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In this paper, a new fabrication technique for Mg-3Al-1Zn (AZ31) magnesium alloy tube, called tube
extrusion expander shear (TEES), was proposed based on the existing extruded shear (ES) technique. The
finite-element modeling (FEM) was used to simulate the forming process of TEES. The electron back-
scattered diffraction (EBSD) was used to study the microstructures and textures evolution of AZ31 mag-
nesium alloy during TEES process. The mechanical properties of the formed tube were tested. The results
show that TEES process can effectively refine the grain size and weaken the basal texture. The hardness
and plasticity of the tube processed by TEES process are significantly improved, the maximum elongation is
15%, and the hardness is 78 HV. Based on the analysis of intragranular misalignment axis IGMA), the
evolutions of twins in the TEES process were studied. It was found that twins and basal slip were the main
deformation modes in the early deformation zone. With development of TEES process the twins disappear
and multiple sliding systems were activated. The results show that the turning and shearing zones of TEES
process are beneficial to the activation of multiple slip systems.
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1. Introduction

Magnesium alloy is the most rapidly developing light alloy
in the twenty-first century because of its light weight, good
performance and good recyclability, and it is an indispensable
metal material in the development of light alloys (Ref 1-3).
However, their weak plasticity and low room temperature
strengths are due to their hexagonal structure, which limited
their wide application in industry (Ref 4, 5). Therefore, it is of
great significance for developing high-quality magnesium alloy
products to deeply and comprehensively analyze the deforma-
tion mechanism of magnesium alloy (Ref 6, 7).

Severe plastic deformation (SPD) is an effective way to
improve the overall mechanical properties of magnesium alloys
by increasing the cumulative stress to achieve grain refinement
and texture control. Using SPD to improve the plasticity of
magnesium alloys has become the main research direction of
scholars at home and abroad. Up to now, the major SPD
technologies are equal channel angular pressing (ECAP) (Ref 8),
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high pressure torsion (HPT) (Ref 9), cyclic extrusion compres-
sion (CEC) (Ref 10), etc. ECAP is the most common SPD
technology, and its ability to achieve grain refinement has been
widely proved (Ref 8, 11, 12). Traditional ECAP process can be
used to prepare tubes by matching mandrel. However, due to the
uneven strain applied during ECAP, various bending limitations,
such as uneven deformation properties and tube thickness, are
caused. The HPT process was proposed by Greenwood et al. (Ref
13) in the 1930s. On the basis of traditional extrusion forming,
torsion forming is added to make the material deform under the
action of pressure and shear force. Yan et al. (Ref 14) prepared
magnesium alloy tubes by cup mould with stable rotation. The
experiments show that the forming loads decreases when the die
or punch rotates. The moderate shear strains are also produced in
HPT processes due to material distortion, which promote the
rotation of grains and weakening the basal texture, thus reducing
the anisotropy of the alloy. However, although the existing SPD
process can significantly refine the grains, most of the processes
are complex and not suitable for industrial production.

As a new plastic forming method based on SPD, extrusion-
shear (ES) process has the ability to refine grains and weaken
textures (Ref 15-17), and stable and uniform microstructures
can be obtained by single pass deformation. However, the
previous methods still have some defects. For example, when a
large strain was achieved, a large extrusion pressure was still
required. At the same time, the influences of ES process on
microstructures evolution were not clear. A new extrusion
process, tube extrusion expander shear (TEES) is introduced for
AZ31 magnesium alloy tube processing in this paper, and the
influences of the TEES process on the microstructures evolu-
tion of magnesium alloy have been studied. In order to explore
the flow law of metal during the process of TEES process, the
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stress and strain of TEES and DE in forming were compared by
using the finite element simulation method. Microstructures
evolution of the alloys at different forming zones of TEES were
systematically studied by means of optical microscope (OM)
and electron back scattered diffraction (EBSD), and the
mechanical properties of formed tube were characterized by
microhardness and tensile test. Furthermore, the deformation
modes of AZ31 magnesium alloy at different zones of the
TEES process have been studied by IGMA analysis. It is
expected to provide technical guidance for the preparation of
high-performance magnesium alloy products by ES process in
the future.

