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Abstract: The influence of free-end torsion on compressive behavior of an extruded AZ31 rod at various temperatures
was studied. Pre-torsion generates a high density of dislocations and a large number of {1012} twins in the matrix,
which can largely enhance the compressive yield strength at RT and 100 °C. However, with increasing temperature,
hardening effect via pre-torsion gradually decreases. When the compressive temperature reaches 300 °C, pre-torsion
reduces the compressive yield strength. Moreover, initial dislocations and twins via torsion help to refine the
sub-structure and accelerate the continuous dynamic recrystallization during compression at 200 °C. Thus, twisted
sample exhibits more rapid flow softening behavior than the as-extruded sample at 200 °C. When compressed at 300 °C,
the twins and dislocations via torsion were largely eliminated during the holding time, and the discontinuous dynamic
recrystallization was enhanced. It is found that the compression curves of twisted sample and as-extruded sample tended
to be coincident at 300 °C. Related mechanisms were discussed in detail.

Key words: Mg alloys; free-end torsion; compressive behavior; dynamic recrystallization; hot deformation; twins;

dislocations

1 Introduction

Mg and its alloys are receiving more and more
attention due to their low density. They have the
opportunity to manufacture lightweight components
for the automotive, aerospace and communication
industries. However, their poor mechanical
properties limit their widespread use. Plastic
processing (e.g. rolling, extrusion, and forging etc.)
has been used to improve the mechanical properties
of Mg alloys by refining grains [1—4]. However,
traditional plastic processing technologies usually
exhibit limited refinement ability and generate
strong wrought texture. Thus, in order to further
refine grains and optimize texture, some new plastic
processing technologies have been developed, e.g.
asymmetry rolling/extrusion, equal channel angular

extrusion, and cumulative rolling [1,5—7].

Recently, it has found that simple plastic
deformation with low-cost (e.g. tension [8],
compression [9], pre-rolling [10], shear [11], and
free-end torsion [12,13]) can further optimize the
microstructure of wrought Mg alloys. They can be
the important supplement to traditional plastic
processing technologies. Among them, free-end
torsion can generate gradient microstructure and
can achieve a large plastic strain [12,14,15].
Because of these advantages, free-end torsion has
received widespread attention. Previous work has
found that free-end torsion at room temperature can
introduce high-density dislocations and {1012}
twins, and can also arouse large textural change in
Mg alloys [14]. According to previous reports,
pre-torsion deformation has been successfully
applied to improving the strength, anisotropy, and
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toughness of Mg alloys [14,16,17]. Especially,
remarkably high compressive yield strength can be
obtained in twisted AZ31 rod [12]. However,
previous publications were largely limited to the
investigation of mechanical properties at room
temperature. With increasing temperatures, the
balance of the various deformation modes will
change [18,19]. Moreover, dynamic recrystallization
(DRX) can occur to influence deformation behavior
during hot deformation [20—24]. However, there is
no report to investigate the influences of pre-torsion
on hot deformation behavior and DRX behavior. In
this work, free-end torsion was performed to
process the extruded AZ31 rod. Compressive
deformation behavior at different temperatures was
analyzed. Plastic deformation mechanism and DRX
mechanism were discussed.

2 Experimental

An extruded AZ31 rod (Mg—3wt.%Al-
Iwt.%Zn) with a diameter of 16 mm was used as
the initial material which was marked as AE sample.
The dog-bone-shaped torsion samples with a gauge
section of 70 mm (length) x 10 mm (diameter) were
cut from the extruded bar. The free-end torsion test
was performed by a torsion machine (NDW30500,
Changchun Ke Xin instrument, China) at a speed of
1 r/min. The AE sample has an ultimate torsion
angle of about 270° at room temperature (RT). Here,
the extruded rod was designed to twist 250° at RT,
resulting in a shear strain of ~0.31 at the edge
position of pre-torsion sample. The shear strain can
be calculated as y=2nNr/l, where y is the shear
strain, N is the number of rotation, r is the radial
position in the sample, and / is the sample length.
Pre-torsion sample is marked as the PT sample.

