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Abstract: The dynamic recrystallization (DRX) behavior and texture formation mechanism in an AZ31 magnesium
alloy wheel hub during the spinning process were investigated. Analysis using optical microscopy, electron backscatter
diffraction, transmission electron microscopy, and finite element simulation revealed that continuous dynamic
recrystallization (CDRX) and grain boundary bulging occurred simultaneously throughout the spinning process, leading
to an increased proportion of DRXed grain areas. The newly formed DRXed grains largely retained the orientations of
their deformed parent grains. The spinning process had two stages: initially, deformation was driven by basal {a) slip as
the roller contacted the alloy and descended to its lowest point. In the later stage, pyramidal {c+a) slips became
predominant as additional force was applied along the spinning direction (SD), forming a final texture with the c-axis
tilting £15° towards the SD. This texture development led to discernible anisotropy in tensile properties along the SD
and the tangential direction (TD).

Key words: magnesium alloy wheel hub; dynamic recrystallization; spinning texture; dislocation slip; mechanical
anisotropy

substantial potential in both transportation and

1 Introduction

In response to global energy challenges, the
demand for innovative lightweight materials has
steadily increased. Magnesium (Mg) alloys have
emerged as a promising area of research due
to their low density, exceptional noise reduction, and
superior damping properties [1,2]. These advantages
position Mg alloys as leading contenders in the
next generation of lightweight materials, offering

aerospace sectors. Notably, in the automotive
industry, replacing traditional materials with Mg
alloys can lead to a significant 70% reduction
in vehicle weight, thus contributing to more
sustainable and eco-friendly solutions [3].
Currently, commercial Mg alloys like AZ31,
AZ80, and AZ91 are favorable for their affordability
and adequate mechanical characteristics, and they
are commonly employed in automotive instrument
panels and steering wheels [4,5]. Some researchers
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have fabricated Mg wheels through backward
extrusion, and further investigated their micro-
structures and mechanical properties [6—8]. For
example, JIANG et al [8] analyzed the revolution of
physical field of AZ80 Mg wheel during the
backward extrusion, and the analysis result revealed
that the rim of the wheel sustained bidirectional
compressive stress and unidirectional tensile stress,
while its bottom was subjected to the state of
three-directional compressive stress. However, the
backward extrusion approach exhibited notable
manufacturing flaws and low production efficiency.
The spinning process, noted for its short production
cycle, high precision, and cost-efficiency, has
attracted significant interest. This technique is
particularly advantageous for manufacturing
axisymmetric parts, such as Mg alloy wheel hubs,
thereby improving material properties and lowering
costs [9].

Recent studies have explored various aspects
of the spinning process. Bl et al [10] investigated
the spinning forming process
rims, optimizing parameters with DEFEROM-3D
software. LIANG et al [11] examined the stress—
strain distribution during the hot spinning of AZ80
alloy, noting the effects of temperature and thinning
rate on material hardness and deformation capacity.
XU et al [12] developed a novel ring roll spinning
technique to optimize force dynamics, thereby
enhancing both the production efficiency and
mechanical properties. MURATA et al [13] found
that spinning at temperatures above the
recrystallization  threshold improved material
formability and tensile strength due to work
hardening. While existing studies have focused on
the impact of spinning parameters (e.g., temperature,
thinning rate and feed rate [10—13]) on the
macroscopic mechanical properties of Mg alloy
wheel hubs, microstructural evolution and
underlying formation mechanisms during spinning
remain largely unexplored.