2. Experiments

2.1 TEES Process

The material of TEES process is commercial AZ31
magnesium alloy, and its main chemical composition is shown
in Table 1. TEES extrusion experiment adopts multi-cylinder
servo synchronous extruder with nominal force 2500 kN. The
extrusion experiment die and flow diagram are shown in
Fig. 1(a). In this process, the punch pushes the tube billet into
the extrusion die. The extrusion die consists of TEES die,
container, mandrel and punching plate, which made of H13 hot
working tool steel. The preheating temperature of TEES die is
360 °C, and extrusion ratio is 9.3, and extrusion speed is 4 mm/
s. The punch moves in the vertical direction, which contacts
with material and applies three triaxial stresses. After the final
extrusion, the samples were water cooled. The die structure of
TEES process is shown in Fig. 1(b), including the details of the
tube forming part as Fig. 1(c).

2.2 Microstructures Characterization and Mechanical Test

To further characterize the microstructures, the samples were
cut to 20 x 15 x 5 mm. The samples were taken from the
center of longitudinal section in four different zones, which
include upsetting zone, turning zone, shearing zone and sizing
zone. Standard metallographic procedures are used to prepare
for samples, including installation, grinding and polishing. The
polished samples were etched with acetic acid and picric acid
solution (2 mL acetic acid + 1 g picric acid + 5 mL water +
20 mL alcohol). The textures at different zones were analyzed
by EBSD. EBSD samples were polished to 1200 # by SiC
sandpaper before electropolishing. The liquid nitrogen con-
trolled the polishing liquid at about — 30 °C, and the polishing
voltage was 20 V, and the current was adjusted from 0.01 to
0.05 A according to the size of the testing surface, and the
polishing time was 100-150 s. Post-processing of data was
performed on Channel 5 and MATLAB software.

The tensile tests for DE and TEES processed samples were
carried out at 22 °C with a strain rate of 0.55 mm/min. Tension

Table 1 The chemical contents of materials (wt.%)

Billet Chemical composition, wt.%

AZ31 Si Al Zn Mn Fe Cu Mg

0.05 32 0.63 0.8 0.05 0.01 Balance
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specimen were used for the tensile test, which were 30 mm in
length and 6 mm =+ 1.0 in width overall and 20 mm in length
and 2 mm in width in parallel sections, and the cross section
was 2 X 2 mm.

2.3 Finite Element Simulation

TEES process adds turning and shearing processes on the
basis of direct extrusion, which makes the material deformation
process complex. In this paper, the plastic forming simulation
software Deform-3D was used to simulate and compare the
TEES and DE process. The finite element model was made in
UG software according to 1:1 and imported into Deform-3D
simulation software. Since the forming conditions of the tubes
are symmetrical, the 1/2 model is adopted to improve the
efficiency. The TEES die is set as a rigid body, and tube blank
is set as a plastic body, and the friction coefficient is 0.2,
extrusion speed is 4 mm/s, extrusion temperature is 360 °C,
and the thermal conductivity is 11 N/°C S mm>.

3. Results

3.1 Finite Element Simulation

Figure 2 shows the results of finite element analysis of DE
and TEES processes. The variation of forming loads under
different processes are shown in Fig. 2(b). It can be seen from
the figure that the forming loads of different processes in the
upsetting zone are basically the same. After entering the turning
zone, the forming loads of TEES process increase slowly or
even decreases. This is because the turning zone of TEES
process increases the shear force distributed along the TD
direction, and also promotes the rapid flows of metal to the
shearing zone, thus reducing the forming loads. When the alloy
passes through the middle zone of the turning zone, the load
rises sharply.