The nominal size samples with 10 mm
(diameter) x 6 mm (length) were cut from the
twisted rod and extruded rod for the compression
test. The compression test along the ED was carried
out at RT, 100, 200, and 300 °C on a LD26.105
material  test ~machine (LiShi  (Shanghai)
Instruments Co., Ltd., China). Before hot
compression, the samples were held at compression
temperature for 10 min in a resistance furnace. The
compression rate was 1x10°s™'. Each mechanical
test was repeated at least three times to get
representative results. Microstructures of samples
compressed at different temperatures to various

strain levels (5%, 15% and 50%) were characterized
using optical microscopy and electron backscatter
diffraction (EBSD, NordlysMax3 equipped, Oxford
Instruments, London, UK). Torsion deformation
induces the largest change in microstructure at the
edge position on the cross-section of sample [14].
Thus, the edge position on the cross-section of the
sample is characterized to investigate the effect of
torsion on microstructure evolution. In this work,
the name of the compressed sample is marked
according to the following rules: sample state-
deformation temperature-plastic strain. For example,
the AE sample compressed by 15% at 200 °C is
marked as AE-200 °C-15% sample.

3 Results and discussion

3.1 Effect of free-end torsion on microstructure
Figure 1(a) shows the basal pole figure and
EBSD maps of the AE sample. The AE sample has
a recrystallized microstructure. The average grain
size is about 25 um. However, the recrystallized
microstructure exhibits a wide range of grain-size
distribution from 2 to 50 um. The {0001} pole
figure shows that the extruded rod exhibits a typical
extrusion fiber texture. In other words, the c-axis of
most grains is perpendicular to the ED direction.
Figure 1(b) shows the basal pole figure and
EBSD maps of the edge position with maximum
shear strain (~31%) in the PT sample. Torsion
deformation can introduce profuse {1012} twins,
which can cause a large re-orientation of the lattice
(~86.3°) [25,26]. Thus, {I012} twins can generate
a new texture component (see the T-ori. in
Fig. 1(b)). The c-axis of twin-texture is located at
~40° from the ED, and thus is named as 40-ED
texture. Dislocation slips activated during torsion
deformation can also cause the c-axes of parent
grains to rotate towards the ED [27]. For the edge
position of the PT sample, the basal pole peak of
parent grains is located at ~70° from the ED (named
as 70-ED texture). Besides change of texture,
torsion also introduces profuse dislocations and
twins in the matrix, as shown in Fig. 1(b). Kernel
average misorientation (KAM) map is measured to
estimate the distribution of dislocations [28].
Torsion deformation largely increases the average
KAM value from 0.41° (in AE sample) to 1.77° (at
the edge position of the PT sample). Based on
the EBSD data, area fraction of twins can also be
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Fig. 1 {0001} pole figures, inverse pole figure (IPF) images, grain boundaries (GB) images and KAM images of

various samples: (a) AE sample; (b) Edge position of PT sample

calculated. According to the orientation analysis,
twins and parent grains can be identified. The twins
can be extracted from the matrix by Channel 5
software to obtain the area fraction of twins. The
area fraction of twins is also calculated as 28% at
the edge position of the PT sample.

3.2 Mechanical properties and yield behavior

Figure 2 shows the true compressive stress—
strain curves of various samples at different
temperatures. Detail mechanical properties are
listed in Table 1. Torsion deformation has a great
influence on the compressive behavior at less
than 200 °C. For low-temperature compression
(2200 °C), torsion deformation significantly
increases the compressive yield strength. As
compression temperature increases, the increment
of yield strength gradually decreases. The
increment of yield strength is 52 and 40 MPa for
compression at RT and 100 °C, respectively. With
increasing compression temperature to 200 °C, the
increment is reduced to 7 MPa. When compressed
at 300 °C, torsion deformation reduces (by 14 MPa)
the yield strength of the extruded rod.