This work aims to investigate the micro-
structure evolution of an AZ31 Mg alloy wheel hub
throughout the spinning process, with a focus
on understanding the mechanisms of dynamic
recrystallization (DRX) and the formation of
spinning texture, as well as revealing the impact of
spinning texture on mechanical anisotropy. This
work offers valuable theoretical guidance for the
engineering applications of Mg alloy wheel hubs.

for automotive

2 Experimental

2.1 Material preparation

A commercial AZ31 alloy was used in this
study. The as-cast AZ31 bar was forged into the
wheel hub through two passes at 400 °C, resulting
in a wall thickness of 10 mm, an inner diameter
of 400 mm, and a height of 150 mm. Figure 1(a)
shows the spinning process of the as-forged wheel
hub, and the longitudinal image of the corresponding
as-spun sample is exhibited in Fig. I(b). The
spinning deformation was conducted using a
spinning machine. The spinning temperature was
maintained at 400 °C, and the mold was heated to
the same temperature. In order to ensure the
temperature stability during the spinning process,
a flamethrower was wused for temperature
compensation. The rotational speed of the mandrel,
the feed rate and the thinning rate were 400 r/min,
2mm/s and 70% (total reduction in 7 mm),
respectively. Figure 1(c) shows the schematic
diagram of the spinning process. The regions of
microstructural ~ observation located at the
longitudinal section of the as-spun sample, which
were marked by red boxes 1—4 along the spinning
direction (SD).

(©) - i

Wheel hub
Fig. 1 Spinning process illustrating transition from
as-forged sample to as-spun sample (a), longitudinal
view of corresponding as-spun sample (b), and schematic
diagram during spinning process, including regions of
microstructural observation marked by red boxes 1—4
along SD (c)



Bing-chun JIANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1787-1802 1789

2.2 Microstructural measurements and tensile

tests

The microstructures of all samples were
analyzed by optical microscopy (OM, ZEISS
Axiovert 40 MAT), electron backscatter diffraction
(EBSD, JEOL JSM-7800F) technique and
transmission electron microscopy (TEM, FEI
TECNAI G2 F20). The EBSD samples were
electro-polished with AC2 at 20V, 0.03 A and
=30 °C for 75s. The scanning step was set to be
0.5um. All EBSD data were analyzed using
Channel 5 software. The foils for TEM observations
were prepared by mechanical polishing them to
50 um and then punched into disks (3 mm in
diameter). Subsequently, the treated foils were
further thinned to 30nm by ion beam using
GATAN-PIPS 691 device. The SD- and tangential
direction (TD)-tensioned samples (10 mm x 5 mm X
3mm in gauge length, width and thickness,
respectively) were machined from the AZ31 wheel
hub and measured using a CMT6305-300 kN
universal testing machine at room temperature and
strain rate of 1x1073s™!. Three tensile samples were
tested under each condition to guarantee the
reproducibility of experiments.

2.3 Finite element simulation

In order to study the force states of wheel hub
during the spinning process, the commercial
Abaqus/Explicit software was used to establish
a single-pass spinning model. During the finite
element simulation (FEM), the following
assumptions were made for the model to improve
the computational efficiency and accuracy [I11]:
(1) the billet was simplified as tubing without a
bottom. This simplification reduced the complexity
of the model while maintaining the essential
characteristics needed to study the spinning process;
(2) the billet was set as an isotropic elastic-plastic
material, i.e., it had identical mechanical properties
in all directions and could undergo both elastic and
plastic deformation. The spinning roller and the
mandrel were modeled as rigid bodies to reduce
computational effort since their changes were
negligible compared to the billet; (3) the inner
and outer surfaces of the billet were lubricated
with graphite to simulate the actual lubrication
conditions during spinning. The friction law applied
to the surface contact between the spinning roller

and the mandrel was penalty friction, with a
friction coefficient of 0.3. The AZ31 material was
characterized by specifying the fundamental
material properties and applying an Atrrhenius
constitutive model incorporated via a user-defined
material subroutine.

Figure 2 shows the FEM model of spinning. In
order to improve the prediction accuracy, the
workpiece dimensions and spinning parameters in
the FEM were aligned with those used in the actual
experiment. The FE cylinder model was meshed by
linear reduced-integral cells (C3D8R), comprising
three layers of meshes along the normal direction
(ND), 40 meshes along the SD, and 168 meshes
along the TD, for a total of 20160 meshes. C3D8R
cells are commonly used for sever plastic deformation
simulations because they are well-suited to
nonlinear problems, offer high computational
efficiency, and prevent locking phenomena. Here,
the mandrel was fixed so that the spinning roller
rotated along the mandrel to achieve the spinning
process in the FEM. During the deformation, the
mesh was prone to aberration, so it was necessary
to turn on the mesh adaptive technology so that
the mesh was automatically adjusted to divide the
mesh when the workpiece and the spinning roller
were in contact. The starting point of the spinning
roller was set below the bottom surface of the
workpiece. The spinning roller was then fed axially
by a single-segment motion, while the thinning rate
was controlled by adjusting the distance between
the spinning roller and the workpiece’s outer
surface.

