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Abstract

AZ31 alloys were extruded by direct extrusion and bending—shear deformation (DEBS). The microstructure characteristic
and texture evolution of DEBSed AZ31 sheets were investigated by electron backscattered diffraction (EBSD). It is found
that DEBS technique could effectively refine grains and weaken texture. Besides, we also investigate how twinning affects
dynamic recrystallization during hot extrusion. {10—12} extension twins can offer nucleation sites and enough energy to
trigger dynamic recrystallization. Moreover, the character of direct extrusion and bending—shear die can lead to the
activation of non-basal slip system and further dramatically weaken the basal texture of the microstructure with many pre-

activated basal slip systems.

Keywords Magnesium alloys - Extrusion - Grain refinement - Texture evolution

1 Introduction

Mg alloys are considered to be potential ideal substitution
materials for steels due to their lower densities, higher
specific strengths and better recycling characteristics,
meaning that they are more favored for energy saving,
environmental protection and other applications [1].
However, the poor mechanical properties and high pro-
cessing cost have greatly restricted their widespread
applications [2].

Grain refinement and texture control are effective ways
to improve the properties of magnesium alloys. The
improvement in room temperature ductility of magnesium
alloys via grain refinement is mainly due to shortening
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dislocation slip path and the reduction in non-uniform
deformation, which makes it easier for grain rotation and
grain boundary movement. Meanwhile, grain refinement
can activate the potential non-basal slip systems more
effectively in magnesium alloys. However, a strong basal
texture often forms during hot plastic deformation due to
the opening of the basal slip system, resulting in aniso-
tropic properties of material [3]. In addition to slip, twin-
ning is another important deformation mode of magnesium
alloy. According to the previous reports [2, 4], the {10-12}
extension twinning plays an important role in the defor-
mation of Mg alloys. Firstly, it adapts to plastic strain,
causing a strain hardening and low flow stress rate. Sec-
ondly, Hall-Petch hardening by twinning induced change
in grain size. Thirdly, twin texture induced slip system
activity change [5]. These phenomena indicate that the
change in twinning characteristic would have a significant
effect on the hot deformation behavior of as-cast materials
and the production process of final sheets.

To date, many researches aimed to refine grains by
severe plastic deformation (SPD). SPD technology has
been conformed to be effective in grain refinement and
ductility improvement of magnesium alloys. Among these
SPD techniques, equal-channel angular pressing (ECAP) is
the most conventional and effective methods to achieve
grain refinement and superplasticity in different Mg alloys
[6]. However, ECAP is not a continuous process and
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normally requires 4-10 passes to obtain a stable uniform
microstructure. Moreover, due to the limitation of mold
shape, ECAP has great limitations in the preparation of
large size Mg alloy sheet and strip with ultrafine grains,
making it difficult for industrial applications [7]. Therefore,
ECAP technique is mainly used in the laboratory and need
further improvement to expand its application scope.

A variety of special forming methods for Mg alloys have
been developed. Lu et al. [8] proposed an integrated for-
ward extrusion and torsion deformation (FETD) for AZ31
alloys, the grains are refined to 5.5 um, and the basal
texture is dramatically decreased to 8.32 using a single
processing step. Yang et al. [9] found that high density of
{10-12} twins is activated during plastic deformation,
resulting in inhomogeneous microstructure distribution
around extrusion joint (EJ) zone. Li et al. [10] used the
technique of continuous variable cross-sectional direct
extrusion (CVCDE) with three interim dies to process
AZ31 magnesium alloy, and the ductility could be greatly
improved via refining microstructure and weakening tex-
ture. Huang et al. [14] performed one-way repeated bend-
ing deformation and subsequent annealing on AZ31B
sheet, and it is found that the basal plane of the magnesium
alloy sheet can be deflected, weakening the basal texture
significantly and thus improving the room temperature
ductility.

A new extrusion process, the direct extrusion and
bending—shear deformation (DEBS), introduces a continu-
ous bending—shear structure to the direct extrusion for
further refining grains and weakening basal texture.
Therefore, the present study aims to reveal the grain
refinement mechanisms, especially twinning and
dynamic recrystallization (DRX) behavior of an AZ31 Mg
alloy during DEBS process. Besides, the effects of twin-
ning and DRX on the texture evolution are further
discussed.

