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Abstract: The Mg alloy rods with a gradient bimodal microstructure were fabricated by forward-reverse torsion at
350 °C. The effects of the bimodal microstructure on tensile properties and deformation mechanism of the alloy were
investigated in detail. The formation of gradient bimodal microstructure was attributed to the incomplete dynamic
recrystallization and the characteristic of torsion deformation. The bimodal structure had less influence on the yield
strength but largely increased the peak stress and tension ductility. The large heterogeneous deformation-induced
strengthening via gradient bimodal microstructure was responsible for the enhanced strain hardening capacity and
tensile ductility. Finally, the related deformation mechanisms were discussed.
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1 Introduction

With the increasingly serious problems of world
energy crisis, resource crisis and environmental
pollution, energy saving and light weight have
become important issues that need to be solved
urgently in the automotive, aerospace and other
industrial fields. Mg alloys, as the lightest metal
structural material, their development and application
have become an effective strategy to overcome the
above problems. However, low strength and limited
ductility become important bottlenecks restricting
the application of Mg alloys [1]. Plastic processing
can effectively refine the grains to improve the
strength and toughness [2—5]. However, the
formation of strong deformation texture leads to
large plastic anisotropy in wrought Mg alloys.
Further grain refinement and texture control have
become the focus of research in the development of

high-performance wrought Mg alloys [6—11].
Besides, more and more researches have
focused on the development of Mg alloys with
heterostructures [12—14]. This is because hetero-
structures can evade the strength—ductility trade-off
dilemma. Heterostructures contain some domains
with dramatic difference in strength, resulting in the
deformation incompatibility during the deformation
and significant hetero-deformation induced (HDI)
hardening. HDI hardening can increase strength
and strain hardening [15,16]. Thus, heterostructures
offer a new strategy to simultaneously improve
strength and ductility. Based on this, some typical
heterostructures have been developed in various
metals and alloys, such as heterogeneous lamella
structure, gradient structure, bimodal structure,
and dual-phase structure [15—18]. Recently, the
construction of heterostructures has also received
extensive attention in Mg alloys. LIU et al [12]
obtained an AZ91 sheet with a heterogeneous
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lamella structure by the combination of aging and
low-temperature extrusion. WANG et al [19]
fabricated the Mg alloy sheet with a lamella
heterostructure by co-extrusion of Mg—Al-Zn
alloy and Mg—Y alloy. ZHANG et al [20] reported
a bimodal structured Mg—8Al-2Sn—1Zn alloy
fabricated by hard-plate-rolling. WANG et al [21]
studied the deformation mechanism of a bimodal
structured AZ31 alloy. These results demonstrate
that the formation of heterostructures is very
beneficial to simultaneously improving the strength
and tensile ductility of Mg alloys.

Recently, torsion deformation has been used to
prepare the rods with gradient structures. As a
simple plastic processing technique, it can be an
important supplementary processing technology.
This method has been used to process the Mg
alloys [22,23], copper alloys [24,25], high entropy
alloys [26,27], and steel [28,29]. It is found that the
gradient deformation structure (such as gradient
dislocations [24,27], gradient stacking fault [25],
and gradient nano-twins [28]) introduced by room
temperature torsion is of great significance in
improving the strength and toughness of metal rods.
In above reports, torsion deformation was usually
performed at room temperature. However, the effect
of hot torsion on mechanical properties was rarely
reported. Firstly, hot torsion can induce dynamic
recrystallization (DRX) [30,31]. The incomplete
recrystallization is usually used to construct
bimodal structures [20,21]. Secondly, the gradient
shear stress of torsional deformation is beneficial to
the construction of gradient microstructure. It is
considered that the gradient recrystallization
behavior via hot torsion can be exploited to build a
gradient bimodal structure.

Based on this, hot torsion deformation was
used to construct the gradient bimodal structure in
the extruded AZ31 rod in this work. The effects of
hot torsion deformation on the microstructure and
recrystallization behavior of AZ31 alloy were
investigated, and the effect of gradient bimodal
structure on tensile properties was also analyzed.
The related mechanisms were discussed.