In order to reveal the yield behavior, the
microstructure at the initial stage of plastic
deformation (5% plastic strain) is characterized by
EBSD. In this work, the microstructure at the edge

position of the rod is used to discuss the influence
of torsion on the microstructure evolution and
deformation mechanism. Figure 3 shows the
microstructure of the AE and PT samples
compressed by 5% at various temperatures. After
being compressed by 5% at RT and 100 °C, a large
number of {1012} twins can be found in AE
sample (see Figs.3(a) and (c)). It indicates that
{1012} twinning dominates the initial strain. In
fact, the s-shaped flow curve (see Figs. 2(a) and (b))
is the characteristic of twinning-dominated
deformation [29]. The area fraction of {1012}
twins (fwin) can be obtained by EBSD data. It shows
that the fiwin is 50% and 36% for AE-RT-5% sample
and AE-100°C-5% sample, respectively. Here, the
strain accommodated by {1012} twinning (&win)
is estimated by a reported formula [30]:
Etwin—ftwin M Viwin, Where m is the Schmid factor for
{1012} twinning, and ywin represents the {1012}
twinning characteristic shear factor (~0.13). When
the AE sample is compressed along the ED, the
average Schmid factor of {1012} twinning is
close to 0.5. Thus, after being compressed by 5%,
the contribution of twinning strain to total strain is
65% and 47% for AE-RT-5% sample and AE-
100°C-5% sample, respectively. With increasing
compression temperature, the contribution of
{1012} twinning to plastic strain rapidly reduces.
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Fig. 2 True stress—strain curves of various samples under uniaxial compression at different temperatures: (a) RT;

(b) 100 °C; (¢) 200 °C, (d) 300 °C

Table 1 Yield strength (YS), peak strength (PS) and compression ratio (CR) of various samples

AE sample PT sample
Temperature/°C
YS/MPa PS/MPa CR/% YS/MPa PS/MPa CR/%
RT 101£5 31942 28.1+0.5 153+£5 3172 33.5+0.4
100 96+7 262+3 36.3+0.3 13645 25445 35.1£0.3
200 85+3 14142 - 92+5 108+2 -
300 62+3 67+3 - 48+5 53+2 -

In the AE-200°C-5% sample, the fiwin is only 4%
(see Fig.3(e)). For AE-300°C-5% sample, few
twins were found in the matrix, as shown in
Fig. 3(g). It indicates that as the compression
temperature rises from RT to 300 °C, the dominant
deformation mechanism is
{1012} twinning to slip.

The activation stresses of various deformation
modes can be calculated by CRSS/SF (CRSS and
SF represent critical resolved shear stress and
Schmid factor, respectively). The effect of
temperature on the dominant deformation mode is

transformed from

closely related to the temperature dependence of the
CRSS values of different deformation modes. TAM
et al [18] have studied the effect of temperature
(from 25 to 200 °C) on CRSS values of slip and
twinning in a rolled AZ31 alloy with an average
grain size of 25 um. Based on the result, the
activation stress (CRSS/SF) of various deformation
modes as the function of compression direction is
drawn in Fig. 4. For the AE sample with extrusion
fiber texture, the loading angle between c-axis of
the texture and compressive axis is close to 90°
(see Fig. 1(a)). In this situation, basal slip with the
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Fig. 3 EBSD maps and basal pole figures at edge positions of AE and PT samples compressed by 5% at various
temperatures: (a, b) RT; (c, d) 100 °C; (e, f) 200 °C; (g, h) 300 °C
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Fig. 4 Activation stress of various deformation modes at
different temperatures (BS, PS and TW represent basal
slip, prismatic slip and {1012} twinning, respectively)

lowest CRSS is hard to activate owing to very
low SF. Cleary, {1012} twinning has the lowest
activation stress for compression at less than 100 °C.

Although CRSS of {1012} is not
sensitive to temperature, the CRSS wvalues of
non-basal slip modes rapidly decrease with
increasing temperature. As shown in Fig. 4, when
compression temperature reaches 200 °C, the
activation stress of prismatic slip is lower than that
of {1012} twinning. It is also reported that
pyramidal {(cta) slip can also be activated at
above 200 °C [18]. Thus, for the AE sample, as
compression temperature rises, the dominant
deformation mode of yield will change from
{1012} twinning to slip. Moreover, as the
temperature increases, the decrease in the yield
strength can also be attributed to the softening of
non-basal slip.