2 Experimental
2.1 Material

A commercial AZ31 Mg alloy bar (3.20 wt% Al, 1.11 wt%
Zn, 0.30 wt% Mn, 0.0143 wt% Si, 0.0015 wt% Fe,
0.0021 wt% Cu, 0.0009 wt% Ni and Mg balance) was used
in this work, which was machined into billets with a size of
@25 mm x 40 mm and then homogenized at 400 °C for
20 h. The billets and DEBS molds were placed in an
electric resistance furnace and heated to the target tem-
perature. Hot extrusion was carried out at 370 °C at a
velocity of 2 mm s~ '. The extrusion process was promptly
to conduct with a lubricant of 70% 74# cylinder oil and
30% 400 mesh graphite.

2.2 Die Structure

DEBS process principle: Compared with direct extrusion,
the key point of DEBS is four-pass bending—shear added
after direct extrusion. Bending—shear deformation can
accumulate large strains to completely trigger DRX and
adjust grain orientation after four-pass bending—shear
deformation, weakening the basal texture. All parts of the
die were made of the H13 steel. The parameters of the
mold cavity structure are shown in Fig. la. The direct
extrusion ratio and conical angle were 3 and 60°, respec-
tively. And the sample shape was transformed from a bar
with a @25 mm diameter into a sheet with a width and
thickness of 25 and 3 mm, respectively. The bending radii
R1, R2 and the bending angles were set to be 6 mm, 3 mm,
140° and 100°, respectively.

2.3 Microstructure Observation

Microstructure specimens were observed on a FEI Quanta
200 scanning electron microscope (SEM). Specimens for
EBSD test were prepared by electro-polishing using 10%
perchloric acid 4+ 90% ethanol at 15 V and — 30 °C, and
then, the EBSD test was conducted on a CamScan MX
2600 equipped with an HKL Channel 5 software. The
corresponding probe current was 60 nA, and the orienta-
tion imaging microscopy was measured at a step size of
0.1 pm. The microstructures were observed at the central
part of the ED-TD plane using EBSD. Here, ED and TD
refer to the extrusion direction and transverse direction of
the cubic samples, respectively. The microstructural
observation spots are clearly illustrated in Fig. 1b. The
characteristic zones of the DEBS deformation were labeled
as A, B, C, D and E, which represent the upsetting zone,
the conical zone, the transition zone, the bending—shear
zone and the forming zone, respectively.

3 Results and Discussion

Figure 2 shows the microstructure of upsetting zone of
AZ31 alloy. The misorientations between the matrix and
the primary or secondary twins are given in Table 1. At
initial stage of deformation, the high density of {10-12}
twins was observed in the coarse grains, which can pro-
mote plastic deformation. The {10-12} twin showed dif-
ferent morphologies and orientations in original grains, as
shown in Fig. 2a, b. Some twin lamellas pass through the
grain boundaries of the large grain leading to some coarse
grain refinement, while some twin are truncated by the
grain boundary and provide some nucleation sites for DRX
in the truncated. To study the effect of twins on DRX, one
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(a

Fig. 1 a Schematic of the DEBS die, b EBSD observation areas

typical area (region 1) in Fig. 2a is selected. The magnified
EBSD image (Fig. 2c) clearly shows the intersection of
twins and the nucleation of fine DRXed grains around the
twins. There exist fine DRXed grains in the twin-like
lamellas, and it can be guessed that the DRXed grains of
this region are transformed by twinning. We selected
several typical grains a, b, ¢, d and e to further investigate
the relationship between twins and DRXed grains. Fig-
ure 2c¢ shows that the grains a, b and d are DRXed grains,
and the grains c and e are the parent and twin, respectively.
The misorientation angle between grain d and twin e is
86.5°, revealing that the parent grain ¢ can be interpreted as
{10-12} extension twin. The angle between the DRXed
grains d and the twins e is 36.6°, indicating that the DRXed
grain a may be induced by twins. Figure 2c displays the
orientations of the individual grains within the band along
with their misorientation relationships with the neighbor-
ing, deformed matrix, indicating that twins were the pre-
ferred sites for DRX compared with grain boundaries [11].
Therefore, twinning plays important roles in the
microstructural evolution during the early extrusion stage,
which was regarded as twinning-active stage in this work.
Figure 2d shows the distribution of the Schmid factor (SF)
of the basal slip system. The SF calculated by selecting the
crystal grains a, b, ¢, d and e is shown in Table 2, from
which we can see that the SF of the matrix ¢ and twin e is
relatively high, while that of DRXed grain b is relatively
lower than twins, and the DRXed grains a and d adjacent to
twins are higher than twin and matrix. It is indicated that
the formation of twins can also coordinate the orientation
of the grains, making the grain orientation transferred from
“hard” orientation to “soft” orientation to coordinate basal
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slip deformation. Twinning at this stage predominantly
follows the SF criterion with respect to the original ori-
entation of parent grains. As shown in Fig. 2e, many low-
angle grain boundaries (LAGBs) are formed at the twin
boundary, so the strain at this place is larger than that of
other places, as shown in the dotted line.