2 Experimental

In this work, the extruded AZ31 alloy (Mg—
2.87wt.%Al1-0.95wt.%Zn) rods with a diameter of

10 mm were used as the starting materials. In order
to remove dislocations and homogenize the
structure, the extruded samples were annealed at
500 °C for 0.5 h. The as-extruded and annealed rods
are named as AE sample. Dog-bone-shaped samples
with a gauge size of d4 mm % 25 mm were prepared
for the free-end torsion. The AE sample was held at
350 °C for 5 min and then subjected to hot torsion
processing at 0.13 r/min. The torsional axis is
parallel to the extrusion direction (ED). For the AE
sample, the maximum torsion angle before fracture
can achieve to 2000°. In this study, the 900°
forward torsion (FT) and 900° forward-reverse
torsion (FRT) were carried out to process the AE
sample, and these twisted samples were denoted as
FT and FRT samples, respectively.

After torsion, the twisted sample was directly
used for the tensile test. Tensile tests at room
temperature along the ED were carried out at a
constant strain rate of 1x107°s!. Metallographic
experiments were used to analyze the grain size.
Microstructures were characterized using the
electron backscatter diffraction (EBSD) of a JEOL
7800F FEG—SEM. EBSD measurements were
executed on longitudinal sections of the samples
(parallel to the axis of the rod) and the characterized
regions were the edge and middle of rods.
Loading—unloading—reloading tests during tensile
tests were carried out at a strain rate of 1x107s™!
and room temperature. At a specific unloading
strain, the specimen was unloaded in a load-control
mode at an unloading rate of 1000 N/min, followed
by reloading to the same applied load.

3 Results and discussion

AE sample exhibits a typical extrusion texture
and has a uniform microstructure and coarse grains,
as shown in Fig. 1(a). Considering that the torsional
deformation will lead to the maximum shear strain
at the edge of the twisted rod, the edge position of
the torsion sample is selected to investigate the
changes in the microstructure. Figure 1(b) shows
the EBSD map and basal pole figure of FT sample.
It is found that a remarkable texture change is
caused by hot torsion. In the pole figures, the
normal of the projection is the r-axis, the shear
direction is the #-axis and the axial direction is the
Z-axis (i.e., ED direction). After hot torsion of 900°,
the c-axis of the main texture component is located
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Fig. 1 EBSD data of AE sample (a), edge position of FT sample (b), center (c), and edge (d) positions of FRT sample

at 45° from Z-axis and #-axis, as shown in Fig. 1(b).
In the EBSD maps of twisted samples, no twins can
be detected due to the high torsion temperature.
Such a large textural change is mainly attributed to
activation of basal slip during hot torsion [32].
According to previous studies, torsion deformation
will cause c-axis of texture to rotate towards the
Z-axis [30,33]. The forward-reverse torsion can
restore the initial extruded texture due to the inverse
shear directions between forward torsion and
reverse torsion [34]. In this work, the forward-
reverse torsion of 900° was performed to restore the
initial texture, as shown in Figs. 1(c) and (d).

A large number of fine DRXed grains can also
be generated during hot torsion. Clusters of
low-angle grain boundaries within grains will
cause the generation of sub-grains, which is the
formation of continuous dynamic recrystallization.
Discontinuous  dynamic recrystallization = was
characterized by the bulge of the original high angle
grain boundary [35,36]. In the FRT sample, a large
misorientation and strong lattice distortion can be
found within initial grains. Moreover, profuse
bulges of grain boundaries can be found. Thus,
for the AE sample, both continuous dynamic
recrystallization dynamic
recrystallization are the main DRX mechanisms
during torsion at 350 °C. The fine DRXed grains
are mainly formed at the grain boundaries, and a
bimodal microstructure in which coarse grains
are surrounded by fine recrystallized grains is
fabricated by hot torsion. For the edge positions of
FT and FRT samples, the accumulated equivalent
strain can achieve 0.73 and 1.46, respectively.
However, the degree of recrystallization is far lower