Mandrel (Righd) Workplece Spinning roller (Rigid)

1 4

Fig. 2 FEM model of spinning process 1nclud1ng three

parts (a), mandrel (b), workpiece (c) and spinning roller

(d)
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3 Results and discussion

3.1 Microstructure

Figure 3 presents the OM images of an AZ31
wheel hub at various positions (Positions 1—4) in
Fig. 1(c) throughout the spinning process. Initially,
at Position 1 (Fig. 3(a)), the sample, akin to its
as-forged state, consists of a mixture of fine and
coarse grains, with their area fractions at
approximately 26.2% and 73.8%, respectively. As
the spinning process advances, there is a gradual
increase in the area fraction of fine grains due to the
DRX behavior, whereas coarse grains stretch along
the SD, resulting in a decreased area fraction
(Figs. 3(b—d)). At Position 4, the area fractions of
fine and coarse grains stabilize at about 40.3% and
59.7%, respectively (Fig. 3(d)).

Figure 4 illustrates the EBSD analysis results
of the AZ31 wheel hub at Positions 1, 2 and 4 in
Fig. 1(c). This analysis confirms the mixed grain
structure observed in OM images, which remains
consistent across all samples. With the progression
of the spinning process, there is a noticeable
reduction in the average grain size from 17.6 um at
Position 1 to 5.8 um at Position 4 (Figs. 4(a—c)).
These findings further confirm that DRX occurs

during the spinning process. To distinguish the
DRXed grains from unDRXed regions, grains with
a grain orientation spread (GOS) below 2° are
considered DRXed ones [14]. Figures 4(d—f) depict
the DRXed grains at Positions 1, 2, and 4, respectively,
revealing a continuous increase in the DRXed grain
area fraction from about 24.7% at Position 1 to
approximately 35.4% at Position 4, accompanied
by a corresponding decrease in unDRXed regions.
Notably, some fine grains are classified as
unDRXed regions because they continue to undergo
deformation during the spinning process [15,16].
The (0001) pole figures at Positions 1, 2, and 4
are displayed in Figs. 4(j—1), respectively. Initially,
the as-forged sample at Position 1 exhibits a texture
with most grain c-axes inclined at £33° and +7° to
the SD and the TD, respectively. This texture type
resembles that of the unDRXed regions, even
though the DRXed grains exhibit a more dispersed
and weaker texture (Fig.4(j)). Previous studies
[17-19] highlighted the significant impact of DRX
on texture weakening. As the process moves to
Position 2, the inclination angle between the c-axis
and TD narrows to approximately 0° from +7°,
introducing a new texture component with the
c-axis inclined at +27° to the SD and a slight
drop in texture intensity from 13.8 to 11.9 (Fig. 4(k)).

Fig. 3 OM images of AZ31 wheel hub at different positions in Fig. 1(c) during spinning process: (a) Position 1 (Position
1 represents forged state); (b) Position 2; (c) Position 3; (d) Position 4
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Fig. 4 EBSD analysis results of AZ31 wheel hub at different positions in Fig. 1(c) during spinning process:
(a—c) Inverse pole figures (IPFs) at Positions 1, 2 and 4, respectively; (d—f) Extracted DRXed grains from (a—c),
respectively; (g—1) Remained unDRXed regions from (a—c), respectively; (j—1) (0001) pole figures at Positions 1, 2 and
4, respectively



1792

At Position 4, the SD-inclined angle further reduces
to £15° (Fig. 4(1)), which was also reported in a
ZK60 alloy after the spinning process [20].
Contrary to expectations, DRX does not continue to
diminish texture intensity at this stage; instead, it
rises to 17.5. Moreover, at Positions 2 and 4, the
texture features of the DRXed grains and unDRXed
regions are similar, suggesting that the crystal
orientations of newly formed grains inherit those of
the parent grains, closely associated with the DRX
behavior during the spinning process.

