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Abstract: The rotating backward extrusion (RBE) process, as a new severe plastic deformation (SPD)
process, is based on conventional backward extrusion and rotation, which meets the requirement
of modern industrial development with its high performance and production efficiency. However,
there is little research on the microstructure evolution and texture modification of the RBE process.
Thus, in this study, the effect of different rotating revolutions, e.g., n = 5, n = 10, and n = 50, on the
microstructure and texture development for the RBE process based on the AZ80 magnesium (Mg)
alloy were investigated at 653 K. The results disclose that the rotating revolution is an influencing
processing parameter on the deformation of the RBE process. The grain refining ability is enhanced
with the increase of the rotating revolutions, and the minimum grain size of the cup bottom, shearing
zone, and cup wall can reach to 16.7 µm, 15.6 µm, and 13.0 µm, respectively, under the condition of
n = 50. Furthermore, with the increase in the rotating revolutions, the microstructure of the alloy
becomes more uniform and the proportion of dynamic recrystallization (DRX) is also increased.
The maximum DRX fractions of the sample for the cup bottom and cup wall are 95.4% and 86.8%,
respectively, at n = 50. The DRX mechanism of the RBE process is determined by the continuous
DRX and discontinuous DRX. In addition, the texture can be significant weakened during the RBE
process, especially at the cup bottom, where the maximum pole intensity can be reduced from 17.6 at
n = 10 to 6.5 at n = 50, which can be attributed to the higher proportion of new DRXed grains whose
orientations are more random compared with the deformed grains.

Keywords: AZ80 magnesium alloy; rotating backward extrusion; severe plastic deformation;
microstructure; texture

1. Introduction

Magnesium (Mg) alloys have an important application prospect in many fields, owing to their low
density, high specific strength, and good damping [1–4]. However, Mg alloys usually exhibit a poor
ductility and forming ability at an ambient temperature because of the special hexagonal close-packed
(HCP) structure [5–7]. Lei et al. [4] reported that grain refinement and texture controlling were two
effective ways to enhance the strength of Mg alloys. Therefore, in order to obtain high-performance
Mg alloys, it is urgent to develop some new forming processes to refine grains and weaken texture.

As we all know, the current severe plastic deformation (SPD) method is an efficacious way to
refine grains and weaken texture during the thermal process. SPD methods mainly include high

Materials 2020, 13, 3690; doi:10.3390/ma13173690 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://dx.doi.org/10.3390/ma13173690
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/17/3690?type=check_update&version=2


Materials 2020, 13, 3690 2 of 11

pressure torsion (HPT) [8], multi-directional forging (MDF) [9], accumulative roll-bonding (ARB) [10],
accumulative back extrusion (ABE) [11], friction stir processing (FSP) [12], equal channel angular
processing (ECAP) [13], differential speed rolling (DSR) [14], repetitive upsetting extrusion (RUE) [15],
and so on. All of the above SPD methods can refine grains, weaken texture, and enhance the
mechanical properties of the materials significantly. However, the above experimental methods need
to increase the cumulative strain through multi-pass deformation during the thermal deformation in
order to achieve the purpose of refining grains, weakening the texture, and improving mechanical
performance. Therefore, in order to save production costs, improve production efficiency, and overcome
the deficiencies in the above SPD methods, the combination process that introduces torsion into
conventional extrusion (CE) is an effective method to solve this problem. Mohammad et al. [16]
applied torsion to the forward extrusion via die rotating, and this method could produce a strong
continuous shear strain on the extruded material during one cycle. Kong et al. [17] found that the
tensile toughness of the experimental alloy was enhanced via torsion extrusion at room temperature
compared with the other deformation methods. Korbel et al. [18] developed a new RE process named
the “KOBO” method, by changing the deformation path, i.e., die rotated from one-way rotation to
reciprocating cycle rotation, and found that the grain refining ability and mechanical performance
were both enhanced during the KOBO process.

In recent years, we have developed a new SPD technique titled rotating backward extrusion
(RBE), which can produce ultra-fine grain (UFG) parts [1,19,20]. The RBE process is characterized by
the rotation of an open punch during the thermal extrusion process, which can reduce the extrusion
load and produce a large accumulative plastic strain through single pass deformation. The schematic
illustration of the RBE process is shown in Figure 1. It can be found that the RBE method consists of an
open punch with a transverse groove at the end face of the punch, which can lead more materials to
be rotated.