Figure 2 a shows the effective strain change of the
magnesium alloy tube during the preparation process. It can
be seen from the figure that in the forming process of TEES, the
deformation increases with the lower pressure of the punch. In
the upsetting stage and before the shearing zone, the deforma-
tion of the billet increases less. After entering the shear zone,
the strain increases obviously due to the large transverse
tangential stress and the interaction force of the die. Figure 2(c)
shows the changes in the effective strain and the effective strain
rate in the TEES formation region. As can be seen from the
figure, after entering the shear zone, the strain rate increases
rapidly and decreases, and the strain increases accordingly, and
the maximum strain value reaches 3.9 mm/mm.

3.2 Microstructures Characterization

Figure 3 shows the metallographic analysis during different
zones. In the upsetting zone (Fig. 3a), the original grains of
AZ31 magnesium alloy are coarse, the fibrous tissue is obvious,
and there are many twins in the microstructure after upsetting
deformation. Coarse primary grains are broken under mechan-
ical action. At the same time, dislocations are concentrated at
grain boundaries and twin boundaries by sliding or climbing,
and dynamic recrystallization occurs firstly at the grain
boundaries and twin boundaries of the original broken grains
(Ref 6, 18). Under the action of the punch, the alloy descends
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Fig. 3 Microstructures evolution during TEES process. (a), (c) Upsetting zone (b), (d) first shearing zone (e) turning & shearing zone (f) sizing

zone

into the first-shearing zone, rotates relatively and redistributes
among the grains due to shear stress, a certain proportion of fine
and round recrystallized grains appeared in the microstructures,
and appearance of some twins still visible in deformation zone
(Fig. 3b, d).

From the metallographic diagram of the turning & shearing
zone (Fig. 3e), it can be seen that the proportion of fine and
round recrystallized grains increases significantly. Because the
deformation temperature is high, and with the increase of
deformation degree, the distortion energy stored in the crystal
increases sharply and cannot be released in a short time, which
result the nucleation number of recrystallized grains increases
and dynamic recrystallization occurs further. Figure 3(f) shows
the sizing zone of TEES process, there are the large number of
new grains, and the average grain size is reduced to 13.89 um.
Although no longer stressed in this region, recrystallization can
continue.

3.3 Microstructures Characteristics during TEES Process

In order to analyze the influences of forming mechanism on
TEES process, EBSD with higher magnification is used to
analyze the forming zones, so as to further illustrate the texture
and grain growth of the formed zone. Figure 4(a) shows the IPF
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maps of four forming zones. The grain orientations change
during the different zones of extrusion process, and the
numbers of green and blue grains with <10-10> and <11-
20>//ED orientation increase significantly during TEES pro-
cess, which indicates that the grains undergo reorientation after
TEES process. In addition, obvious tensile twins can be
observed in Fig. 4(al)-(a2), which indicates twins are another
important form of magnesium alloy deformation mode at the
initial zone of deformation.

KAM maps for different zones of TEES process are shown
in Fig. 4(b). A high KAM value indicates a high density of
dislocations and the presence of local residual internal strains
(Ref 6, 19, 20). The theoretical formula of strain gradient of
Gao (Ref 21) and Kubin (Ref 22) shows that GNDS density is
linearly related to the average KAM value.

200
p= ub

(Eq 1)

where p is the GND; u is the unit; b is the Burgers vector; %M
is the average KAM value.