3.2 DRX mechanism

It is well known that DRX mechanisms
can be divided into the continuous dynamic
recrystallization (CDRX) and discontinuous
dynamic recrystallization (DDRX) [15-20]. CDRX
involves the rearrangement of dislocations during
the deformation to form low-angle grain boundaries
(LAGBs), which then absorb more dislocations,
evolving into high-angle grain boundaries
(HAGBs) [21]. DDRX, on the other hand, typically
nucleates at the locations like grain boundaries,
secondary phases, twins, and shear bands [18,22—24].

To gain deeper insight into the DRX
mechanisms occurring in the AZ31 wheel hub

Bing-chun JIANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 17871802

during the spinning process, a specific area from
Position 2, as shown in Figs. I(c) and 4(b), is
examined, with the area of interest being high-
lighted in Fig. 5. In Fig. 5(a), a distinct colorful
gradient within a deformed parent grain (marked as
P) is visible, surrounded by 21 newly-formed small
grains (labeled G1—-G21). The kernel average
misorientation (KAM) map in Fig. 5(b) shows that
these G1—G21 grains have extremely low average
KAM values (below 0.05°), identifying them as
new DRXed grains [18]. In contrast, the P grain,
with a significantly higher average KAM value
(over 1.5°), is considered as an unDRXed grain.
Analyzing the cumulative misorientation angle
along arrow A—B within the P grain reveals a
transition exceeding 10° (Figs. 5(c) and (d)),
indicating that LAGBs have converted into HAGBs,
a hallmark of the CDRX process. Misorientation
angle distribution maps at Positions 1 and 2
(Fig. S1 in Supplementary Materials) show a
decrease in LAGB proportion (2°<6<10°) from
~33.2% to ~30.7%, and an increase in HAGB
proportion (6>10°) from ~66.8% to ~69.3%, further
confirming CDRX via LAGB consumption.
Additionally, Figs. 5(a—c) illustrate some DRXed
grains (G1—G21) nucleating at the boundary of P

d
@ —— Point-to-point © G11 G6 (0001) G16 SD
o 14¢ —— Point-to-origin G15G4 G10
E p
i 10+ G18 Gl
s G8 ND
S G19 _
s 5l G2 (0170)
Gl4
-2 . . ) )
=5 5 15 25 35 45 G17 -~
Distance/um G21 G20 Gl12 (0001) (1210)

Fig. 5 DRX mechanism analysis results at Position 2 in Fig. 1(c): (a) IPF map including parent grain (P) and 21 grains

(G1-G21); (b) Corresponding KAM map; (c) Boundary map; (d) Line profiles of point-to-point and point-to-origin

along red arrow A—B; (e) (0001) pole figure from (a)
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grain through original flat boundary migration to
regions of high dislocation density, thereby forming
a crystalline core. This process, known as grain
boundary bulging nucleation due to the strain-
induced boundary migration (SIBM) [18,25-27], is
a characteristic DDRX mechanism. LUO et al [28]
also observed a similar phenomenon where
dislocations accumulated near the unDRXed region
boundaries, creating a local strain gradient that
drove the nucleation of DDRX during the extrusion
of a dilute Mg—0.5Bi—0.5Sn (wt.%) alloy.