For the PT sample, after being compressed by
5% at RT and 100 °C, the area fraction of newly
generated twins during compression is only 18%
and 3%, respectively (see Figs. 3(b) and (d)). It is

twinning
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indicated that pre-torsion largely reduces the
contribution of twinning on plastic deformation. It
can be attributed to textural change during torsion,
as shown in Fig. 1. According to the result in Fig. 4,
textural change via torsion will enhance the
activation of basal slip. Figure 4 also indicates that
enhancement of basal slip usually leads to a texture
softening effect and reduces the yield strength [18].
However, torsion deformation largely enhances the
compressive yield strength at RT and 100 °C. The
increased yield strength at RT has been ascribed to
the defects hardening effect via dislocations and
twin-boundaries in the PT sample [31]. SONG et
al [14] found that recrystallization annealing can
reduce the compressive yield strength of the PT
sample to a close level with the AE sample. For
PT-100 °C sample, slight decrease in yield strength
might be due to the dislocation recovery during
the heat preservation process. With increasing
temperature, static recovery and recrystallization
occur more drastically. As the temperature increases
to 200 °C, the yield strength of the PT sample
dropped to a level close to that of the AE sample.
After being compressed by 5% at 200 °C, the initial
twins via pre-torsion can be retained in the initial
stage of deformation, as shown in Fig. 3(f). It
indicates that only static recovery occurred during
heat preservation process at 200 °C. After being
compressed by 5% at 300 °C, twin-orientation (i.e.

40-ED texture) is remained in PT-300 °C-5% sample.

However, the area fraction of twin lamellae is
largely reduced to 2%, as shown in Fig. 3(h). It
infers that initial twins are eliminated by static
recrystallization during the heat preservation
process at 300 °C. Thus, the softening effect via
static recrystallization plays a critical role in the
decrease in yield strength with increasing
temperature for the PT sample. As the compression
temperature increases to 300 °C, the PT sample
exhibits lower yield strength than the AE sample. It
is considered that texture softening effect via
torsion is the dominant factor for the low yield
strength in the PT sample.

3.3 Strain hardening and softening behavior
Torsion deformation can also largely influence
the flow behavior during compression, as shown in
Fig. 2. Compressive strain hardening rate curves of
various samples at different temperatures are shown
in Fig. 5. For compression at RT and 100 °C, after

elastic—plastic transition, a linearly increasing strain
hardening rate stage with strain can be found (Stage
II hardening). It is a typical feature of {1012}
twinning [29]. As shown in Fig. 3, {1012} twins
generated during compression have a c-axis//ED
texture, which is a hard orientation for basal slip,
{1012} twinning and prismatic slip. The rapid
increase in strain hardening rate is related to the
texture hardening via lattice reorientation during
twinning [29].
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Fig. 5 Strain hardening rate vs plastic strain curves
of compression at RT and 100 °C (a), and 200 and
300 °C (b)
Torsion deformation reduces the strain
hardening rate of Stage II hardening and shortens
the strain corresponding to Stage Il hardening. It
indicates that pre-torsion largely affects twinning
behavior during subsequent compression. Three
typical grains in the PT-100 °C-5% sample are
analyzed to reveal the effect, as shown in Fig. 6. In
the PT sample, some grains remain extrusion fiber
texture (e.g. grain G1). For these grains, {1012}
twinning is still favorable for compression at RT
and 100 °C. According to the orientation, it is

inferred that T11 is the newly generated twin during
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Fig. 6 Typical grains in PT-100 °C-5% sample: (a) Grain G1 without initial twins; (b) Grains G2—G4 with tilt extrusion
texture; (c) Grain G5 with initial Twin T51 (Gi and Tij (i, j=1, 2, 3, ***) represent the parent grain and twin lamellae,

respectively)

