At the same time, the large
plastic deformation leads to an intensification of
lattice distortion and many recrystallization
nucleations. The continuous generation of new
DRX grains causes the gradual change in color
inside the grains to blue. This shows that the
dislocation density in the grains is small and that
there is no obvious stress concentration at this time.
The DRX process consumes a large number of
dislocations, and the dislocation density in the

grains is reduced as a whole. As shown in Fig. 6(f),
the geometric dislocation density from Zone I to
Zone 11 decreases from 1.41x10'" to 1.30x10"m™.

KAM,,, =exp{%2]n KAM,} (1)
1

where KAM; is the local KAM value at Point i, and
N is the number of points in the test area.

pGND — 2'I<A1\/Iave

b ()

where u is the step size, b is the length of the Bosch
vector, and KAM,.. is the average KAM value of
the selected area.

Figure 7 shows the (0002) pole figures and
inverse pole figures of samples at different
deformation stages. It can be seen from Figs. 7(a, c)
that the c-axis of most grains in Zone I deviates
from the TD, with a pole density of 8.83, which is
caused by the deflection of the c-axis under the
shearing action and makes the basal plane parallel
to the shearing plane. However, the distribution of
grain orientation in other parts is diffuse, indicating
that the grain orientation in this zone is constantly
separated from the effect of shearing, and the
crystal orientation of most grains parallel to ED is
(1011) . The texture in Zone II deflects about 20° to
the basal plane, and the whole is oriented to the



2146 Yu-tian FAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2138-2152

@ (0002)

£ Max: 8.83

© 0001

<

Max: 1.72

0110

®) 0002

Max: 1.87

0110

Fig. 7 (0002) pole figures (a, b) and inverse pole figures (c, d) of different zones: (a, ¢) Zone I; (b, d) Zone II

basal plane. With the continuous deformation, the
billet is mainly affected by the upsetting
deformation and expansion deformation at this
stage, and the basal plane is gradually parallel to
TD, forming a strong basal plane texture with a
pole density of 8.07. In addition, the textures in
different zones display significant splitting.

In order to analyze the cause of texture split,
Schmid factor (SF) analysis was conducted on the
main grains of peak texture components (PT1-PT4)
in Figs. 7(a, b), as shown in Fig. 8. To examine
the activation of a typical slip system, SF maps
are applied: pyramidal (c+a) slip—(1122)(1123),
pyramidal (a) slip— (10 11)(1210) , prismatic (a) slip—
(1010)(1210) and basal (a) slip— (0001)(1120) [22].
The average SF value of several typical slip
systems of the primary grains of PTI-PT4 in
Figs. 7(a, b) is given in Table 2. It is obvious that
the SF values of basal {(a) and pyramidal {(a) slip are
very high, indicating that these two slip systems are
fully activated during RUE deformation. According
to the core mechanism of CDRX, (a) dislocations
cross slip on the non-basal plane, and slip from the
basal plane to the non-basal plane. Because the
basal plane texture is easily formed during RUE
deformation, which inhibits the SF of the prismatic
slip system, the basal plane (@) dislocation slip can
only slip towards the pyramidal slip system, so the
SF value of the pyramidal slip system is very high.
In addition, the non-basal slip system is difficult to

be opened at room temperature due to the high
critical resolved shear stress (CRSS). However, the
CRSS of the non-basal slip system decreases
significantly with increasing temperature. As a
result, the combined action of basal {(a) and
pyramidal (@) dislocation slip is the primary cause
of base texture split. Previous studies have reported
that pyramidal slip may lead to the split of basal
texture [23].

DRX is a crucial factor that influences grain
size and orientation in Mg alloys. It is of great
significance in controlling and adjusting Mg alloy
structure deformation, improving plastic forming
ability, and enhancing mechanical properties [24].
In order to study the DRX grain refining
mechanism of the AZ31 Mg alloy during RUE
deformation, three typical coarse grains (G1-G3)
and two DRX regions, Rl and R2, are selected
from Figs. 5(a, b) for analysis, as shown in Figs. 9
and 10.