Figure 1. Schematic illustration and microstructure observation position of the rotating backward
extrusion (RBE) process.

Thus, it can better illuminate the deformation behavior during the RBE process rather than being
limited to the forming ability of the RBE technology. In this paper, both the microstructure and texture
evolution during the RBE process are investigated, and the deformation parameters mainly include the
deformation temperature of 653 K and the rotating revolutions of n = 5, n = 10, and n = 50, respectively.
According to the finite element simulation results from our previous work [20], the inner wall of the cup
is the area where the equivalent strain changes the most. Furthermore, considering the characteristics
of backward extrusion deformation, the metal starts from the bottom of the sample, flows through
the shear zone, and finally forms the wall. Therefore, selecting these three regions can accurately
characterize the metal flow of the RBE process.
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2. Materials and Methods

The experimental alloy was an as-cast commercial AZ80 Mg alloy provided by Wenxi Yinguang of
Magnesium Industry Co., Ltd. (Wenxi, Shanxi, China), made via the semi-continuous casting process,
and the chemical composition of the studied alloy is exhibited in Table 1. Then, the as-cast ingot
was homogenized at a temperature of 688 K with a holding time of 16 h. The size of the cylindrical
specimen was Φ 25 mm × 22 mm, taken out from the as-cast ingot. Finally, the homogenized alloy
was quenched in water. The oil-based graphite was chosen as the lubricant in order to reduce the
friction between the dies and the billet. The RBE experiment was conducted at 653 K, with a die speed
of 0.05 mm/s, using the Gleeble-3500 thermal simulation test machine developed by DSI Company
(New York, NY, USA) and the Precision Forming Center of North University of China. The die first
moved 2 mm to make the material flow into the transverse groove of the open punch. Then, the open
punch continued to move and rotated at the same time until the end of the deformation, and finally the
cup-shaped specimen was obtained. When the whole RBE process was finished, the RBE specimens
were immediately quenched in air to retain the high temperature deformation microstructure. In our
previous research [1], it could be found that the rotating speeds of the RBE specimens were 0.079, 0.785,
and 1.57 rad/s, respectively, which corresponded to rotating revolutions of n = 5, n = 10, and n = 50.

Table 1. Chemical compositions of the experimental AZ80 alloy.

Al Zn Mn Cu Fe Ni Si Mg

8.43 0.60 0.19 <0.05 <0.05 <0.05 <0.05 Bal.

The observation planes were chosen in a direction parallel to the extrusion direction (ED) of the
RBE specimens, with rotating revolutions of n = 5, n = 10, and n = 50, respectively. Regions A, B, and C
were selected to study the microstructure and texture evolution after the RBE process, as shown in
Figure 1. The three regions mentioned above were carried out from the final cup-shaped specimen,
with a size of 5 × 5 × 5 mm3. Once the observation samples were machined from the cup-shaped
specimens after RBE process, the samples were ground using 600, 1500, 3000, 5000, and 7000 SiC papers,
and mechanically polished with Al2O3 suspension solutions, followed by etching with a chemical
reagent of 0.3 g oxalic acid, 3 ml acetic acid, and 20 ml distilled water. The microstructure and texture
were observed using an optical microscope (OM; Zeiss Axio Imager-A2m, Oberkochen, Germany) and
scanning electron microscopy (SEM; Hitachi-SU5000, Tokyo, Japan) equipped with electron backscatter
diffraction (EBSD), supplied by the EDAX company (EDAX Inc., Mahwah, NJ, USA). The samples
were pre-polished on a precision grinding machine (Leica EM-TXP, Wetzlar, Germany) and polished
on an argon ion polishing machine (Leica EMS-102, Wetzlar, Germany) with a voltage of 6.5 kV and
electric current of 2.5 mA before EBSD analysis. The parameters for the EBSD observation were a
working distance of 15 mm, tilt of 70◦, and step size of 0.15–1.0 µm. The EBSD data were analyzed by
orientation imaging microscopy (OIM) software 7 (EDAX Inc., Mahwah, NJ, USA). Moreover, the grain
size and the area fraction of the dynamic recrystallized (DRX) grains was measured using the EBSD
data (EDAX Inc., Mahwah, NJ, USA).

