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Abstract: A new severe plastic deformation method for manufacturing tubes made of AZ31 magnesium alloy with a
large diameter was developed, which is called the TCESE (tube continuous extrusion—shear—expanding) process. The
process combines direct extrusion with a two-step shear—expanding process. The influences of expanding ratios,
extrusion temperatures on the deformation of finite element meshes, strain evolution and flow velocity of tube blanks
during the TCESE process were researched based on numerical simulations by using DEFORM-3D software.
Simulation results show that the maximum expanding ratio is 3.0 in the TCESE process. The deformation of finite
element meshes of tube blanks is inhomogeneous in the shear—expanding zone, and the equivalent strains increase
significantly during the TCESE process of the AZ31 magnesium alloy. A extrusion temperature of 380 °C and
expanding ratio of 2.0 were selected as the optimized process parameters from the numerical simulation results. The
average grain size of tubes fabricated by the TCESE process is approximately 10 um. The TCESE process can refine
grains of magnesium alloy tubes with the occurrence of dynamic recrystallization. The (0001) basal texture intensities
of the magnesium alloy tube blanks decrease due to continuous plastic deformation during the TCESE process. The
average hardness of the extruded tubes is approximately HV 75, which is obviously improved.

Key words: AZ31 magnesium alloy; expanding ratio; continuous extrusion—shear; numerical simulation; microstructures

mechanism of twinning and slip, which has not yet
been well understood [6—8]. Critical shear stress is
the precondition for the activation of slip systems.
At room temperature, the critical shear stress

1 Introduction

In recent years, magnesium alloys have

attracted considerable attention in industry and
scientific fields due to their excellent properties,
such as low density, high specific strength
and good thermal conductivity [1-3]. Magnesium
alloys are the preferred materials because they have
lightweight, save energy and protect the
environment and have been used in aerospace,
automobile and other fields [4,5]. Unfortunately, the
plasticity and fracture of magnesium alloy are of
great challenge because of its hexagonal closed
packed (HCP) crystal structure with few slip
systems at room temperature and the deformation

required for basal plane slip is lower than that of
prismatic and pyramidal slip. Under conventional
conditions, prismatic and pyramidal slips do not
easily activate [9,10]. Due to the poor plasticity of
magnesium alloys at room temperature, the forming
mode is generally hot processing compared with
conventional metal processing [11,12]. Generally,
applications of magnesium alloys have been limited
by low formability.

One of the most common plastic processing
methods for magnesium alloys is extrusion [13—16].
Extrusion is a process, in which the materials are

Corresponding author: Hong-jun HU, Tel/Fax: +86-23-62568893, E-mail: hhj@cqut.edu.cn

DOI: 10.1016/S1003-6326(22)65966-1

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



2570 Ye TIAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2569-2577

pushed or drawn through a die with expected
cross-sections to create objects with a fixed
cross-sectional profile. The extrusion process
has been widely used in the production and
forming of magnesium alloy tubes. For example,
ABDOLVAND et al [17] combined parallel tube
angular extrusion (PTCAP) and reverse extrusion to
fabricate ultrafined AZ91 alloy thin-walled tubes,
and the results showed that the ultimate strength,
yield strength and microhardness of thin-walled
tubes prepared by the composite process were
remarkably improved. YU et al [18] used a novel
severe plastic deformation method named rotary
extrusion (RE) to manufacture cylindrical tubular
parts with high-strength magnesium alloy. The
results demonstrated that the microhardness of the
tubes decreased with increasing rotary revolution,
whereas second phases
significantly homogeneous. Dynamic
recrystallization occurred during the RE process.
SHEN et al [19] simulated the expanding extrusion
of an AZ31 magnesium alloy tube by using
DEFORM-3D software, and the optimal die angle
was obtained.