compression. In fact, after torsion, most grains are
re-oriented or twinned, as shown in Fig. 1. Texture
change during torsion will influence the dominant
deformation mode, as shown in Fig. 4. For the
parent grains with 70-ED texture and initial twins
with 40-ED texture, basal slip has far lower
activation stress than {1012} twinning. Thus,
{1012} twinning is not favorable during
compression for the PT sample. As shown in
Fig. 6(b), the parent grains with tilt extrusion
texture are difficult to activate twinning (e.g. G2,
G3 and G4) during compression. Even if the
{1012} twins are activated (e.g. G4), the size of
the newly generated twins is very small. Initial
twins via torsion can also influence the twinning
behavior during compression. Figure 6(c) shows the
twinning behavior of a typical grain with initial
twins. According to the orientation, it is inferred
that twin variant T51 is from torsion deformation
and the twin variant T52 is the newly generated
twin during compression. EBSD map indicates that
the growth of T52 is strongly limited by the twin
boundary of T51. It has been reported that the
hardening effect of the initial twin boundaries on
{1012} twinning is higher than that on slip [32].
Thus, initial twins can largely limit the nucleation
and growth of newly generated twins during
compression. Clearly, both textural change and
initial twins via torsion will reduce the contribution
of twinning on strain. It is the reason why
pre-torsion reduces the strain hardening rate of
Stage II hardening [32].

As compression temperature rises, the strain
corresponding to the Stage Il hardening tends to
decrease and eventually disappear, as shown in
Fig. 5. This further proves that the dominant
deformation mechanism is transformed from
{1012} twinning to slip with increasing

temperature.

With the increasing strain at 200 °C, both the
AE sample and the PT sample exhibit obvious flow
softening behavior, as shown in Figs. 2(c) and
Fig. 5(b). It is related with dynamic recovery and
dynamic recrystallization during hot compression.
Moreover, the PT sample shows more rapid flow
softening behavior than the AE sample. For the AE
sample, a high strain hardening can be remained to
contribute an increase of stress (~40 MPa) at the
beginning of plastic deformation at 200 °C. It might
be related to the activation of limited twins, as
shown in Fig. 3(e). When compressed at 300 °C, the
flow curves of both samples tend to be coincident.
The strain hardening rate curves at 300 °C exhibit
more rapid decrease than those at 200 °C.

Optical micrographs of the edge positions in
the samples compressed at 200 °C are shown in
Fig. 7. When compressed to a strain of 15%, no
obvious recrystallized grains were observed for
both samples (Figs. 7(a) and (b)). However, some
bulges of grain boundaries can be found (labeled by
red arrows). It is a typical feature of discontinuous
dynamic recrystallization (DDRX) [4]. With an
increase of strain to 50%, profuse fine DRX grains
are found in both samples. DRX grains usually
generate surround the coarse-grain boundaries
(Figs. 7(c) and (d)). Moreover, it is found that the
amount of DRX grains in the PT-200 °C-50%
sample is higher than that in the AE-200 °C-50%
sample. It indicates that pre-torsion might
accelerate DRX process. DRX process will generate
a softening effect. It is inferred that the accelerated
DRX process leads to more rapid compression flow
softening feature in the PT sample, as indicated in
Fig. 5(b).

Figure 8 shows the optical micrographs
at the edge positions in the samples compressed at
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Fig. 7 Typical optical micrographs of various samples compressed at 200 °C to different strain levels: (a) AE-200 °C-
15%; (b) PT-200 °C-15%; (c) AE-200 °C-50%; (d) PT-200 °C-50%

5%; (b) AE-300 °C-15%; (c) AE-300 °C-50%; (d) PT-300 °C-5%; (¢) PT-300 °C-15%; (f) PT-300 °C-50%

300 °C. After being compressed to a strain of 5%,
both samples exhibit equiaxed microstructure
without twins. This is consistent with the results of
EBSD in Fig. 3. Compared with compression at
200 °C, compression at 300 °C generates more
bulges of grain boundaries to induce dynamic
recrystallization, as shown in Fig. 8. After being

compressed by  50%, almost completely
recrystallized structure can be obtained for both
samples. Figure 8 also indicates that the AE and PT
samples exhibit similar recrystallization process
during compression at 300 °C. It might be the
reason why the PT sample and the AE sample exhibit
similar compression flow behavior at 300 °C.
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3.4 DRX mechanisms

