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Abstract

To study the influences of expanding angles on extrusion-shearing-expanding (ESE) process of AZ31 magnesium alloy thin-
walled tubes, microstructures and mechanical properties of tubes fabricated by ESE process with different expanding angles
130°, 140°, 150°, respectively, have been investigated by an optical microscope (OM) and an X-ray diffractometer (XRD). The
load-stroke curves and equivalent strains changing with different expanding ratios of ESE die structures have been simulated by
Deform-3D software. The research results showed that the expanding ratios and expanding angles have great influences on
forming loads and equivalent strains, and ESE process can refine the grains of AZ31 magnesium alloy thin-walled tubes
effectively, and grain sizes decreased with the dropping of expanding angles. When expanding angle is 140° and the temperature
is 380°C, and the expanding ratio is 1.6, the comprehensive mechanical properties of the tubes with yield strength 122.3MPa,
tensile strength 288.6MPa, and elongation 15.2% are the best. The texture intensities of AZ31 magnesium alloy were decreased
due to the strong shearing force and the dynamic recrystallization (DRX) caused by ESE process. The basal plane of most grains

have been deflected relative to the extrusion direction (ED) obviously.
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1 Introduction

Due to the advantages such as high specific strength, low cost,
low density, and excellent machinability, magnesium alloys
become a commercial alloy, and great attentions have been
attracted by many researchers [1-3]. However, magnesium
alloy exhibits poor workability at room temperature because
of the inherent hexagonal close-packed (HCP) crystal struc-
ture [4]. In recent years, a great deal of researches have been
carried out on how to improve the mechanical properties of
magnesium alloys [5-8]. Many parameters have effects on
mechanical properties of magnesium alloys such as
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processing technologies, temperatures, and textures [9]. For
another, the large diameter magnesium alloy tubes with good
mechanical properties have attracted great attentions. For ex-
ample, Lei et al. [10] simulated the variations of extrusion
pressures, extrusion temperatures, and welding pressures of
a large-diameter AZ31 magnesium alloy tube by spread-
dividing extrusion process. Li et al. [11] studied the effects
of frictions on the deformation state during the tube
expanding. The stress-strain mathematical expression about
friction coefficients has been obtained, and effects of frictions
on the neutral layers have been analyzed, and the expressions
between relative radius and friction coefficient have been
gained. Shen et al. [12] simulated the tube-expanding extru-
sion forming process of AZ31 magnesium alloy tube. The
influences of different temperatures and die angles on the
extrusion force were analyzed. The results show that the
higher the temperature is, the smaller the extrusion force is.
Dong et al. [13] optimized the hot extrusion process of large
caliber magnesium matrix composite tube and analyzed the
changes of microstructures and mechanical properties and re-
vealed the micro mechanism during deformation. The extrud-
ed tubes of SiCp/AZ91 composite with outer diameter of
260 mm and 130 mm have been formed successfully under
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the best process (extrusion temperature 400°C, extrusion
speed 1 mm/s).

Many studies have been carried out on the diameter
expanding of magnesium alloys. However, most studies are
related to numerical simulation analysis, or cracks or holes
and other defects on the surfaces of the thin-walled tubes.
The purposes of the present researches are to manufacture
large-diameter thin-walled tubes with excellent mechanical
properties and good surface quality by extrusion-shearing-
expanding (ESE) process which includes direct extrusion
and continuous shearing-expanding. The influences of differ-
ent expanding ratios and expanding angles on ESE process of
AZ31 magnesium alloy thin-walled tubes have been explored
by experiments and numerical simulations.

2 Experimental

The initial material was the commercial AZ31 magnesium
alloy. The chemical composition of AZ31 is shown in
Table 1. The billets were machined into the tube with outer
diameter of 39.8mm and inner diameter of 20.2mm and the
length of 80mm. The billets were annealed at 673 K for 12h
before the extrusion-shearing-expanding [14]. The numerical
simulations have been carried out by ESE process with
expanding ratios 1.6, 2.0, and 2.5, respectively. The experi-
ment have been carried out by ESE process with expansion
ratio 1.6, and the expanding angles were 130°C, 140°C, and
150°C, respectively, and the preheated temperature of tube
billet was 380°C.