During the TEES process, the KAM value is maintained at a
high level. Due to the high shearing stresses during the shearing
zone, more moving dislocations are activated and accumulated
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in the alloy, and the KAM value increases slightly. Distortion
energy difference between grains in deformed metal is the
driving force of dynamic recrystallization, and recrystallization
often occurs in regions with dense dislocation distribution (Ref
23). The study by Sitdikov et al. (Ref 24) reveals the process of
discontinuous dynamic recrystallization (DDRX): (1) the strain
imbalance in the high dislocation density region leads to the
local migration of grain boundary (GB) and protrusion; (2) GB
sliding occurs on the non-planar boundary, resulting in a strong
strain gradient near the boundary. These dislocation sources
transfer non-basal slip dislocations into grains to accommodate
plastic deformation, and the high activity of non-basal slip
dislocations ensures the DRX process at the later stage of TEES
process. On the other hand, there are also the important reason
for the decrease of twins after turning and shearing zones.
The dynamic recrystallization is usually carried out during
thermal deformation. In the TEES deformation process, turning
and shearing zones can increase the actual strain value, which
provide sufficient deformation activation energy for dynamic
recrystallization, and promote the dynamic recrystallization.
The recrystallized grains are usually equiaxed, and the dislo-
cation density inside the grains is low (Ref 23, 24). With
development of TEES process, the grain sizes are refined, the
strength of KAM value is reduced and the crystallization rates
are increased. The recrystallization process can still be observed
in the sizing zones. Therefore, we use grain orientation spread
(GOS) to confirm the above description. The DRX process of
magnesium alloy during hot deformation can be studied by the
GOS method proposed by Hadadzadeh (Ref 25). The GOS is
sensitive to the state of grains during thermal deformation. The
ratio of recrystallized grains can be determined by judging the
GOS value in deformed grains. According to the method in
References (Ref 26, 27), grains with GOS value less than 2°
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were classified as recrystallized grains, and grains with GOS
value more than 2° were classified as deformed grains.
Figure 4(c) shows the GOS distribution at different zones.
With the TEES process, the proportion of grains less than 2°
increases, and the recrystallization rate increases. It can be seen
from Fig. 4(c4) that most grains in the sizing area are blue or
green, namely recrystallized grains. The decrease of GOS value
indicates that the dislocation accumulation is low, and the
dynamic recovery is good.

3.4 Texture Evolution during TEES Process

Figure 5 shows the evolutions of texture in different forming
zones. In the upsetting zone, the typical basal texture appears,
and the basal textures of the grains are parallel to the extrusion
direction. As the tube enters the shearing zone, the temperatures
of shearing zones increase under the action of continuous
shearing forces, slip system becomes more active. The grains
were deflected axially and laterally, and the grain orientations
were deflected from <0001 > to the <11-20> direction, and
the intensities of the basal texture was also reduced from 27.97
to 16.46. Deformation and frictional heat can cause the
temperature of the die exit to rise faster than that of the TEES
process, resulting in static recrystallization and massive grain
development after the tube leaves the extrusion die (Ref 20,
21). The {0001} pole density in the final formed sample is
10.32. After TEES process, the texture type changed and the
strength decreased significantly. The c-axis of most grains of
the final formed samples are about 45° with the extrusion
direction, that grain orientation is conducive to the activation of
the basal slip system during tensile along the extrusion
direction, and improves the plastic deformation ability of the
tube (Ref 26).
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3.5 Mechanical Properties Tests

The tensile property is an important index to measure
mechanical properties of metal materials. In this section, the
tensile properties of tubes prepared by different forming
processes (DE and TEES process) were tested. Figure 6(a)
shows the stress—strain curves. Compared with DE process, the
introduction of TEES process can significantly improve the

1234—Volume 33(3) February 2024

mechanical properties of formed tubes. The tensile strength of
DE processed samples are 240 MPa, while that of TEES
processed samples is about 280 MPa. It is worth noting that the
yield strength of TEES sample is lower than that of DE process,
and the yield strength of the material is often associated with
the Hall-Petch formula, and grain refinement would lead to the
improvement of the strength of magnesium alloy. However,

Journal of Materials Engineering and Performance
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according to Chen (Ref 28), the macroscopic mechanical
properties of polycrystalline magnesium alloys do not just
follow the Hall-Page formula, because the mechanical proper-
ties of polycrystalline materials are affected by grain sizes and
crystal textures. For example, it can be achieved that the c-axis
and extrusion direction of most grains of the final formed tube
about 45° in the texture of TEES processed sample. Therefore,
when stretching along the extrusion direction, {0001} base slip
system Schmidt factor (SF) is larger, which is conducive to the
initiation of base slip system, thus reducing the yield strength,
that is, texture softening.

The TEES process includes continuous extrusion-shearing,
and the work hardening and dynamic recrystallization caused
by the TEES process have important influences on the hardness
of the material. The effects of average grain sizes on hardness
are shown in Eq. (2).