and discontinuous

than that of hot compression or hot tension [37,38].
It has been reported that the DRX process is related
to the activation of deformation mechanism [39]. In
this work, the dominated deformation mechanism is
the basal slip during forward-reverse torsion [32].
The preferential activation of basal slip will delay
the progress of recrystallization during the hot
deformation [39]. This may be the main reason for
the small amount of recrystallized grains in the FRT
sample. Torsion deformation will also generate a
gradient microstructure due to its deformation
characteristics [30], as shown in Figs. 1(c) and (d).
In order to visually display the distribution of the
bimodal structure, optical microscope (OM) images
of FRT sample across the radius direction are
shown in Fig. 2. It indicates that a bimodal structure
exhibits a gradient distribution. From edge position
to center position, the area fraction of fine DRXed
grains gradually decreases.

Figure 3(a) shows the true stress—strain curves
of different samples. The yield strength (YS), peak
strength (PS) and uniform elongation (UE) are
listed in Table 1. For AE sample, the yield strength
is 198 MPa and the uniform elongation is 12.6%.
After hot torsion, the YS exhibits little change,
while the PS is increased from 283 to 299 MPa and
the uniform elongation is increased from 12.6% to
15.6%. Moreover, the static toughness (ST) is also
calculated to estimate the amount of energy per unit
volume of which the material can absorb without
rupturing. The FRT increases the ST from 38
to 45MJ/m?. Thus, FRT torsion exhibits little
influence on yield strength, but largely increases the
peak strength, tensile ductility and static toughness.
Figure 3(b) shows the strain hardening rate curves.
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Fig. 2 OM images of FRT sample at various radial positions: (a) 2 mm (Edge position); (b) 1.5 mm; (c¢) 1.0 mm;

(d) 0 mm (Center position)

350 @)

300 -
FRT

250 -
200

150 -

True stress/MPa

100 -

50

0.10

0.15 020 0.25

True strain

0 0.05

0.30

Strain hardening rate/MPa

3000

2500

2000

1500

1000

500

. |

50 75 100

(6-0,,)/MPa

0 25 125

Fig. 3 True stress—strain curves (a) and corresponding strain hardening rate curves (b) of AE and FRT samples (o is true

stress, and oy is yield stress)

Table 1 Tensile properties of various samples

Sample YS/MPa  PS/MPa  UE/% ST/(MJ-m)
AE 198+3 283+1 12.6+0.1 38+0.2
FRT 193+1 29942 15.6£1.5 45+4.3

After elastic-plastic transition, a linear decrease in
strain hardening behavior can be found in two
samples. It is found that hot torsion largely reduces
the slope of strain hardening rate curve.

The dislocation substructure, precipitates,
texture and grain size are the main factors to
determine the yield strength for Mg alloys. For
AZ31 alloys, the Mgi7Al > phases are very rare due
to the low Al content. Therefore, the contribution of
precipitation strengthening is rarely considered in
AZ31 alloys [8,9]. Moreover, AI-Mn phases are
usually observed in AZ31 alloys [6]. However, few
studies have reported that these phases have a
significant effect on the room temperature strength
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of AZ31. Therefore, in this study, the influence of
second phases on mechanical properties will not be
considered.

During hot torsion at 350 °C, the dislocation
substructure will be formed to generate profuse
low-angle grain boundaries (LAGBs). In the EBSD
map, the LAGBs (<15°) densities can be calculated
by a previous method [40]. After torsion, LAGBs
density is increased from 0.004 to 0.018 um™' and
0.068 um! for the center position and edge position,
respectively. In fact, the LAGBs density is still
low owing to the strong dynamic/static recovery
during hot torsion at 350 °C. The LAGBs density is
comparable with that of the annealed samples [40].
Moreover, the LAGBs act as a weaker barrier to
dislocation motion than the high-angle grain
boundaries (HAGBs). It is considered that the
dislocation hardening effect might be very limited.