In the present work, a new severe plastic
deformation method for manufacturing tubes made
of AZ31 magnesium alloy with a large diameter
was developed. This process is called the TCESE
(tube extrusion—shear—expanding)
process, which combines direct extrusion with a
two-step shear—expanding process. The TCESE
process contains the distinctive characteristics of
severe plastic deformation. Moreover, there is great
potential for the TCESE process to improve the
mechanical properties and forming abilities of
magnesium alloys, and magnesium alloy tubes with
finer grains can be manufactured. The final grain
sizes of the tubes are determined by process
parameters such as extrusion temperatures of billets
and dies, extrusion ratios, extrusion speeds, and
friction coefficients.

the matrix and the
became

continuous

The influences of expanding ratios and
extrusion temperatures on the TCESE process
were studied based on numerical simulations.
The optimal expanding angles of the die
were determined by simulations of DEFORM-3D
software. Verification experiments of the TCESE
process carried out, and deformed
microstructures and texture evolution for AZ31

magnesium alloy were studied.

Wwere

2 Experimental

The experimental material was commercial
AZ31 magnesium alloy. The dimensions of the
AZ31 tube billets are as follows: the inner diameter
is 17.5 mm, and the outer diameter is 39.8 mm.
The extrusion temperature of the die and mandrel
is 380 °C, and the extrusion speed is 5 mm/s.
The experiments were conducted at an extrusion
temperature of 380 °C. The parameters of the
simulations and experiments are listed in Table 1.
The experiments were carried out on a hydraulic
equipment, as shown in Fig. 1(a). Heating bands,
which are online heaters of dies, billets and
thermocouples, are shown in Figs. 1(b) and (c),
respectively. A thin-walled tube prepared by the
TCESE process is indicated in Fig. 1(d). Figure 2
shows a finite element model of the TCESE process
and an enlarged view of the forming part in the
TCESE die. The forming part consists of four parts:
an upsetting zone, a first shear—expanding zone, a
second shear—expanding zone and a sizing zone.
Tubes with large diameters that are approximately
2 times those of the original tubes can be prepared
by the TCESE process.

The specimens of the upsetting zone, first
shear—expanding zone, second shear—expanding
zone and sizing zone prepared by the TCESE
process were observed by optical microscopy (OM).

Table 1 Parameters of simulations and experiments for
TCESE process

Parameter Value
Inner diameter of tube blank/mm 17.5
Outer diameter of tube blank/mm 39.8
Length of tube blank/mm 80
Expanding ratio of tube 1'32’;;63’.(2)'0’
Expanding angle/(°) 140
Extrusion temperature of tube blank/°C 380
Extrusion speed/(mm-s ") 5
Number of mesh 32000
Coefficient of thermal conductivity between
die and blank/(N-°C!-s™'-mm?)
Simulation step size/mm 0.2
Mesh density type Relative
Friction factor between billet and die 0.3
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The microstructures and textures of the four zones
were analyzed by electron backscatter diffraction
(EBSD).

The direction of sample selection is along the
extrusion direction (ED). The sampling locations of
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the four parts for hardness testing and EBSD testing
are shown in Fig. 3(a). Lateral sampling positions
in each zone are shown in Fig. 3(b). As shown

in Fig. 3(c), the specimens are machined into
rectangular samples.

Fig. 1 Experimental equipment and formed tube prepared by TCESE process: (a) Hydraulic equipment; (b) Heating

coils; (c) Thermocouple; (d) Tube prepared by TCESE process
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& First shear—expanding zone

Second shear-expanding zone |
Sizing zone

Die

Fig. 2 Finite element model of TCESE process and enlarged view of forming part in TCESE die

Fig. 3 Sampling locations of hardness and EBSD testing: (a) Sampling along extrusion direction (1—Upsetting zone;
2—First shearing—expanding zone; 3—Second shear—expanding zone; 4—Sizing zone); (b) Lateral sampling position

in each zone; (c) Rectangular specimen
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3 Results and discussion