3. Results and Discussion

3.1. Microstructure Evolution

Figure 2 shows the optical microscopes (OM) and SEM images of the as-homogenized alloy. It can
be observed that the coarse initial grains, with a grain size of nearly 300 µm, are surrounded by the
undissolved eutectic phase, which has been confirmed to be the β-Mg17Al12 phase in our previous
work [20]. It is indicated that the Al atoms inside the grains diffuse more easily than those at the grain
boundaries during the homogenization process.
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Figure 2. The (a) OM and (b) SEM images of the as-homogenized AZ80 alloy.

Figure 3 displays the microstructure of the RBE samples from the cup bottom to the cup wall
with different rotating revolutions. It can be observed from Figure 3 that the microstructure gradually
changed with the material flow toward the die exit during deformation, in the same rotating revolution.
Some initial grains are elongated along the metal flow direction, but the other coarse initial grains are
completely engulfed by the new fined DRXed grains. The average grain size for all of the samples is
smaller than 30 µm. For the same revolutions, the microstructure uniformity and grain refinement are
improved from regions A to C, and the largest reduction in grain size is 39.3% for the n = 5 sample.
The same phenomena can also be obtained in the condition for the same region, and the grain size
reductions for regions A to C are 41.4%, 26.0%, and 24.9%, respectively, from n = 5 to n = 50. It is
noted that the results of the grain refinement from regions A to C are related to the shear strain caused
by the metal reverse flow. On other hand, the grain size decreases with the rotating revolutions
increasing in the same region, which can be attributed to the additional torsion during the RBE process.
The simulation results in our previous work [20] suggested that increasing the rotating revolutions can
significantly improve the average effective strain of the alloys. The large accumulative strain can not
only promote the formation and movement of the dislocations, but also contribute to more non-basal
slip systems being activated [21]. The pile ups of dislocations can provide more nucleation sites for the
DRXed grains, and the cross-slip of dislocation between the basal plane and the non-basal plane slip
systems can lead to the formation of low angle grain boundaries (LAGBs), which ultimately contributes
to the occurrence of DRXed grains [22,23]. Because the sample in region A exhibits the largest grain
size of 28.5 µm at n = 5, the change of grain size is the most significant in this region. Therefore, it can
be inferred that the grain refining ability can be significantly enhanced during the RBE process.

Figure 4 presents the backscatter electron (BSE) images of the RBE samples at different regions.
It is well known that the different color contrast in the BSE maps represent different phases. There are
two different contrasts—the dark contrast of the Mg matrix and the bright contrast of the second phase.
The XRD results in our previous studies [20] have demonstrated that these second phases belong to
the β-Mg17Al12 phase, that is, the type of the second phase will be not changed with the number of
revolutions increasing. It can be seen that the continuous β phases in the initial grain boundaries,
with a length of about 100 µm, are broken into a smaller phase with a size of less than 10 µm during
RBE deformation. Moreover, no dynamic precipitation phases with a size of 1µm can be observed
because of the high solid solubility of Al atoms at 653 K, which is not conducive to precipitation.
In addition, there are still some large-sized β phases in the low revolution samples (highlighted by
red dotted circles in Figure 4b,f), but as the number of rotating revolutions increases, these remaining
coarse phases also gradually break into small-sized phases (Figure 4g–i). In addition, it should be
noted that the β phases are mostly distributed along the DRXed grain boundaries rather than inside the
grain, which can effectively inhibit the grain growth, that is, creating the pinning effect [24]. Therefore,
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in the RBE deformation, increasing the number of revolutions can reduce the size of the second phase,
thereby reducing the size of the DRXed grains, and ultimately achieving the effect of grain refinement.

Figure 3. The OM maps of the RBE samples at the three different locations: (a–c) n = 5, (d–f) n = 10,
and (g–i) n = 50.

Figure 4. The BSE images of the RBE samples at the three different locations: (a–c) n = 5, (d–f) n = 10,
and (g–i) n = 50.
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Figure 5 shows the EBSD results of the RBE samples in regions A and C with different rotating
revolutions. The black regions in the inverse pole figure (IPF) maps and the grain orientation spread
(GOS) maps represent the β phases, which cannot be defined because of the lack of phase data.
Meanwhile, the LAGBs (misorientation angles between 3◦ and 15◦) are marked with white lines and
the high angle grain boundaries (HAGBs; misorientation angles higher than 15◦) are marked with
black lines. In this study, GOS was selected to analyze the DRX fraction—the critical GOS value for
DRX grains is identified as 1.8◦ [25], as shown in Figure 5d–f,j–l.