Figure 3a, b shows that not only many twins appear in
large grains, but also a lot of fine DRXed grains occur at
the coarse grain boundaries. Fine DRXed grains formed at
grain boundaries, and their orientations were very close to
the surrounding coarse primary grains, which can be
determined from the colors in the inverse pole figure maps.
Besides, these fine grains were nearly free of LAGBs,
further confirming that they are newly formed DRXed
grains [12]. There are numerous LAGBs in the AZ31
magnesium alloy for the forward extrusion zone, as shown
in Fig. 3a, b. Many sub-grains can be observed inside
coarser grains and are elongated in the extrusion direction.
The fine grains are gathered together to form band shaped
structures. This further confirmed that twins could effec-
tively subdivide the coarse grains, block the dislocation
motion and contribute to the accumulation of dislocations,
finally forming the sub-grain boundaries (sub-GBs). The
materials exhibit a typical bimodal grain structure con-
sisting of fine equiaxial DRXed grains of < ~5 pm and
coarse unDRXed grains of > ~70 pm developed in the
sample [13]. Research [4] has shown that deformation
strain is more likely to be accommodated by those initial
coarse grains that have been transformed into fine ones. As
shown in Fig. 3b, after the second extrusion pass, twins are
increasingly nucleated in grains and become thicker and
longer, indicating that the twins have grown up at this
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- 15-100°

Fig. 2 EBSD maps of upsetting zone: a IPF figure, b image quality map with twin boundaries, ¢ IPF map of region 1, d Schmid factor map of

basal slip system of region 1, e strain distribution diagram of region 1

Table 1 Different types of twin

. A . Types of twins
and its misorientation angle and P

Misorientation angle/axis

axis {10-12}extension twin
{10-11} contraction twin

{10-11}-{10-12} secondary twin

86° <1-210> £ 5°
56° <1-210> & 5°
38° <1-210> & 5°

Table 2 Schmidt factor of the selected grains

Grain number a b c d e

Schmidt factor 0.13 0.41 0.44 0.2 0.4

stage. This further confirms that {10-12} extension twins
could effectively subdivide the parent grains, block the
dislocation motion and contribute to the accumulation of
dislocations, finally forming the sub-GBs and DRXed
grains [14]. It is interesting to find that there were special

microstructures with an twin-like morphology, but the
boundaries were LAGBs (less than 15°) rather than
{10-12} twin boundaries, as indicated by dotted lines in
Fig. 3e. In Mg alloys, detwinning is a phenomenon that
pre-activated {10-12} twins tend to narrow or disappear
during strain-path changes [15-18]. Ni et al. [19] reported
that detwinning deformation can happen through interac-
tion between dislocations and twin boundaries in
nanocrystal line grains. The inset of Fig. 3e shows the
misorientation angles of detwinning, twins and parents.
The misorientation angle between parent P and twin T is
86.3°, however, the misorientation angle between parent P

@ Springer



714

X.-Y. Liu et al.

1r, 2
,
S

b

sEnEnEEEEEE

v

(0001) (-12-10)

ED

(01-10)

Deformed grains
Substructured grains
Recrystallized grains

Wl ) .
ol Fen 4 Twin
70 boundaries
S 6ol
'5 50}
2 a0 De-twin
S boundaries
L o seeeeae,
£
10} I lL
0 -y
25 30 35

0 5 10 15 20
Distance (um)

Fig. 3 EBSD maps of conical zone: a IPF figure, b image quality map with twin boundaries; ¢ dynamic recrystallization distribution,
d crystallographic map and recrystallization color diagram: deformed grains are in red, sub-structured grains and recrystallized grains, e enlarged

map of region 2 and grain orientation three-dimensional diagram

and detwinning D was 13.5°. It indicates that the trans-
formation of twins into detwinning is accompanied with
the transformation of high-angle grain boundaries
(HAGBSs) into LAGBs, and the detwinning may be dis-
solved in the parent in the subsequent deformation. It is
reported that the occurrence of detwinning restrains the