The schematic diagram of extrusion equipment and tubes
prepared by ESE process is shown in Fig. 1, and the schematic
diagram of ESE process is described in Fig. 2.The expanding
ratio is defined as the ratio of inner diameter of formed tube
(Dy) by ESE process to the inner diameter of the tube billets
(D3). The expanding angle a is defined as an angle between
the expanding zone and the upsetting zone as show in Fig.
2.With the development of ESE process, the diameter of tube
would be enlarged. The extrusion experiments have been car-
ried out by hydraulic equipment with extrusion rate of Smm/s.
The relevant simulations and experimental parameters are
shown in Table 2. The microstructures of formed tubes have
been observed by an optical microscope (OM) along the lon-
gitudinal sections. The formed tubes with different expanding
angles have been cut into the standard tensile samples as
depicted in Fig. 3, and the tensile testing was carried out on

Table 1 Chemical composition of AZ31 magnesium alloy (wt%)

Material Al Fe Mn  Zn Cu Si Mg

AZ31 32 0.05 0.8 0.63 0.01 0.05 Balance
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the MTS machine with tensile speed Ilmm/min. The textures
of tubes fabricated by ESE process with different expanding
angles were analyzed by XRD.

3 Results and discussion

3.1 The load-stroke curves varying with different
expanding ratios

Figure 4 shows that load-stroke curves varying with different
expanding ratios of ESE die and preheated temperature of tube
billet 380°C.The expanding ratio is defined as the ratio of the
inner diameter of the formed tube (D)) to the inner diameter of
the upsetting tube (Dj3). It can be seen from the image that
load-stroke curves can be divided into three steps during the
ESE process, which include the upsetting step, diameter
expanding step, and tube sizing step. When the stroke is about
6mm, the upsetting deformation of the billet is complete, and
the loads increase. When the stroke is about 13mm, the ESE
process would be complete basically. During ESE process, the
loads increase obviously because of severe plastic deforma-
tion of tube billet, and bigger extrusion forces would be re-
quired. And growth rates of loads are higher than the upsetting
stage obviously. Loads fluctuate up and down during the
sizing region of ESE process. On the other hand, the loads
increase obviously with the rising of the expanding ratios.

3.2 Equivalent strain evolution with different
expanding angles

The optimized die structures especially expanding angles are
advantageous to ESE process. The expanding angle a is de-
fined as an angle between the expanding zone and the upset-
ting zone as shown in Fig. 2. The optimized expanding angle
could avoid tube burst, and promote the performances of the
tubes prepared by ESE process. The simulations of different
expanding angles (130°, 140°, 150°) have been carried out by
the Deform-3D software. The simulation results are shown in
Fig. 5. It is clearly seen that the equivalent strains decrease
with rising of the expanding angles. The variation tendency of
equivalent strains with different expanding angles of ESE die
is similar.

The stresses are concentrated in the shearing deformation
zone during the ESE process and there exits severe plastic
deformation. The largest equivalent strain is about 8 in the
shearing deformation zone when the expanding angle is 130°.

3.3 Flow velocities varying with different expanding
angles of ESE die

The expanding angles have great influences on the metal flow
behaviors, and the point tracking method is used to describe
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Fig. 1 a, b Experimental
equipment and the formed tube
prepared by ESE process

velocity evolution. The Py, P,, and P; have been selected as  angles have great influences on metal flow behaviors of AZ31
the designated points shown in Fig. 6 a. Figure 6 b, c,anddare =~ magnesium alloy. The maximum flow velocities are about 60,
the velocity fields during ESE process with different 37, and 33 for different expanding angles of ESE die.
expanding angles of ESE die. It can be found that expanding  According to the results of point tracking, flow velocities of

Fig. 2 Schematic diagram of
three and two dimensional die
structures of ESE process Punch
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Table 2 Finite element

simulation and experimental Name Parameters
parameters [15, 16]
Billet length (mm) 80
Billet outer diameter (mm) 39.8
Billet of internal diameter (mm) 20.2
Extrusion-shearing-expansion angle (°) 130, 140, 150
Expanding ratio 1.6,2.0,2.5
The temperature (°) 380
The extrusion velocity (mm/s) 5
Coefficient of linear expansion (/°C) 26.8E-6
Friction coefficient 0.12
Thermal conductivity between billet and die (N/°C.S.mm?) 11
D3 (mm) 20
Solver Conjugate gradient with direct iteration

Simulation type

Lagrangian incremental

the center part in tubes are higher than those of the edge parts
during the ESE process. If expanding angles are reduced, the
metal flow performance of tube billets would reduce.