Figure 5. The inverse pole figure (IPF) and corresponding grain orientation spread (GOS) maps of
the RBE samples at the two different locations: (a,d,g,j) n = 5, (b,e,h,k) n = 10, and (c,f,i,l) n = 50.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

It can be seen from the IPF maps (Figure 5a–c,g–i) that the grain size is decreased and the
microstructure uniformity is enhanced with the revolutions increasing in the same region, which is the
same as for the microstructure change trend in the OM and BSE observations. Furthermore, lots of
LAGBs can be obtained in both deformed and DRXed grains, indicating a high activity of dislocations.
The formation of LAGBs is related to the local lattice rotation caused by the uneven local deformation
inner grains, and the orientation difference can easily cause pile ups of dislocation, which in turn lead
to a local stress concentration. With the progress of deformation, the orientation difference in the grain
interior gradually is increased to LAGBs, and finally to HAGBs [22]. Thus, the large strain implied by
the additional rotation can promote the formation of dislocations, which can increase the amount of
LAGBs and promote the occurrence of DRXed grains. This conclusion can also be demonstrated by the
changing trend of the GOS maps.

It can be seen from the GOS maps (Figure 5d–f,j–l) that the DRX fraction increase in revolutions
in each region, and it also increases from regions A to C in the same revolution, except for the
condition of n = 50. The largest DRX fraction for regions A and C is 95.4% and 86.8%, respectively,
at n = 50. It is noted that the DRX fraction is larger than 70% for all of the samples; this is because the
higher temperature provides a sufficient driving force for the growth of DRX. Increasing the rotating
revolutions, however, can increase the dislocation activity of the inner grain, leading to more nucleation
site for the occurrence of DRXed grains, thus the proportion of the DRXed grains is significantly
increased. For the n = 50 sample, a large amount of frictional heat may be generated because of the
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large rotating speed, which promotes the abnormal growth of deformed grains, resulting in a decrease
in the area fraction of DRXed grains. Therefore, for the RBE process, increasing the rotation speed can
promote grain refinement and improve the proportion of DRXed grains, but excess friction heat will
also affect the grain refinement effect, so how to control the transfer of friction heat is also an important
problem to be solved for the RBE process, which needs more attention in future research.

Figure 6 shows a comparison of the average grain size and DRX fraction at different rotating
revolutions and locations. It can be seen that the change trend of the average grain size is opposite
to the change trend of the DRX fraction, in which the maximum grain size is reduced from 300 µm
for the initial grains, to 13 µm for the n = 50 sample with a decrease of about 95.7%. Therefore, it can
be concluded that increasing the number of rotating revolutions is an effective way to promote grain
refinement and microstructure uniformity.

Figure 6. The comparison of average grain size and DRX fraction with different rotating revolutions
and locations.

3.2. DRX Behaviors during the RBE Process

In order to illustrate the deformation mechanism of the AZ80 alloy during the RBE process, three
unDRXed zones are selected from region C, based on the EBSD data (R1–3 in Figure 5g–i). Figure 7
shows the DRX behaviors of the RBE samples at different rotating revolutions. The IPF map of R1
(Figure 5a) shows that the initial grain boundaries (GBs) bulge outward, leaving a LAGB inner grain,
such as S1–S3, which is a typical feature of the discontinuous DRX (DDRX). It is well known that
DDRX is related to strain-induced grain boundary migration, which leads the grain nucleation and
growth through the serrate GBs [26,27]. Hadorn et al. [28,29] report that DDRXed grains inherit the
grain orientation from their parent grains. However, it can be obtained from the corresponding (0001)
PF and IPF of R1 (Figure 7b,c) that DDRXed grains such as D1 and D2 exhibit the same orientation
as their parent grains, but D3 has a rotated orientation from the parent grains, which can make the
texture of the alloys more random.
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Figure 7. The DRX mechanism of the RBE samples in the unDRX zones (a–c) R1, (d–f) R2, and (g–i) R3
selected in Figure 5g–i: (a,d,g) inverse pole figure (IPF) maps, the corresponding orientation highlighted
in (b,e,h) (0001) pole figure (PF), and (c,f,i) inverse pole figure (IPF). S-subgrain; D-DRXed grain.