Figure 9 shows the EBSD data at the edge
positions of the samples compressed to a strain of
15% at 200 °C. It is found that compression at
200 °C rotates the c-axis of texture towards the ED
for both samples. Moreover, lots of low-angle
grain boundaries (LAGBs) can be found in the
compressed samples. Clusters of LAGBs within
grain will cause the generation of sub-grains, which
are considered as the infancy of DRX grains [33,34].
This is the formation process of continuous dynamic
recrystallization (CDRX).

To further reveal the DRX mechanism, three
typical grains in the AE-200 °C-15% sample are
shown in Fig. 10. Figure 10(a) shows two grains
without twins (Gl and G2). It indicates that only
dislocation slip is activated to accommodate
the compressive strain. The point-to-origin
misorientation distribution along the black arrows
in two grains is also shown in Fig. 10(a). It is found
that the point-to-origin misorientation gradually
increases to above 9°. It indicates that a large
number of dislocation clusters and strong lattice
distortion inside the initial grains occur during
compression at 200 °C [35]. GB map indicates that
LAGBs are formed with the change of
misorientation within grains. Thus, for the AE

{0001}

(@

(b)

0110

sample, the CDRX is the main DRX mechanism
during compression at 200 °C.

For AE sample, a small amount of {1012}
twins can also be activated at the beginning of
deformation, as shown in Fig. 3(e). It has been
reported that {l012} twins can also influence the
DRX process [21,23,36,37]. Thus, a grain with
{1012} twins in AE-200 °C-15% sample is also
further analyzed in Fig. 10(b). Pole figure shows
that both G3 and T31 exhibit scattered orientation
distribution. It indicates that dislocation aggregation
induces the continuous change in orientation. The
point-to-point misorientation distribution indicates
that the change in orientation largely destroys
the structure of the twin boundary. The 86.3°
relationship of the twin boundary is converted to be
67.4° relationship during compression at 200 °C.
Moreover, profuse LAGBs also appear inside the
twins (T31) besides in the parent grains (G3). The
LAGBS in the twins will also be developed into the
sub-structure and high-angle grain boundaries
(HAGBS), resulting in formation of DRX grains.
These characteristics are considered to be twin-
induced DRX [20,23]. Figure 10(b) also shows that
{1012} twins can also promote the formation of
sub-structure in parent grains and refine sub-
structure. As shown in Fig. 10(b), some obvious
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Fig. 9 EBSD data of various samples: (a) AE-200 °C-15%; (b) PT-200 °C-15%
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Fig. 10 Typical grains in AE-200 °C-15% sample: (a) Grains without twins; (b) Grain with {1012} twins (Si (i=1, 2,

3, :-+) represents the sub-structures)

sub-structures have been formed (S1-S3). Moreover,
a potential sub-structure can be found within Twin
T31 (S4). Thus, it is considered that {1012} twins
can promote the formation of sub-structures and
subsequent DRX. However, for the AE sample,
twin-related DRX is limited due to the low amount
of twins.

In contrast, PT sample contains profuse initial
twins and initial dislocations which will influence
the DRX process. To evaluate the evolution of
various types of grain boundaries during
compression at 200 °C, the length of grain
boundaries per area (L) is measured by EBSD data
and is listed in Table 2. The subscript on the L
indicates the type of grain boundary. Clearly, PT
sample has higher Liags and Lwin than AE sample
with increasing compressive strain to 15% at
200 °C. The high density of boundaries in PT
sample might promote DRX during subsequent
compression at 200 °C.