Figure 5(e) reveals the crystal orientations of
the parent grain (P) and the newly developed
DRXed grains (G1—-G21) on the (0001) pole figure.
Most of G1—G21 grains exhibit crystal orientations
similar to that of the P grain, suggesting the
inheritance of crystal orientations from the
unDRXed parent grain to the new DRXed grains.
Our previous researches [21,29] and other studies
[30—32] indicated that the slip-induced strain
gradient within the unDRXed regions tends to
promote the formation of new grains with
orientations similar to that of the parent grain via

(@)

1793
CDRX. However, the impact of DDRX on texture
development remains unclear. For instance,

generally, the particle-stimulated nucleation (PSN)
mechanism is known to facilitate the nucleation of
grains with random orientations [22]. Twin-induced
DDRX mechanism plays a vital role in forming
rare-earth (RE) textures in wrought RE/Ca-
containing alloys [23,33]. SANJARI et al [34]
observed the SIBM mechanism in an annealed
Mg—4Zn—1Ce (wt.%) alloy, where grain boundary
bulging from neighboring deformed grains towards
high-energy regions led to the nucleation of new
grains with orientations similar to their parent
grains [30,34,35]. At Position 2, the combined
effect of CDRX and DDRX via grain boundary
bulging results in a texture similarity between the
DRXed grains (G1-G21) and the deformed parent
grain (P).

As the spinning process advances to Position 4,
the area fraction of DRXed grains increases
(Fig. 4(c)). The DRX behavior at this stage,
depicted in Fig. 6, involves 17 fine DRXed
grains (labeled by G1—G17) surrounding a deformed

. 2°<0<10°
—6>10°

=]

(0001)

Gl1
d
(d o : : (e)
—— Point-to-point
_10f —— Point-to-origin
El
2
s
=
2
3
<
0 5 10 15 20 25 30 G8
Distance/um

Gl4
G7 SD
G6 ‘
‘ a ND
Z I N )
. (0110)

G10
G15

G11

G13 GI2 (0001) (1210)

Fig. 6 DRX mechanism analysis results at Position 4 in Fig. 1(c): (a) IPF map including parent grain (P) and 17 grains

(G1-G17); (b) Corresponding KAM map; (c) Boundary map; (d) Line profiles of point-to-point and point-to-origin

along red arrow A—B; (e) (0001) pole figure from (a)
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parent grain (P). The cumulative misorientation
angle along arrow A—B exceeds 10° (Figs. 6(c)
and (d)), indicating the presence of the CDRX
mechanism via an orientation gradient. The
occurrence of the DDRX mechanism is also
suggested by the grain boundary bulging nucleation
of G1-G17 grains around the P grain (Fig. 6(a)),
similar to earlier observations. From Positions 2 to
4, the CDRX and DDRX mechanisms via grain
boundary bulging dominate the DRX behavior. The
(0001) pole figure in Fig. 6(e) shows a similar
crystal orientation between the P grain and most
DRXed grains (G1—G17), aligning with findings
from Fig. 5(e), primarily due to the combined
effect of both DRX mechanisms. This orientation
inheritance contributes to the strengthening of the
overall texture intensity.

Figure 7 presents a schematic diagram of the
DRX behavior of the AZ31 wheel hub during the
spinning process to clarify the microstructure
evolution. Initially, the as-forged sample contains
a certain amount of fine DRXed and coarse
unDRXed grains. Throughout the spinning process,
both CDRX and DDRX mechanisms are activated
at high temperatures. Dislocations rearrange into
LAGBs, absorb more dislocations into sub-grain
boundaries, and eventually transform into HAGBs.
Concurrently, grain boundaries from neighboring
deformed grains bulge towards high-energy regions
under the SIBM mechanism, forming a crystalline
core. This process leads to a gradual increase in the
area fraction of DRXed grains and a decrease in the
unDRXed regions in the as-spun sample.