For region R2 (Figure 7d), some DRXed grains, such as D1, D2, and D4, are also formed based
on the serrated GBs, which belong to the DDRXed grains. In addition to these grains, a new DRXed
grain (D3) surrounded by LAGBs is formed in the inner grain, which is related to the continuous DRX
(CDRX). The CDRX continues through a recovery process with dislocation rearrangement to form
subgrains, and the continuous absorption of dislocations in LAGBs finally leads to the formation of
HAGBs and new DRXed grains [30,31]. Furthermore, the grain orientation of DRXed grains in region
R2 is similar to the subgrains (Figure 7e,f). Combined with the DRXed grain orientation in region R1,
it can be inferred that some DRXed grains with the same orientation as the parent grains will be rotated
during further deformation, which can ultimately weaken the texture of the alloys. As can be observed
from region R3 (Figure 7g), some subgrains (S1, S3, and S5–S7) are formed with the bulge of the GBs,
and some subgrains (S2, S4) are formed with LAGBs in the inner grain, indicating the CDRX and
DDRX both occur in region C at n = 50. Furthermore, the subgrains always have a similar orientation
to their parent grains. Therefore, the microstructure evolution of the RBE process is mainly dominated
by the deformation mechanism of CDRX and DDRX.

3.3. Texture Development

The texture development of the RBE sample in regions A and C at the different rotating revolutions
is presented in Figure 8. Figure 8a–f shows that the grain orientations of most of the grains in region
A are distributed in an ED and normal direction (ND) plane, which is a typical texture type of the
high pressure torsion [32]. Because the basal plane slip is the primary slip system during deformation,
and the basal plane of the grain will rotate perpendicular to the direction of the external force (i.e., ED).
Furthermore, it should be noted that the maximum pole intensity (MPI) is increased from 8.2 for n = 5
to 17.6 for n = 10, and then decreased to 6.5 for n = 50, which indicates that increasing the revolutions
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can promote the texture weakening. This phenomena may be attributed to the new DRXed grains that
have a more random orientation compared with their parent grains [15]. Moreover, the proportion
of DRXed grains in region A shows a trend of decreasing first and then increasing with the increase
of rotating revolutions, which is exactly the opposite to the change trend of MPI. Therefore, it can be
concluded that increasing the rotating revolutions during the RBE process can promote the ability of
grain refinement and texture weakening. In addition, it can be observed from region C (Figure 8g–l)
that the basal planes of most of the grains are rotated from the ED to radial direction (RD), which is
caused by the metal reverse flow. The MPI of region C is smaller than that of region A in the same
revolution, but the MPI is not changed significantly in region C with different revolutions. Although
increasing the rotation speed will increase the DRX fraction in region C, the samples have a higher DRX
fraction in this region and most of the new DRXed grains may be rotated to a direction perpendicular
to the external force during the reverse metal flow, thus there will be no significant texture weakening
in region C.

Figure 8. Texture development during the RBE process: (a–c,g–i) (0001) pole figures (PF) and (d–f,j–l)
(10-10) pole figures (PF).

4. Outlook

For the RBE process, there are two aspects that will be investigated in the future. One is to further
reduce the relative sliding between the mold and the billet, so that more torque can be transformed to
the billet, bringing more deformations to the billet. For the first aspect, developing a new open punch
with different amounts of grooves may solve this problem. In the other aspect, it is necessary to apply
the deformation characteristic obtained in the research of small-size specimens to the development of
large-size components in order to promote the industrial application of the RBE process.

5. Conclusions

In the present study, a novel SPD process titled rotating backward extrusion (RBE), with an
open punch, is introduced. The effects of the different rotating revolutions on the evolution of the
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microstructure and texture of the AZ80 alloy cup-shaped piece are investigated. The main conclusions
are summarized as follows:

1. The grain refinement and microstructure uniformity can be enhanced by increasing the rotating
revolutions. Furthermore, the large β phase can be broken into a small size phase with the
increase of revolutions.

2. The DRX fraction of the alloy can be increased with the revolutions increasing, and the main
deformation mechanism of the RBE process is the CDRX and DDRX.

3. Increasing the rotating revolutions can effectively weaken the texture during the RBE process,
which may be ascribed to the occurrence of new DRXed grains with a random orientation.
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