H, = Hy + kd ™'/ (Eq 2)

where H, is the room temperature hardness, d is the average
grain size, H, is the average hardness of different positions of
the AZ31 magnesium alloy tubes, and & is the strengthening
coefficient.

The hardness tests were conducted on the cross section and
longitudinal section of AZ31 tube at different forming zones. It
can be seen from Fig. 6(b) that the hardness of the TEES
processed tube is significantly improved, and the microstruc-
tures of the tube for the upsetting zone are coarse, which
showing poor mechanical properties. After shearing deforma-
tion, the internal structure of the tube is more dense and the
grains are refined obviously, which improves the hardness. The
hardness of the shearing zone is up to 83 HV, and the hardness
of the formed tube is 78 HV. From the FEM results, the
hardness distribution and strain distribution of tube in TEES
extrusion process are very consistent.

4. Discussion

4.1 Microstructure and Texture Evolution

Due to the lack of sufficient slip system, twinning become
additional mechanisms for rapidly introducing large disorien-
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tation and accelerating the formation of new fine grains in the
substructure. The twin types of magnesium alloy are mainly
divided into {10-12} extension twin, {10-11} contraction twin
and {10-11}-{10-12} secondary twin. The most common
theory is that the twin boundary will hinder the movement of
dislocation, because the twin boundary cuts off the original
continuous slip system, so that the dislocation needs to
constantly change the slip system, that increasing the difficulty
of dislocation movement. The studies have further shown that
twin dislocations are released when dislocations pass through
twin boundaries, resulting in the growth or disappearance of
twin lamellae. When dislocations interact with nonconforming
twin boundaries, the migration ability of nonconforming twin
boundaries around this point is reduced (Ref 29, 30).

Figure 7(a), (b), (c) and (d) shows the evolution of twins
during TEES process. {10-12} extension twin boundaries are
represented by red lines. {10-11} contraction twin boundaries
are represented by green lines, and {10-11}-{10-12} secondary
twin boundaries are represented by purple lines. The twin type
of magnesium alloy is closely related to the load direction. In
the initial zone of extrusion, {10-12} twins are inevitable under
complex stress conditions due to the low critical shear stress
(CRSS). In the upsetting zone, the extrusion force increases
continuously, and the proportion of extension twin increases
obviously under considerable extrusion pressure. The extension
twins are parallel to each other in grains, forming twin
boundary effectively divides and refines grains. Meanwhile,
some {10-11} contraction twins are activated in the shearing
zone owing to the high CRSS caused by the die corner. In fact,
the C-axis of {10-11} twins tends to shrink during early zones
of extrusion, but the CRSS of {10-11} contraction twins is
much higher than that of {10-12} extension twins. Therefore,
contraction twins are less activated in the initial extrusion.

It can be seen from Fig. 7(c) that compared with the
shearing zone, tensile twins of {10-12} are significantly
reduced, and the integral number of twin crystals decreases
from 20.5% in the upsetting zone to 3.7%. Due to the coherent
structure of {10-12} twins, their are very easy to move under
continuous thermal stimulation under continuous deformation
and corner friction in the shearing zone, and the subsequent
CDRX process was indirectly promoted by the consumption
and reorientation of the mother particles (Ref 17, 31).
Figure 7(d) shows that extension twins have disappeared with

Volume 33(3) February 2024—1235



only 0.4%. The deformation twins are formed during TEES
extrusion begin to degenerate and disappear during the later
zone. According to Yang (Ref 32), the degradation and
disappearance of twins can be explained by two reasons: (1)
adjacent subgrains gradually annex deformation twins by bulge
mechanism; (2) twinning laths gradually reduce the number of
half bars by merging mechanism, and the half bars are widened.
Finally, the twin interface of the wide strip disappears owing to
the movement of dislocations.

It is worth noting that {10-11}-{10-12} secondary twins
growths can be found with the extrusion process (Table 2). The
growth of {10-11}-{10-12} secondary twins are related to
CDRX, which indicates that dynamic recrystallization behavior
is continuously activated with the TEES process (Ref 33).