The DRX-induced grain refinement can
generate refinement hardening effect. Figure 4
shows the area fraction of grains as a function of
grain size. For the AE sample, 96% of the grains are
above 15 pm and the average grain size is ~25.5 pum,
as shown in Fig. 4(a). Hot torsion largely increases
the area fraction of grains with size below 15 pm. A
typical bimodal grain distribution can be found at
the edge position of FRT sample, as shown in
Fig. 4(b). Here, the grains with sizes below 15 um
are recognized as DRXed grains. According to
EBSD result, the DRXed grains have an average
size of 6.8 um at the edge position of FRT sample.
According to Hall-Petch law, a reduction in grain
size serves to enhance yield strength as formulated
by [41]
our=0otkd (1)

where oup is the yield strength via Hall-Petch, oy is
the lattice friction stress, d is the average grain
size, and k is the stress concentration factor. The
increment of yield strength can be calculated by
the formula: Ac=k(d2°3—di%3), where Ao is the
increment of yield strength, d, is the initial grain
size, and d- is the refined grain size. The k value is
relevant to texture and deformation mechanism in
Mg alloys [41,42]. For the extrusion rods with fiber
texture, k is selected from a recent report [42]. The
k value is 235 MPa-um'? for prismatic slip. If the
grain is refined from 25.5 to 6.8 um, the increment
of yield strength for slip is 44 MPa. However, the
area fraction of DRXed grains is only 20% at the
edge position (see Fig. 4(b)). According to a simple

mixture rule, the increment in overall yield strength
will be cut by 80%. For the edge position, the
increment in yield strength might be 8.8 MPa. From
edge position to center position, the amount of
DRXed grain gradually decreases from 20% to 0.
Thus, the contribution of refinement hardening
might be low to the yield strength.
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Fig. 4 Grain size distribution of AE sample (a), and edge
position of FRT sample (b)

Figure 1 shows that the forward-reverse
torsion exhibits little effect on the major texture
component. However, this major texture component
may be from un-DRXed grains due to the high
volume fraction. To further reveal the effect of
dynamic recrystallization on the texture, the fine
DRXed grains and the coarse un-DRXed grains
were extracted separately to draw the pole figures,
which are shown in Fig. 5. For the AE sample, the
grains with various grain sizes have a similar
texture distribution, i.e., strong extrusion texture.
For the FRT sample, the coarse grains with size
above 15pum have a similar texture distribution
with AE sample. In contrast, the DRXed grains less
than 15 um have a weaker extrusion texture and
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more disperse texture distribution. The Schmid
factor (SF) for basal slip along the ED direction is
also shown in Fig. 5. It indicates that the DRXed
grains in FRT sample have a higher SF for basal
slip than the coarse grains. Generally, the increase
in the SF for basal slip will reduce the yield
strength owing to its low critical resolved shear
stress (CRSS) [43]. However, the grain refinement
will increase the CRSS of basal slip for DRXed
grains. It has reported that the £ value of Hall-Petch
for basal slip is 158 MPa-um'? [44]. Thus, when
the grain size changes from 25.5 to 6.8 um, the
increment of Hall-Petch in CRSS for basal slip is
29 MPa. It is well known that the activation stress
for basal slip can be calculated by the ratio of CRSS
to SF. Clearly, only when the CRSS for basal slip
of initial grains (25.5 um) is above 44 MPa, the
texture softening of DRXed grains can reduce the
activation stress of basal slip. It has been reported
that the CRSS of basal slip is usually far lower
than that for the AZ31 alloys with a grain size
of ~25 um [45]. Thus, it is considered that the
activation stress for basal slip in DRXed grains is
still far higher than that in un-DRXed grains.
Moreover, the SF of prismatic slip in DRXed grains
is slightly less than that in un-DRXed grains. Thus,
it is inferred that the change of texture may increase
the activation stress by prismatic slip.