Dislocation

UnDRXed

DRXed

Spinning process
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3.3 Formation of spinning texture

In Section 3.2, the microstructure evolution
and the DRX behavior of the AZ31 wheel hub
during the spinning process were systematically
explored. In this section, the origin of the spinning
texture is further unveiled. Figure 8(a) illustrates
the equivalent strain distribution of the AZ31 wheel
hub during the spinning process, as determined by
FEM. The process is categorized into two stages:
The first step (0—5s) begins when the spinning
roller contacts the workpiece and ends at the
thinnest point along the ND. The second step
(5—26s) involves applying additional force along
the SD. At the 5 and 26 s marks, corresponding to
Positions 2 and 4, respectively, Grids 1 and 2
(highlighted with red boxes) are analyzed. These
grids experience three normal strains (&rp-Tp, ENp-ND,
and esp-sp) and three shear strains (ynp-sp, Ysp-Tp,
and ynxp-p), Wwith their values presented in
Figs. 8(b) and (c). For Grid 1, exp~np (—0.369,
indicating compressive strain) is the most
significant, surpassing erp-to (0.158) and &sp-sp
(0.179), and ynp-to (—0.246, indicating clockwise
shear strain) exceeds ynp-sp (0.039) and psp-tp
(0.068). These results show that the principal
strains at Position 2 (illustrated in Fig. 8(d)) are
END-ND and YND-TD. For Gl’id 2, END-ND (—0.353)
remains predominant over em-to (0.117) and
ESD-SD (0134), but YND-SD (—0468) is the most
significant, outdoing ysp-tp (0.041) and pxp-TD
(—0.136). This indicates that at Position 4 (depicted
in Fig. 8(e)), the principal strains are expnp and

YND-SD-

Dislocation rearrangement
LAGB

As-forged sample

@B

U

DRX

bulging g

As-spun sample

Crystalline core

Fig. 7 Schematic diagram of DRX behavior of AZ31 wheel hub during spinning process
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When grains in Mg and its alloys are subjected
to external forces, slip and/or twinning deformation
mechanisms are activated to accommodate the
strains. Basal (a) slip, due to its relatively low
critical resolved shear stress (CRSS), is the most
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readily activated slip system in these materials [36],
as depicted in Fig. 9(a). The activation of this slip
system results in the rotation of the c-axis of
grain parallel to the direction of the applied force,
contributing to the formation of basal texture during
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Fig. 8 Equivalent strain distribution of AZ31 wheel hub during spinning process through FEM (a), equivalent strain

(b, ¢) and principle strains (d, ¢) analysis results in Grids 1 and 2, respectively
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Fig. 9 Schematic diagrams of activated slip modes when grain is applied external forces: (a) Basal (a) slip; (b) Prismatic

(a) slip; (c) Pyramidal {c+a) slip
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the extrusion and/or rolling processes [37,38].
Figure 9(b) shows prismatic {a) slip, which involves
the rotation of the g-axis of grain around its c-axis,
leaving the texture component on the (0001) pole
figure unchanged. The addition of Li decreases the
c/a ratio, enhancing prismatic (@) slip activity in
Mg-Li alloys [39,40]. In contrast, pyramidal {ct+a)
slip demands higher temperatures because its CRSS
is roughly 100 times greater than that of basal (a)
slip in pure Mg [36]. As a result, it drives the c-axis
of the grain to incline perpendicularly to the applied
force direction, as shown in Fig. 9(c). In this study,

Bing-chun JIANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1787—-1802

the contribution of twinning to texture formation
is considered negligible, particularly at high
temperatures [41], as little to no evidence of
twinning was observed during the spinning process
(Figs. 3 and 4).

To establish the relationship between texture
and slip modes under external forces, Fig. 10
demonstrates grain rotation across different slip
modes during the spinning process, simplified into
two stages (from Position 1 to Position 2 (Fig. 10(a))
and from Position 2 to Position 4 (Fig. 10(b)).
Texture is defined as the orientation of a grain in the

Position 2

(@)

(b)