It is obvious from Figs. 9(a—d) that GI is
composed of green and purple areas. The
misorientation angle developing along the red
arrow AB (Fig. 9(d)) shows that the misorientation
inside the grain gradually increases until it is close
to 20, which indicates that the orientation of Gl
along the AB direction is constantly changing.
Figures 9(b, ¢c) show the (0002) pole figure and
inverse pole figure of GI, respectively. It can be
determined that the basal plane direction of the two
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Fig. 8 Inverse pole figure (a, c, e, g) and SF distribution (b, d, f, h) of main grains of PT1 (a, b), PT2 (c, d), PT3 (e, f)

and PT4 (g, h) selected in Figs. 7(a, b)

Table 2 Average SF value of different slip systems of

major grains of PT1-PT4

Slip system PT1 PT2 PT3 PT4
Basal {(a) slip 0.24 047 041 0.37
Prismatic (a) slip 0.44 0.22 034 0.38
Pyramidal {a) slip 0.44 041 047 0.46
Pyramidal {c+a) slip 0.40 0.26 022 0.30

regions of G1 is almost the same, while the region
from green to purple gradually changes to [1214]
parallel to ED, which can also be confirmed from
the grain orientation diagram of specific points
inserted along the AB direction in Fig. 9(a). In
addition, there are a large number of LAGBs in
G1, which are caused by the accumulation of
dislocations or subgrain boundaries in deformed
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grains. As strain increases, these LAGBs can trap
more movable dislocations and then gradually
increase the misorientation within the grains to
form HAGBs, which ultimately transform the
subgrain into new recrystallized grains, i.e.,
CDRX mechanisms [25]. Therefore, during further
deformation, the Ilarger, elongated grains can
generate DRXed grains with different orientations
from the parent grains through the CDRX
mechanism. G2 and G3 show CDRX characteristics
similar to G1.

The G1, G2, and G3 exhibit different grain
orientations during deformation due to non-uniform
stress distribution during RUE, resulting in varying
stresses on grains located at different positions. The
non-uniform stress on each grain makes the grain
boundary slip or shear deform, thus forming a grain
boundary extension line extending into the grain. A
large number of dislocations gather at the grain
boundary extension line to form a dislocation wall.
With increasing deformation, the misorientation
near the dislocation wall rapidly increases to normal
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grain boundary misorientation, forming a new
grain structure and thus inducing a continuous
reaction [26]. There are many LAGBs running
through deformed grains in G2 and G3. It can be
seen from Fig. 9(h) that misorientation distribution
displays a peak value, which is caused by the large
misorientation at both ends when crossing the
LAGBs. In addition, the misorientation undergoes a
process of decrease, as shown in Fig. 9(d). The
misorientation along the AB direction increases
gradually at first and then enters the purple region,
where the misorientation starts to decrease. XIE
et al [27] noted that the significant fluctuation
of accumulated misorientation is due to the division
of deformed grains by geometrically necessary
boundaries (GNBs). Furthermore, it was also
reported that the obvious change in lattice
orientation is related to the growth of parallel
microstrips, and the change in microstrip direction
can lead to an erroneous reduction in the
accumulated misorientation in coarse grains.

In order to further analyze the DRX behavior
in coarse grains, the R1 and R2 regions in
Figs. 5(a, b) are selected for the microstructure
analysis, as shown in Fig. 10. About 58% of the
LAGBs are distributed in the R1 region, indicating
that a large number of dislocations accumulate in

the R1 region. The parent grains, P1 and P2, are
irregular in shape, and some DRXed grains (G1-G7)
are formed between P1 and P2. LAGBs can absorb
free dislocations, transform into HAGBs, and
finally transform into new DRXed grains. The
accumulated misorientation along the direction of
Arrow GH continues to increase to about 13°
(Fig. 10(c)), indicating that the dislocation density
is high and the intragranular orientation is
constantly changed, while higher misorientation is
accompanied by the CDRX mechanism [28].
CDRX refers to the cross-slip of dislocations on
the non-basal plane, and the screw dislocations
in the cross-slip process edge
dislocations, which easily climb along the non-basal
plane [29]. Therefore, the LAGBs near the P1
and P2 boundaries are formed by dislocation
rearrangement caused by cross-slip and climb.