3.1 Influence of expanding ratio on deformation

of finite element meshes

The selection of expanding ratio is very
important to obtain magnesium alloy tubes
with large diameter and high performance. The
expanding ratio is defined as the ratio of the inner
diameter for the sizing zone (D:) to the inner
diameter for the upsetting zone (D), as shown in
Fig. 3(a). Figure 4 shows the deformation of finite
element meshes in tube blanks with different
expanding ratios (1.3, 1.6, 2.0, 2.5 and 3.0) during
the TCESE process. From Fig. 4 it is found that the
deformation of the finite element meshes in the tube
blanks is uniform in the upsetting zone. However,
with increasing expanding ratio, the deformation of
finite element meshes is uneven in the shear—
expanding zone. The plastic deformation of tube
blanks becomes more difficult if the expanding
ratio is larger because the resistance of plastic
deformation increases and the fluidity of metal
decreases. As shown in Figs. 4(a) and (b), the
meshes in the tube blank are uniform after plastic
deformation when the expanding ratio is less than
2.0, which implies that the quality of the tube is
good. When the diameter expanding ratio is 2.5, the
uniformity of the deformation meshes worsens. If
the expanding ratio reaches 3.0, the deformation
meshes of the tube blank become very asymmetric,
and the wall of the formed tube is uneven. With
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increasing expanding ratio, the fluidity of the blank
is different. Parts of the tube walls are preferentially
formed during the TCESE process, and the metal
flow is insufficient because the formed tube walls
are asymmetric, which leads to the formation of
defects in the tubes [20].

3.2 Strain evolution during TCESE processes

with different expanding ratios

The deformation zone can be divided into four
parts mainly during the process of deformation,
which include the upsetting zone, first shear—
expanding zone, second shear—expanding zone, and
sizing zone. Figure 5 shows the distribution of
equivalent strains with different expanding ratios,
which shows that the equivalent strains of the tubes
increase with increasing expanding ratios. The
plastic deformation of TCESE processes becomes
intenser with increasing expanding ratio. The
strain of the second shear—expanding zone is the
largest during the TCESE process. When the
expanding ratio is 1.6, the strain in the deformation
zone of the blank is small, and the strain
distribution is uniform. The average value of strains
is approximately 5 in the blank of the shear—
expanding zone. With increasing expanding ratios,
the discrepancy in deformation also increases, and
the strains of the blanks in the shear—expanding
zone obviously increase. When the expanding ratio
is 3.0, the strain value of the blank in the shear—
expanding zone is approximately 12, and the
equivalent strain is approximately 10. Rising the
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Fig. 4 Deformation of finite element meshes in tube blanks during TCESE processes with different expanding ratios:

(a) 1.3; (b) 1.6; (¢) 2.0; (d) 2.5; (e) 3.0
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expanding ratio will reduce the strain uniformity in
the deformation zone. The expanding ratio could
affect the uniformity of strains during the
deformation process. If the expanding ratio is too
large, compressive stresses will exert allowable
limit values on the tube blanks during the TCESE
process.

3.3 Flow velocities for tube blanks during

TCESE process

The analysis of flow velocity fields was
carried out by point tracking. Three designated
points (Pi, P> and P3) were selected as shown in
Fig. 6. P, is the point on the inner wall of the tube
blank, and P, and P; are points on the outer wall of
the tube blank. It can be seen from Fig. 6 that the
flow velocities of the alloy near the outer walls of
the tube blanks are faster than those near the inner
wall during the early stage of the TCESE process.
However, the flow velocities near the inner wall
are faster than those near the outer wall in the
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shear—expanding zone. The flow velocity
differences between the inner and outer parts
of the tube blanks are beneficial to the formation of
shear stress, which is favorable for the dynamic
recrystallization [21].

3.4 Textures of magnesium alloy tubes in
different zones

Thin-walled tubes were prepared successfully
by the TCESE process with a extrusion temperature
of 380°C and an expanding ratio of 2.0. Pole
figures and inverse pole figures (IPF) of the
magnesium alloy tubes in different zones are shown
in Fig. 7. The textures of magnesium alloy tubes in
four zones were analyzed.

The pole figure and inverse pole figure for the
(0001) basal plane in the upsetting zone during
the TCESE process are shown in Fig. 7(a). The
pole figure shows that the basal plane of grains
is parallel to the extrusion direction, and the
texture type is typical of the basal texture of extruded
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Fig. 6 Velocity distribution of tube blanks during TCESE process with expanding ratio of 2.0: (a) Tube blank and three

designated point positions; (b) Point tracking of three points
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Fig. 7 Pole figures and inverse pole figures for (0001) basal plane in different deformation zones during TCESE process:
(a) Upsetting zone; (b) First shear—expanding zone; (c) Second shear—expanding zone; (d) Sizing zone

magnesium alloy. The grains are subjected to strong
compressive stresses from three directions in the
upsetting zone.