4.2 Prismatic <a> Slip Activation and Lattice Rotation

In order to further explore the deformation mechanism of
TEES process, the deformation modes of AZ31 alloy at
different zones in TEES were analyzed by IGMA in this
section. Slip and twinning are the primary deformation
mechanisms of magnesium alloy. Activating more slip systems
is part of the effective methods to improve the elongation

Table 2 Twin distribution at different zones

{10-12} {10-11} {10-11}-{10-12}
Upsetting zone 0.230 0 0.008
First-shearing zone 0.161 0 0.024
Turning & shearing zone 0.091 0.171 0.114
Sizing zone 0.004 0.050 0.316

Prismatic<a>

properties of magnesium alloy. The slip system in Mg alloy is
mainly the basal slip and non- basal slip on the {0001} basal
plane, such as the {10-11} prism surface and the {10-11}, {11-
22} cone surface. The starting ability of each slip system is
dominated by its CRSS, and the corresponding slip is
determined by the dislocation characteristics of the slip surface.
Magnesium alloy can operate three basal slip systems with low
CRSS values at room temperature. In contrast, high CRSS
value of non- basal slip system limits the activation of non-
basal slip (Ref 34). In general, resolved shear stress depends on
the Schmidt factor (SF), and the SF is the orientation
relationship between the sliding direction of the sliding surface
and the external force, as shown below:

ORSS=O0APP X M (Eq 3)

(Eq 4)

where ogrss is resolved shear stress, m is the Schmidt factor
(SF), aapp is the applied stress, A and ¢ are the angles between
the flow stress and the sliding direction and the normal
direction of the sliding surface, respectively.

When the critical shear stress of the corresponding slip
system is greater than of CRSS, the corresponding slip system
can be activated. When the basal and non-basal slip systems
show high SF values, it indicates that they are easily activated
during deformation (Ref 35). Figure 8 shows the SF of different
forming zones, and the SF value is summarized in Table 3. It
can be noted from the figure that the SF values of {10-10}
prismatic surface are always higher than that of {0001} basal
plane slip at different zones of TEES process. In addition,
prismatic surfaces {10-11} also exhibit abnormal activity with
an average of 0.45. At the later zone of deformation, along with

m = cosl X cos¢p

Prismatic < c+a >

Fig. 8 Schmidt factors in different forming zones of TEES. (a;_4) Upsetting zone (b;_4) first shearing zone (c;.4) turning & shearing zone (d;_4)

sizing zone
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the lower stress and strain and the lower temperature at the die
exit, the prismatic slip activity decreases and the SF value of the
base surface increases. In general, during the TEES process, the
non-base slip system is easily activated.

In order to further confirm the deformation mechanism of
TEES process, the intragranular misalignment axis (IGMA)
was used to confirm the initiation of different slip systems
during deformation. According to the theory proposed by Chun
(Ref 36, 37), the crystal will rotate around a specific crystal axis
in the sliding process, and the IGMA method mainly uses this
characteristic to distinguish the type of slip system, and we call
this particular crystal axis Taylor axis, which can be determined
by formula (6):

Ts = ng x ds (Eq 6)

where T is the Taylor axis direction, ng and ds are the normal
and slip direction of slip surface respectively.

The corresponding table of Taylor axis and magnesium alloy
sliding system determined by Formula (6) is given in Table 4.
The traditional IGMA method can only discriminate the
dominant slip system, because the discrimination of the
dominant slip system can ignore the influence of other slip
systems on the Taylor axis deflection, so it is suitable for hcp
metal with less slip system. EBSD data at different forming
zones were processed by Channel 5, and different grain
orientation angles (0°-3°) at different forming zones were
selected for plotting as shown in Fig. 9. According to the
Taylor axis represented by the color band distribution of the
antipolar map, the sliding system of grain initiation can be
judged. It is well known that the IGMA around the direction
may be caused by basal slip and conical slip, and the IGMA
mainly located nearby is caused by prism slip activation.
Figure 9(a) shows the distribution of grain IGMA with high
schmid factor in upsetting zone. IGOS distribution of most
grains is relatively uniform mainly in the <01-10> and <10-
12> directions, and some grains show low strength in the
<0001 > direction (G5). Although the Taylor axis presented
by the basal <a> and the pyramidal [l <c + a> in the IGMA
analysis is the same, but the CRSS of pyramidal Il <c + a>
slip is much higher than the basal <a>. Therefore, we can
judge that the basal slip dominates the intragranular deforma-
tion at the early zone of TEES process.