Table 2 Lengths of various grain boundaries per area in
various samples (um™')

Sample LiaGee-3) LiacBes) LuaGs  Liwin

AE 0.004 0.006  0.081 0.001
AE-200 °C-15% 0.118 0.021 0.088 0.007
PT 0.147 0.008 0.080 0.021
PT-200 °C-15% 0.179 0.025 0.112 0.015

Figure 11 shows three typical grains in PT-
200 °C-15% sample. It is found that lots of LAGBs
and {1012} twins can be found in PT-200 °C-15%
sample. The intense distortion within grains
resulting from initial LAGBs facilitates the
formation of sub-structures during subsequent hot
deformation. The initial twin boundaries via torsion
are largely destroyed (see the Twin T11 in Grain G1)
during compression, as shown in Figs. 11(a) and (b).
Moreover, profuse LAGBs and sub-structures can
be found in both parent grains and twins.
Orientation change via dislocation aggregation in
parent grain and twins leads to the destruction of
twin boundaries. It indicates that the boundaries of
{1012} twins can also act as effective barriers for
slip to accumulate dislocations and therefore favor
DRX [38]. Figure 11(c) illustrates the evolution of
point-to-origin misorientation along the black
arrows in the Grain G2 and Twin T31. It indicates
that misorientations within initial grains and initial
twins both exhibit a continuous increase. And a
recrystallized grain can be found in Twin T31 (see
the Grain R31). Clearly, there is intense distortion
within the initial grains and initial twins, which is
the CDRX feature [33,34]. Many LAGBs (>8°) are
usually formed near the twin boundaries (see Grains
G1, G2 and G3). Moreover, sub- structure and new
recrystallized grain (R31) can be formed within
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initial twins (e.g. Twin T31). Thus, the initial twins
effectively promote the formation of sub-structure
and the subsequent CDRX process.

Figure 12 shows the EBSD data of the samples
compressed to a strain of 50% at 200 °C. As
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compressive strain increases at 200 °C, c-axis of
texture further rotates towards the ED. And single
{0001} pole peak is formed in PT-200 °C-50%
sample. Moreover, the {1012} twins have
disappeared completely, and a large number of fine
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Fig. 11 Typical grains in PT-200 °C-15% sample: (a) EBSD maps and pole figure; (b) Misorientation measured along
arrow directions in Grain G1; (c¢) Misorientation distribution measured along arrow directions in Grain G2 and Twin T31
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Fig. 12 EBSD data of various samples: (a) AE-200 °C-50%; (b) PT-200 °C-50%
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recrystallized grains can be formed in PT-200 °C-50%
and AE-200°C-50% samples. Size of fine DRX
grains is usually lower than 10 pm. Thus, the grains
whose size is smaller than 10 um are considered to
be DRX grains. Moreover, some coarse deformed
grains contain profuse LAGBs to further perform
the CDRX process. Based on EBSD data, the
equivalent circle diameter of each grain can be
measured by Channel 5 software. In this work,
equivalent circle diameter of grains is measured to
evaluate the evolution of grain size. The distribution
of grain size for various samples is shown in Fig. 13.
For AE sample, the grain size of most grains (65%)
is smaller than 10 um. However, their area fraction
is only 13%. After being compressed by 50% at
200 °C, the number fraction of the grains which are
smaller than 10 um is increased to 89% and 97% for
the AE-200°C-50% and PT-200°C-50% samples,
respectively, as shown in Figs. 13(b) and (c).
Moreover, it is also found that PT-200 °C-50%

sample has a smaller DRX grain size than
AE-200 °C-50% sample, as shown in Figs. 13(b)
and (c). It might be attributed to the pre-torsion
deformation, promoting the nucleation of DRX
grains, as discussed above.

Figure 14 exhibits the EBSD data of the
AE-300 °C-50% and the PT-300 °C-50% samples.
It shows that the compression at 300 °C arouses
similar texture evolution with the compression at
200 °C. Moreover, lots of LAGBs still exist in PT
and AE samples during compression at 300 °C. It
also proves that CDRX is still active during
compression at 300 °C. It is also reported that the
compression at 300 °C usually enhances the grain
boundary migration. And the DRX mechanism will
transform into DDRX [23,33]. As shown in Fig. 8,
profuse bulges of grain boundaries are formed
during compression at 300 °C, which is the
characterization of DDRX. These bulges via grain
boundary migration will develop into new fine
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Fig. 13 Grain size (equivalent circle diameter) distributions from number fraction measurements: (a) AE sample;