@ Springer

effect of {10-12} twin on weakening the basal texture,
since detwinning can restore the crystallographic orienta-
tion of the twinned region to that of the initial state [20].
This fact further indicates that if the detwinning activity
during deformation could be retarded, twinning region will
have a relative high volume fraction, improving the effect
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of texture control, which would make this texture control
method more attractive and useful. But the reason why
twinning and detwinning operate simultaneously in a single
twinning system is not clear [21]. In Fig. 3c, the grains
rotate under the action of severe strain, but there is no
complete DRX. Since twinning could not fully accommo-
date severe strain, basal slip became the dominant defor-
mation. The grains in blue color disappeared which is due
to the rotation of the basal slip system to the <0001>
orientation. Besides, {10-12} extension twinning is not
favored due to the strongly textured grain orientations.

In the transition zone, Fig. 4a shows that the grains have
been clearly refined with an average grain size of about
22 pum. The grain size of AZ31 Mg alloy in the transition
zone of DEBS is comparable to that processed by con-
ventional direct extrusion (20 um) [22], while the grain
size dramatically decreases to 6.2 pum after the subsequent
bending—shear deformation. In the case of such a small
grain, there are still many twins, as shown in Fig. 4b. Most
of these substructural boundaries, however, disappear after
being deformed and the prolonged grains evolve, to a large
extent, into long strip grains and tiny recrystallized grains
at boundaries. In magnesium alloys, twin initiation is
related to grain size. According to the Hall-Petch formula

S
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g 0.2 83-89°

w |
0.1 By
00 L -

0 20 40

Misorientation angle (deg.)

= 12-10
. (0001)V (-12-10)

(60 =09+ Kd™V/ 2), the larger the grain size, the easier the
twin active. In the large grain, the dislocation slip path is
far and more likely to cause dislocation pileup at the grain
boundaries, resulting in stress concentration. However, the
twin yield stress is small, which is easy to induce twin
initiation. As the grain size decreases, the twins are
inhibited. But as long as the grain size is large enough to
accommodate all twin formation, twins can also occur in
small grain [23]. According to the previous reports, the
presence of twins in small grain with a grain size of 3 um
was observed in AZ31 magnesium alloy [24]. Keshavarz
et al. [25] believe that for AZ31 magnesium alloys, twin-
ning can occur at the condition of temperature of
373-673 K, strain rates of 0.01-10 s~ ! and grain sizes of
2-100 pm. The misorientation angle distribution (Fig. 4c)
presents the distinguished number fraction peaks for
LAGBEs, as well as HAGBs between 25°-35° and 83°-89°.
The high peak in the range of 2°-8° exhibits no dominant
rotation axis, which is resulted from LAGBs [26]. The
local peak in the range of 25°-35° shows a dominant
rotation axis of <0001>, which is related to the opening of
basal slip system. From the distinguished peaks in the
range 83°-89° with the <12-10> axis, it could be further

(01-10)
2-15°
— 15-100°

Fig. 4 EBSD maps of transition zone: a IPF figure, b image quality; map with twin boundaries, ¢ misorientation distribution of the AZ31 alloy
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confirmed that high density of {10-12} twins is activated at
this stage [27].

Figure 5a shows that after one bending—shear deforma-
tion, the grains are remarkably refined with a grain size of
18 um. But there are also some long coarse grains in the
sample due to the uneven deformation, as identified by the
dotted line in Fig. 5b. Most of these large grains are
deformed. The grains were subjected to bending—shear
deformation, which causes the grain to undergo further
DRX [28]. It can be seen that there exist many LAGBs in
these large deformed grains, and these LAGBs can be
translated into HAGBs in the next bending—shear defor-
mation to further refine the large grain. At this stage, the
twins have completely disappeared. It also can be seen that
there is no peak at 86.3° from the misorientation distribu-
tion in Fig. 5c. It was worth noting that the peak of
misorientation angle near 30° was remarkably increased,
and the recrystallization and grain growth of HCP materials
often resulted in the orientation rotation of 25°-35° around
the c-axis [29]. Thus, the higher peak near 25°-35° might
be due to the DRX or grain growth during the extrusion
[30]. At the same time, the LAGBs are reduced from the
previous stage with the DRX process. The basal slip system
accounts for the dominant plastic deformation at this stage.

Rel.frequency (%)

10 20 30 40 50 60 70 80 90
Misorientation (deg.)