Table 3 Schmidt factors at different forming zones

Basal Prismatic Pyramidal
Upsetting zone 0.167 0.454 0.460
First-shearing zone 0.234 0.430 0.456
Turning & shearing zone 0.151 0.454 0.455
Sizing zone 0.260 0.382 0.427

With the TEES processing, the tube enters the shearing
zone, under the action of shear force and extrusion force, the
grain deflection occurs, and the texture intensity is signifi-
cantly reduced, which makes the basal texture deflect to the
ED direction (Fig. 4, 9bc). According to the discrete pole
figure in Fig. 9c, with the deformation progress, the defor-
mations of each grain is more complex, and the distribution
of IGMA is quite different. The distribution of IGMA near
the <0001> is stronger than that in the upsetting zone,
which means that more cylinder slip is activated with the
increase of deformation and temperature. Meanwhile, IGMA
distribution of most grains is discrete (Gl, G2, G4, G6),
which means that multiple slip systems are jointly activated
(Ref 24). In the sizing zone, further grain refinement can be
noted. Distribution strength of IGMA is similar to that of the
turning & shearing zone, which showing uniform distribu-
tion, but the strength reduces. Therefore, the IGMA analysis
results confirmed that a variety of slip systems were activated
in the later zone of TEES process.

5. Conclusion

In this paper, a new type of magnesium alloy tube
preparation technology, namely TEES, is proposed based on
SPD technology, and the magnesium alloy tube is successfully
prepared. The micro-evolution and deformation mechanism in
TEES process were analyzed by FEM and micro-characteriza-
tion, and the mechanical properties of formed tubes were tested.
The results show that:

The FEM results show that the effective strain distribution
in the shear deformation zone is uniform during the TEES
process, and the final effective strain accumulation value is
about 1.5 times higher than DE process.

The grain refinement effect is obvious in the TEES process,
and the grains in the final formed tube are about
13.89 um. The microhardness test showed that the plastic-
ity and the hardness of the tubes are significantly im-
proved after TEES process, and the hardness of the
formed tube is about 78 HV, and the maximum elongation
is about 15%.

During the TEES process, the texture strength and type
changed significantly, and strength of basal texture de-
creased from 30.30 to 10.33. Most of the c-axis of grain
in the microstructures of formed tube was 45° relative to
the extrusion direction, which is beneficial to improve the
plastic deformation ability of the tube.

The analysis of IPF, SF and IGMA shows that the plastic
deformation of AZ31 magnesium alloy is mainly regulated
by slip and twin during TEES process. In the initial zone
of deformation, twin and basal slip becomes the main

Table 4 Taylor axis direction of four kinds of magnesium and magnesium alloy sliding system

Slip mode Slip type Burgers vector Slip system Taylor axes
{0001} <11-20> Basal a/3<11-20> 3 < 1-100>
{10-10} <1-210> Prismatic <a> a/3<11-20> 3 <0001 >
{10-11} <1-210> Pyramidal <a> a/3<11-20> 6 <10-12>
{10-11} <11-2-3> Pyramidal I <c + a> a3<11-2-3> 12 <-2-541-1-69 >
{11-22} <11-2-3> Pyramidal II <c + a> a/3<11-2-3> 6 <-1100 >
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Fig. 9 IGMA analysis at different forming zones. (a) Upsetting zone (b) first shearing zone (c) turning & shearing zone (d) sizing zone

deformation mode due to the low CRSS, resulting in grain
refinement. When the deformation reaches the later zone,
the twins disappear basically, and the multiple slip systems
dominate the deformation.
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