(b) AE-200 °C-50% sample; (c) PT-200 °C-50% sample
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DRX [39]. In addition, strong static recovery and
static recrystallization at high temperature will
change the subsequent DRX process. As shown in
Figs. 3(g) and (h), both AE-300°C-5% and
PT-300 °C-5% samples exhibit an equiaxed
microstructure and similar average grain size. It is
inferred that initial dislocations and initial twins in
PT sample have been largely consumed by static
recovery and static recrystallization during holding
time at 300 °C. According to the EBSD data, the
Liace-152 and Liwin are 0.040 and 0.001 umfl in
AE-300 °C-5% sample, respectively, and 0.035 and
0.002 um™" in PT-300 °C-5% sample, respectively.
Thus, the AE and PT samples contain almost equal
Liace-157) and Lwin. It can be seen that initial
dislocations and twin structure via torsion will not
affect the subsequent recrystallization process
during compression at 300 °C. Thus, a similar DRX
process is observed in the AE and PT samples, as
shown in Fig. 8.

It is also found that the DRX grain size in
AE-300 °C-50% sample is smaller than that in

PT-300 °C-50% sample, as shown in Figs. 3 and 14.

This may be related to different initial textures
between the PT and AE sample [22,38,40]. It is
mainly attributed to the influence of initial texture
on the number of active slip modes during
compression at 300 °C [31]. It is reported that DRX
process can be accelerated when multiple slip
modes (basal, prismatic and pyramidal slip)
are activated. In contrast, when only single
(basal) slip is favorable, DRX took place more
slowly [22,31,41]. This is because the activity of
multiple slip modes enhances the cross-slip of basal
dislocations into non-basal planes [22]. For the AE
sample with extrusion fiber texture, the cross-slip
from basal to non-basal can be activated during
compression at 300 °C. However, for PT sample
with 70-ED and 40-ED textures, only single basal
slip is favorable. It is considered that the texture of
the AE sample is more conducive to the progress of
DRX than that of the PT sample. As compressive
strain increases at 300 °C, the c-axis of texture
rotates towards ED, as shown in Fig. 14. It is inferred
that as the deformation progresses, influence of
initial texture on DRX might be weakened.

In this work, only the edge positions of twisted
rods were investigated to analyze the effect of
pre-torsion on the DRX behavior. It is considered
that the edge position exhibits the largest change in

microstructure during torsion. Here, it should also
be emphasized that gradient microstructure can be
formed in torsion-deformed samples [14]. It is
reported that texture components, density of
dislocations and amount of twins exhibit a gradient
change on the cross-section of twisted rod. Thus,
the DRX process might also be different on the
cross-section of the rod. This will be investigated in
further work.

4 Conclusions

(1) Pre-torsion deformation enhances the
compressive yield strength of extruded AZ31 rod at
less than 200 °C. As compressive temperature
increases from RT to 200 °C, the increment in yield
strength via torsion gradually decreases from 52 to
7 MPa. When compressed at 300 °C, torsion
deformation reduces (by 14 MPa) the yield strength
of the extruded rod.

(2) When compressed at 200°C, flow
softening behavior can be found owing to the
initiation of DRX. It is found that the PT sample
shows more rapid flow softening behavior than AE
sample at 200 °C. It can be attributed to that the
high density of dislocations and profuse {1012}
twins in the PT sample help to refine the
sub-structure and accelerate the CDRX process.

(3) When compressed at 300 °C, compression
flow curves of the PT and AE samples tend to be
coincident. It can be attributed to that initial
dislocations and twins in the PT sample are
largely consumed by static recovery and static
recrystallization during holding time at 300 °C. For
compression at 300 °C, the discontinuous dynamic
recrystallization was also enhanced. Moreover,
textural change via torsion also affects the DRX
process to a certain extent at 300 °C.

(4) Only the edge positions of twisted rods are
investigated to analyze the effect of pre-torsion
on the DRX behavior. gradient
microstructure can be formed in torsion-deformed
samples. Thus, the DRX process might also be
different on the cross-section of the rod.

However,
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