Fig. 10 Grain rotation at different slip modes during spinning process: (a) From Position 1 to Position 2; (b) From
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area of maximum pole intensity. In this study, actual
changes in grain orientation were observed
experimentally. The theoretical grain orientations,
resulting from different dislocation slip modes
(basal {a), prismatic {a) and pyramidal {c+a) slips),
are compared with the experimental results. If the
experimental grain orientations align closely with
the theoretical ones, the slip system will be the
dominant factor in the spinning process. At
Position 2, where the workpiece mainly experiences
exp-np and ynp-tp strains, basal (a) slip activity
inclines the c-axis of the grain towards the ND as
the process moves from Position 1 to Position 2.
Meanwhile, prismatic (a) slip results in the a-axis
rotating around its c-axis. If pyramidal {(ct+a) slip
occurs, the c-axis of grain will move away from the
ND toward the SD. Based on the texture at Position
2, basal (a) slip is predicted to dominate from
Position 1 to Position 2, with prismatic {a) slip also
activated, as evidenced by increased pole intensity
on the (1010) pole figure [42,43]. Due to
challenging to confirm, the activation of pyramidal
(ct+a) slip, less favorable for texture formation at
Position 2, needs further examination via TEM
(see Fig. 11).

Basal (a) dislocation

—— Prismatic (a) dislocation

As the spinning process transitions from
Position 2 to Position 4, the workpiece primarily
undergoes exp-~p and ynp-sp strains at Position 4, as
depicted in Fig. 8(e). According to the grain
rotation criteria illustrated in Fig. 9, the c-axis of
grain should continue to incline towards the ND
due to the activity of basal (a) slip. However, this
inclination is not pronounced, suggesting that
significant non-basal slip activities are involved.
The lack of noticeable intensification in pole
intensity on the (1120) and/or (1010) pole
figures indicates that prismatic (a) slip activity is
relatively weak. Consequently, the activation of
pyramidal {c+a) slip becomes essential to cause the
c-axis of grain to diverge from the ND.

In order to further verify the results of the
applied force analysis, Fig. 11 shows the TEM
dark-field images of the sample at Positions 2
and 4 using two-beam diffractions including g=0001
and g=1010. All images are associated with the
[2110] zone axis. The g'b (g and b represent
reciprocal and magnitude of Burgers vectors,
respectively) rule is usually used to judge the types
of slip systems [44]. When the value of g b is not
equal to 0, dislocations are visible. In contrast, as

200 nm

—— Pyramidal (c+a) dislocation

Fig. 11 TEM dark-field images of sample at Position 2 (a—c) and Position 4 (d—f) using two-beam diffractions including

g=0001 and g=1010
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the value of g'b is equal to 0, the dislocation is
invisible. Under g=0001 the (@) dislocations are
invisible due to g-5=0, while the {cta) and {(a)
dislocations can be found (g-b#0). Under g=1010
the (a) dislocations disappear via g-b=0, but the
partial {a) and {c+a) dislocations are visible (g-b70).

At Position 2, long-straight dislocation lines
parallel to the (0001) plane, observable under
g=0001 (Fig. 11(a)), are also visible under g=1010
(Fig. 11(b)). These dislocations are identified as
pyramidal {cta) screw dislocations, indicated by
green lines in the schematic diagram of Fig. 11(c).
Additionally, numerous long-straight dislocation
lines parallel to the (0001) plane and a few short
cross-slip dislocation lines perpendicular to the
(0001) plane are observed under g=1010
(Fig. 11(b)). Based on the g-b#0 criterion, these
are identified as basal {(a) dislocations (marked in
red in Fig. 11(c)) and prismatic {(a) dislocations
(marked in blue), respectively. Statistical analysis
reveals the line densities of basal (@), prismatic {a),
and pyramidal {(ct+a) dislocations to be approximately
68.8%, 8.9%, and 22.3%, respectively. This
confirms that basal (a) slip is the predominant
deformation mode from Position 1 to Position 2,
with only minor contributions from prismatic {(a)
and pyramidal {cta) slips.

At Position 4, there is an increase in long,
straight dislocation lines aligned parallel to the
(0001) plane, visible under g=0001 (Fig. 11(d)) and
g=1010 (Fig. 11(e)), indicating the presence of
pyramidal {(c+a) dislocations (highlighted by green
lines in Fig. 11(f)). However, in contrast to the
observations at Position 2 (Fig. 11(b)), no cross-slip
dislocation lines are detected under g=1010 at
Position 4. Except for pyramidal {c+a) dislocations,
numerous basal {a) dislocations are noted, identifiable
as the long-straight lines parallel to the (0001)
plane under g=1010. Statistical analysis shows
line densities of basal (@) and pyramidal {(c+a)
dislocations at about 58.7% and 41.3%, respectively.
Thus, in addition to basal (a) slip, a significant
increase in pyramidal {(c+a) slip activity contributes
to the final spinning texture formation, resulting in
the c-axis inclining £15° towards the SD.