Although hot torsion shows little influence on
yield strength, it largely increases the tensile
ductility and toughness, as shown in Fig. 3. In fact,
tensile ductility and toughness are closely related to
the strain hardening behavior. It has been reported
that the linear decrease in the strain hardening rate
is related to dynamic recovery (see Fig. 3(b)) [46].
It has been reported that texture, initial dislocations
and grain size will influence the strain hardening
behavior [46—48]. Grain refinement and initial
dislocations usually enhance the dynamic recovery
by promoting annihilation of dislocations [46,49].
However, the FRT sample containing fine grains
and initial dislocations exhibits a higher strain
hardening rate than the AE sample. Here, the higher
strain hardening rate might be attributed to the
formation of gradient bimodal grain structure in
FRT sample. It has been reported that both
gradient microstructure and bimodal microstructure
exhibit deformation characteristics of hetero-
structures [16,20]. The heterogeneous deformation
will generate an additional stress to increase

strength and strain hardening capability [15,16].
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SF for prismatic slip: 0.43 SF for prismatic slip: 0.46

Fig.5 Pole figures and SF values for various slip
systems of hot torsion-deformed samples: (a) AE sample;
(b) Edge position of FRT sample

In order to further reveal the deformation
characteristics of bimodal microstructure, the
EBSD data of the samples stretched to 3% strain are
shown in Fig. 6. No twin is detected in the stretched
samples. This indicates that slip is the dominant
deformation mechanism for two samples.
Dislocation slip can cause local rotation of the
lattice. For Mg alloys with hexagonal close-packed
(HCP) structure, basal {a) slip, prismatic {a) slip
and pyramidal II {(ct+a) slip induce lattice rotation
around the (1100), (0001) and (1012) axes,
respectively [50]. Thus, the activation of dominant
slip system during deformation can be analyzed
based on the in-grain misorientation axes (IGMA)
analysis. In general, the misorientation angle of
0.5°—2° was used in the IGMA analysis [50]. The
results are shown in Fig. 7. For the AE sample, after
being stretched 3% strain, the preferred distribution
of IGMA around the (0001) axis is formed. This
indicates that prismatic slip was favorably activated.
Moreover, the preferred distribution of IGMA around
the (1100) axis can also be observed. This indicates
basal slip might be activated at the beginning of
plastic deformation owing to its low CRSS.
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Fig. 6 Pole figures and EBSD maps of samples stretched to 3% strain: (a) AE sample; (b) Center position of FRT
sample; (c) Edge position of FRT sample
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in AE sample; (b) DRXed grains at edge position of FRT sample; (¢) Un-DRXed grains at edge position of FRT sample



3680

Compared with AE sample, the FRT sample
shows a higher intensity in the (1100) axis in the
IGMA analysis. It further confirms that basal slip is
profusely activated during hot torsion. After being
stretched to 3% strain, un-DRXed grains and
DRXed grains exhibit different IGMA distribution
in the FRT sample. For the coarse un-DRXed grains,
the intensity of (0001) axis in the IGMA analysis is
enhanced by stretched to 3% strain. This indicates
that prismatic slip dominates the early deformation.
However, there is not any concentration on the
(0001) axis for the IGMA analysis of the fine
DRXed grains. This indicates that the prismatic slip
in fine DRXed grains is harder to activate than that
in coarse grains. Thus, present bimodal structure
exhibits the characteristics of heterogeneous
structure, and the bimodal structure has a gradient
distribution along the radius direction. It has been
reported that bimodal structure and gradient
structure can generate HDI stress to increase the
stain hardening rate [15,16].
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HDI stress can be analyzed by the loading—
unloading—reloading (LUR) tests [16], as shown in
Fig. 8(a). Figure 8(b) shows the enlarged hysteresis
loops from Fig. 8(a). It notes that both AE and FRT
samples show hysteresis loops during LUR tests. In
contrast, the FRT sample with gradient bimodal
structure shows a more pronounced loop. It has
been reported that the HDI stress is the driving
force for the reversal of mobile dislocations during
the unloading. Meanwhile, HDI stress acts as
resistance to dislocation sliding forward during the
reloading. Thus, higher HDI stress corresponds to
lager Bauschinger effect [15,16]. Clearly, FRT
sample exhibits larger Bauschinger effect and a
higher HDI stress than AE sample. It is worth
noting that AE sample with homogeneous micro-
structure also produces heterogeneous deformation.
As shown in Fig. 4(a), the grain size in the AE
samples is also not absolutely uniform. Moreover,
the plasticity anisotropy caused by textures and
the pinning effect via solute atoms, precipitates and
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Fig. 8 (a) Unloading and reloading test hysteresis loops measured at various tensile strains; (b) Enlarged hysteresis
loops from (a); (c) Schematic diagram for calculating HDI stress [16]; (d) Calculated HDI stress based on hysteresis