In the first shear—expanding zone, the tube
blanks are subjected to shearing forces; however,
the downward compressive stress is still dominant.
Therefore, as shown in Fig. 7(b), the texture
intensities increase, and the orientations of some
grains change accordingly. The dispersion degree
of polar coordinates varies little. Dynamic
recrystallization of magnesium alloy will occur if
accumulative strains and shear forces exerted

by the TCESE process reach certain critical
values [22—24]. Large numbers of fined dynamic
recrystallized grains are distributed among
the grain boundaries. When the tube blank flows
through the second shear—expanding zone, the grain
orientations change greatly. The basal textures are
distributed along the ED, as shown in Fig. 7(c). The
grain orientation deflects along the ED. The texture
strengths are reduced compared with those in the
first shear—expanding zone. The overall pole figures
are more diffusive.

Figure 7(d) shows the pole figure and inverse
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pole figure in the sizing zone. The (0001) basal
plane of most grains obviously deflects. But, there
is still basal texture along the ED, and the texture
strengths are obviously weakened. The pole figure
becomes more scattered compared with that of
Fig. 7(c).

On the one hand, magnesium alloy tubes have
undergone two shear deformations during the
TCESE process. The grain orientations of
magnesium alloy fabricated by the TCESE process
tilt toward the principal stress axis. On the other
hand, the second shear—expanding deformations
will increase the accumulative strains. Dynamic
recrystallization of magnesium alloy occurs during
continuous shears of the TCESE process [25,26].
The dynamic recrystallization degree was affected,
and the grain orientation changed accordingly. In
general, the preferred orientations of the basal plane
in most grains distributed along the ED direction
might be weakened by the TCESE process, and the
orientations of grains become random.

It can be seen from Fig. 7 that the micro-
structures of the tube blanks change significantly.
The grains change obviously in different zones due
to the occurrence of dynamic recrystallization. In
the first shear—expanding zone, recrystallized grains
appear. Uniform equiaxed grains appear in the
sizing zone because the grains are refined
significantly by repeated shear—
expanding deformation. The average grain size of
the thin-walled tube fabricated by the TCESE
process is approximately 10 pm.

continuous

3.5 Hardness distribution

The results of hardness testing for the
thin-walled tubes prepared by the TCESE process
are depicted in Fig. 8. The hardness values were
measured in the upsetting zone, the first shear—
expanding zone, the second shear—expanding zone,
and the sizing region. The average hardness of
magnesium alloy in
approximately HV 57, and the values of magnesium
alloy in the first and second shear—expanding
zones increase to HV 67 and HV 78, respectively.
The average hardness of the sizing zone is
approximately HV 75. The hardness is obviously
improved by the TCESE process. The grain
refinement of magnesium alloy in thin-walled tubes
prepared by the TCESE process is considered one
main reason for the hardness increase [27,28].
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Fig. 8 Hardness of different zones of tube blank
fabricated by TCESE process (error range: + HV 1)

4 Conclusions

(1) Thin-walled tubes were successfully
prepared by the TCESE process at an extrusion
temperature of 380 °C and an expanding ratio
of 2.0, and their diameters were approximately 2
times those of the original tubes.

(2) The influences of expanding ratios on the
deformation of finite element meshes and strain
evolution show that the maximum expanding ratio
is 3.0 for the TCESE process. The flow velocities of
the alloy near the outer and inner walls of the tube
blanks are different during the TCESE process.

(3) Texture analysis results show that the
TCESE process can refine grains of magnesium
alloy tubes with the occurrence of dynamic
recrystallization. The average grain size of tubes
fabricated by the TCESE process is approximately
10 pm. The basal plane of grains is parallel to the
ED in the upsetting zone. The texture intensities
increase, and the orientations of some grains change
accordingly in the first shear—expanding zone. The
grain orientation of the second shear—expanding
zone deflects along the ED, and the texture
strengths are reduced. The preferred orientations of
the basal plane in most grains distributed along the
ED in the sizing zone might be weakened by the
TCESE process, and the orientations of grains
become random. The decrease of the (0001) basal
texture intensities for magnesium alloy tube blanks
is due to continuous plastic deformation.

(4) The hardness of the AZ31 magnesium alloy
was obviously improved by the TCESE process for
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grain refinement of the magnesium alloy during the
TCESE process.
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