It can be clearly seen from Fig. 10(b) that
there is a certain orientation angle between some
CDRXed grains and the parent grains, which
weakens the texture intensity to a certain extent.
The DRX behavior of Region R2 is similar to that
of Region R1. In Fig. 10(f), there are many peaks
in the point-to-point misorientation curve along
the direction of Arrow 1J. According to reports,
this phenomenon occurs because the deformed

evolve into
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grains are separated into different orientation
bands by GNBs to adapt to the misorientation
in the grains [30]. Therefore, CDRX is the main
mechanism of DRX during RUE deformation.

3.4 Hardness

Hardness is a comprehensive index to measure
the mechanical properties of materials, such as
plasticity and strength. The hardness chart of the
AZ31 alloy after different deformation temperatures
is presented in Fig. 11. It is obvious that after RUE
deformation, the hardness of the Mg alloy samples
is greatly improved. The hardness of the alloy is
about three times its yield strength. For Mg alloys,
the relationship between the yield strength and
the grain size is as follows: 9.0,=30+0.17d""2 [31].
Therefore, fine-grained strengthening is an effective
method to improve the hardness of alloys.
Furthermore, Mg alloys have a higher Taylor index
than other types of alloys, so grain refinement has a
stronger strengthening effect on them [32].

90 —

7

2
75 mm
68.9+5

65.3+5
60 60.3+5
48.45
45+
30
15+
0
290 350 410

Initial state

Hardness (HV)

RUE temperature/°C

Fig. 11 Hardness of AZ31 alloy at initial state and after
RUE deformation at different temperatures

It is worth noting that the hardness of the
AZ31 Mg alloy after RUE deformation at 290 °C is
the highest, HV 68.9, which is 42.4% higher than
that at the initial state. This is because there is not
only fine-grained strengthening but also dislocation
strengthening at this temperature. At 290 °C, the
microstructure contains numerous dislocations, and
the geometric dislocation density reaches 1.30%
10" m™ (Fig. 6(e)). This can cause basal slip or
non-basal slip to be activated, driving the
intersection and stacking of dislocations, which
results in dislocation entanglements, dividing the

grains into lots of small regions, impeding the
movement of dislocations in the low dislocation
density region of the grains, and then creating the
cell structure within the grains [33,34]. According
to LI et al [35], increasing the dislocation density
can prevent the movement of the newly formed
dislocations, thus producing additional hardening
effect. Dislocations can be hindered from moving
by increasing the dislocation density and generating
cell structures, or sub-grains, which have a
beneficial impact on the hardness of the alloy.

4 Conclusions

(1) RUE deformation can refine the grain size
to 0.8 um, and the dynamically recrystallized grains
primarily nucleate and develop via a CDRX
mechanism.

(2) The basal plane parallel to shearing plane
texture with a strength of 6.1 is formed at 290 °C,
and the {l1120%1010) texture component is
formed at 350 °C. Due to different slip modes and
specially oriented grains, the {0001}(1010) and
{0001}(1120) texture components are formed at
410 °C. The combined action of dislocation slip of
basal (@) and pyramidal {(a) is the main cause of
base texture split.

(3) After RUE deformation, the hardness of
AZ31 Mg alloy significantly increases to HV 68.9,
which is 42.4% higher than that at the initial
state, attributed to fine-grained strengthening and
dislocation strengthening.
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