After two bending—shear deformations, both the coarse
grains and fine grains have been effectively refined to
around 6.2 pm, as shown in Fig. 6a. It seems that the
LAGBs have evolved into HAGBS, and finer grains appear
compared with the original as-cast grains. The homo-
geneity of the microstructure increases with the rise in
strain. Bending—shear deformation can bring additional
shear stain after the direct extrusion process. Moreover, the
results indicate that the inducement of grain size in the
AZ31 alloys is mainly by the reason of the DRX; namely,
new DRXed grains can be generated by the rotation and
combination of twins and sub-grains. By using the bend-
ing—shear deformation, the microstructural inhomogeneity
is dramatically improved due to the increase in DRX
fraction throughout the entire material. Besides, it should
be noted that equal-channel angular extrusion (ECAE) can
also refine AZ31 grains to 4.2 um, but it requires eight
passes [26]. However, the DEBS process needs only one-
pass forming. By comparison, DEBS process is more
effective in grain refinement. Some grain bands are in blue,
while others grain bands are in red in Fig. 6a, which may
be caused by the strain gradient in the conical zone. At the
edge of the sample, the strain is big, while there is a small
strain in the middle of the sample, resulting in uneven grain

Deformed grains  Substructured grians Recrystallized grains

= 12-10
. (0001)V (-12-10)

(01-10)
2-15°
- 15-100°

Fig. 5 EBSD maps of bending—shear zone: a IPF figure, b dynamic recrystallization distribution, ¢ misorientation distribution
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2-15°
— 15-10

Fig. 6 EBSD maps of forming zone: a IPF figure, b misorientation distribution of the AZ31 alloys, ¢ enlarged map of regions 3 and 4, d pole

figure of regions 3 and 4

stress and different grain rotation angles, so eventually blue
grains and red grains alternating appeared in the sample.
We selected the grains in red and blue in regions 3 and 4,
respectively. In the (0002) pole figure, the grains in red are
mostly concentrated in the middle of (0002) pole figure,
which is parallel to the normal direction (ND) direction.
The grains in blue are at the both ends of the circumfer-
ence, indicating that the red grains contribute to the basal
texture formation, while blue grains can weaken the basal
texture. This further indicates that DEBS process can
produce large deformation under the condition of hot
extrusion, prompting the non-basal slip system to open,
coordinating the grain orientation and weakening the
texture.

The (0002) pole figure of the forming zone obtained
from ED-TD plane of the sample is shown in Fig. 7. The
AZ31 Mg alloy shows a typical basal fiber texture with
intensity of 4.94 and the basal poles show angle distribu-
tion of &+ 35° away from the TD to the ED. Compared with
the upper stage, it is apparent that much randomized tex-
tures and the density of the texture are further reduced.
Additionally, the middle layer exhibits a weak double-peak
texture which is elongated along ED. During extruding

(0002)

Max=4.94

ED
/‘T:> ™

Fig. 7 {0002} pole figure of forming zone

stage, the material flows to the second bending—shear zone
and the shearing stress gradually rotates, which leads to the
deviation of orientation and the further decrease in texture
intensity [31]. On the other hand, the non-basal slip system
is activated during the second bending—shear deformation
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and may dominate the plastic deformation in the final
stage. The texture intensity decreases from 47.32 to 4.94,
which much less than that of the direct extrusion produced
sample (9.686). It manifests that the basal texture can be
significantly weakened by successive bending—shear
deformation, implying that the DEBS process could
effectively weaken the basal texture of AZ31 Mg alloy
sheets. Texture weakening can reduce the anisotropy in the
extrusion process, which can obtain a uniform and
stable plastic deformation and then improve the ability of
plastic forming [32].

4 Conclusion

The new SPD technique—DEBS—can effectively refine
the grains and improve the microstructure of AZ31 Mg
alloy. The grain size is reduced significantly from 253 pm
to 6.2 pum after extrusion only one at 370 °C due to DRX.
Bending—shear deformation is found to be critical to tuning
texture of AZ31 alloy due to the opening of non-basal slip
system and the initiating of DRX during DEBS, leading to
further microstructure homogeneity. The texture evolution
manifests that the strong basal texture formed in the direct
extrusion can be further weakened by bending—shear
deformation. Moreover, the influence of twinning on DRX
during hot extrusion further revealed that {10-12} exten-
sion twins can provide nucleation sites and enough energy
for triggering DRX.
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