3.4 Mechanical anisotropy
In Sections 3.2 and 3.3, the microstructure

evolution of AZ31 wheel hub during the spinning
process and the formation mechanism of spinning
texture have been analyzed. In this section, the
tensile properties of AZ31 wheel hub were tested
along the SD and TD, and the effect of
microstructure on the tensile properties was further
discussed.

Figure 12(a) shows the schematic diagram of
SD- and TD-tensioned samples from the AZ31
wheel hub, and Fig. 12(b) displays their engineering
tensile  stress—strain along with the
corresponding tensile properties. Both the samples

curves

display a typical slip-dominated convex curve. The
SD-tensioned sample has a lower yield tensile
strength (YTS, about 186.3 MPa), but higher
ultimate tensile strength (UTS, about 296.5 MPa)
20.1%)
compared to the TD-tensioned sample, which
shows values of approximately 209.1 MPa,
289.4 MPa, and 14.7%, respectively. Obviously, the
AZ31 wheel hub shows the planner anisotropy of
tensile properties along the SD and TD.

In general, grain
structure, grain size, texture, and the presence of

and elongation-to-failure (EL, about

alloying concentration,

secondary phases are pivotal in influencing the
mechanical properties of Mg alloys [45,46]. In this
study, texture stands out as the primary factor
causing planar anisotropy in tensile properties.
Basal slip, which is more readily activated during
room-temperature deformation than other slip
modes in Mg alloys [36], plays a significant role.
Figures 12(c) and (d) present the Schmid factor
(SF) maps for basal slip in the samples subjected to
tension along the SD and TD, respectively, with
average SF wvalues calculated and shown in
Figs. 12(e) and (f). The SD-oriented spinning
texture results in a higher SF for basal slip (0.26) in
the SD-tensioned sample compared to that of the
TD-tensioned sample (0.18). High SF values for
basal slip are widely recognized as indicators of
low yield strength,
increased work-hardening capacity in Mg alloys
[45]. The mechanical responses of both the SD- and
TD-tensioned samples align well with the SF

enhanced ductility, and

criterion. As a result, the difference of SF for basal
slip directly leads to the occurrence of the planner
anisotropy of tensile properties along the SD and
TD.
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Fig. 12 (a) Schematic diagram of SD- and TD-tensioned samples at Position 4 from AZ31 wheel hub; (b) Corresponding
engineering tensile stress—strain curves; (c—f) SF maps for basal slip (c, d) and corresponding average SF values (e, )

of samples tensioned along SD and TD, respectively

4 Conclusions

(1) With the advancement of the spinning
process, both CDRX and grain boundary bulging
mechanisms occur simultaneously, thus increasing
the area fraction of DRXed grains. Moreover, the
orientations of the DRXed grains largely inherit
those of the deformed parent grains.

(2) The spinning process can be divided into
two distinct deformation stages: the workpiece
predominantly experiences exp-~p and  yNp-D
strains, with basal (a) slip serving as the primary
deformation mechanism, accompanied by minor

non-basal slip activities; the principal strains are
exn-np and ynp-sp. Under these conditions, in addition
to basal (@) slip, there is significant activation of
pyramidal {(ct+a) slips, ultimately forming the final
spinning texture in which the c-axis of most grains
inclines by £15° toward the SD .

(3) The formation of spinning texture results in
planar anisotropy of tensile properties along the SD
and TD in the AZ31 wheel hub. The sample
tensioned in the SD direction exhibits a lower YTS
(~186.3 MPa) but a higher UTS (~296.5 MPa)
and EL (~20.1%), compared to the TD-tensioned
sample, which achieves approximately 209.1 MPa,
289.4 MPa, and 14.7%, respectively.
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