loops of both samples
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grain  boundaries can cause non-uniform
deformation characteristics [51-53]. Obviously,
prominent heterogeneity of microstructure in FRT
sample exacerbates the heterogeneous deformation.

According to a previous study, HDI stress can
be evaluated based on hysteresis loops, as shown
in Fig. 8(c) [16]. Herein, the effective unloading
Young’s modulus (£.) and the effective reloading
Young’s modulus (£;) are assumed to be equal
quantities during the LUR test. HDI stress (omupi)
can be calculated by the following formula:

oupr=(0utor)/2 ()

where a 5% slope reduction from the effective
Young’s modulus is used to determine the o, (the
unloading yield point) and o (the reloading yield
point). The change of HDI stress as a function of
true strain is shown in Fig. 8(d). For both samples,
the HDI stress increases with the increase of strain.
However, HDI stress of the FRT samples is higher
than that of the AE samples over the entire tensile
strain range. Based on above discussion, it has been
found that fine DRXed grains are harder than the
coarse un-DRXed grains. This will lead to the
deformation inhomogeneity during continuous
deformation. The strain gradient caused by the
inhomogeneity of the deformation needs to be
coordinated by the geometrically necessary
dislocations, which will produce obvious HDI
stress [15,17]. In this work, the high HDI stress will
be responsible for the enhanced strain hardening
rate and tensile ductility [16].

The current study has demonstrated that the
preparation of bimodal Mg alloys by hot torsion is
beneficial to improving the tensile properties. In
addition, the HDI hardening effect via the gradient
bimodal structure greatly depends on the relative
volume fraction of coarse and fine grains and their
distribution [15—17]. In the following study, the
gradient bimodal structure will be further optimized
by adjusting the torsion parameters to achieve
further improvement in strength and ductility.
Moreover, textured Mg alloys generally exhibit
plastic anisotropy [9]. The effect of torsion
deformation on compressive anisotropy of extruded
AZ31 rod has been investigated [54]. Although the
reciprocating torsion did not change the texture of
the as-extruded AZ31 rods, the formation of the
bimodal structure may also affect the anisotropy.
Therefore, in the follow-up work, the effect of such

a gradient bimodal structure on the anisotropy will
also become a research topic.

4 Conclusions

(1) FRT process has little influence on texture,
while induces incomplete dynamic recrystallization.
This results in the formation of bimodal micro-
structure in which coarse grains are surrounded by
fine recrystallized grains. Due to the characteristic
of torsion deformation, the bimodal structure with
gradient distribution along the radial direction is
formed in FRT sample.

(2) Compared to coarse un-DRXed grains, fine
DRXed grains have a weaker extrusion texture and
higher SF for basal slip. However, fine DRXed
grains still remain higher yield stress owing to the
strong Hall-Petch hardening effect.

(3) The bimodal structure has little influence
on the yield strength due to the low volume fraction
of fine DRXed grains, however largely increases
the peak stress and tension ductility. It is mainly
attributed to the formation of high HDI stress
from the deformation inhomogeneity between fine
DRXed grains and coarse un-DRXed grains.
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