3.4 Tensile tests

Table 3 shows the tensile test results of samples prepared by
ESE process with different expanding angles 130°, 140°, and
150° for ESE die. The experiments have been carried out by
ESE process with expanding ratio of ESE die 1.6 and
preheated temperature of tube billet 380°C. When the
expanding angle is 130°, the yield strength is 130.6MPa,
and ultimate tensile strength 300MPa, and elongation
14.8%. The yield strength, ultimate tensile strength, and elon-
gation of the formed tube are 122.3MPa, 288.6MPa, and
15.2%, respectively, if the expanding angle is 140°. If the
expanding angle is 150°, the yield strength of the formed tube
is 113.4MPa, and ultimate tensile strength 272.6MPa, and
elongation 13.6%. In short, the comprehensive mechanical
properties of the tubes prepared by ESE process are the best
when the expanding angle of ESE die is 140°, and other con-
ditions are the same.
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Fig. 3 Schematic diagram of tensile specimens
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3.5 The XRD analysis

Figure 7 shows the pole figures of AZ31 magnesium alloy in
the tubes prepared by ESE process with different expanding
angles. Generally speaking, the formed tubes would exhibit
strong basal textures, and the textures would distribute along
the extrusion direction (ED), for the basal texture formation
would affect performances of thin-walled tubes, so it is nec-
essary to weaken the texture intensities [17]. During the tradi-
tional direct extrusion process, the fiber textures would be
generated. But strong shearing effects would product during
ESE process. The fiber textures would be changed due to the
strong shear deformation and dynamic recrystallization of
magnesium alloy during the ESE process. The orientations
of new nucleated grains during dynamic recrystallization
would increase randomly, and more oriented grains with
non-basal plane would generate, and the intensities of basal
textures may be weakened. When the expanding angle of ESE
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Fig. 4 Curves of load-stroke with different expanding ratios of ESE die
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die is 150°, the basal plane (0001) of most grains are still
parallel to the ED, and grain orientations are concentrated
relatively. The shearing forces are small relatively during
ESE process with larger expanding angles, and the slip direc-
tion of most grains may deflect towards the stress principal
axis. Basal plane of most grains have deflected along the ED
obviously if the expanding angles are changed. The intensities
of textures as show in Fig. 7(b) have been weakened signifi-
cantly, and the intensity value is about 9.4. When the
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Fig. 5 Equivalent strains with different expanding angles during ESE process. (a) 150°, (b) 140°, (c) 130°

expanding angle is 130°, the dispersion degree of (0001) basal
plane in pole diagram is the highest.

3.6 Microstructures

Figure 8 a shows the microstructures of annealed AZ31 mag-
nesium alloy in tube billets as initial raw material. It can be
seen that the grains are coarsen after annealing. Figure 8 b, c,
and d show the microstructures of tubes fabricated by ESE
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Fig. 6 The distributions of velocity fields with different expanding angles during ESE process. a The original points, b 150°, ¢ 140°, d 130°

@ Springer



Int J Adv Manuf Technol (2022) 118:751-758

756

Table 3  Tensile properties of formed tubes with different expanding
angles of ESE die

Expanding angle YS (MPa) UTS (MPa) EL (%)
130° 130.6 300.5 14.8
140° 122.3 288.6 15.2
150° 113.4 272.6 13.6

process with different expanding angles and preheated tem-
perature of tube billet 380°C during ESE process. It can be
seen that the microstructures are refined obviously after ESE

Fig. 7 Pole diagrams of AZ31
magnesium alloy fabricated by
ESE process with different
expanding angles of ESE die. (a)
150°, (b) 140°, (c) 130°

(2)
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process, and the original coarse grains are refined from aver-
age grain size 70um to about 8um, and become uniform
equiaxial grains. The large shearing strains might be caused
by the severe plastic deformation in the extrusion-shearing-
expanding region, and the deformed grains would turn into
dynamic recrystallized grains. By combining the previous ex-
perimental results [18, 19], the dynamic recrystallization
(DRX) would occur during the extrusion-shearing process.
The degree of recrystallization may be changed with the
expanding angles of ESE die during the ESE process. When
the expanding angle is 150°, the shearing stress is small in the
expanding area, and the dynamic recrystallization (DRX)

TD,

(10-10)

ED

MAX=13.37

O

=

MAX=9.41

MAX=11.3




Int J Adv Manuf Technol (2022) 118:751-758

Fig. 8 Microstructures of
specimens for tubes fabricated by
ESE process with different
expanding angles, a annealed, b
150°, ¢ 140°, d 130°

volume fraction is small relatively. It is characterized by fine
equiaxed recrystallized grains which is shown in Fig. 8 b. If
the expanding angle is 140°, the dynamic recrystallization
volume fraction increases with rising of shear stresses caused
by ESE die with smaller expanding angle. The homogeneity
of the microstructures increases with rising of strains which
are shown in Fig. 8 ¢ and d.

4 Conclusion

(1) The grain sizes of AZ31 magnesium alloy can be refined
by ESE process significantly, and average grain size is
about 8 wm when the expanding angle is 130°.

(2) During ESE process, the loads-strokes and the equivalent
strains are the largest in the shearing-expanding region.
The expanding ratios and expanding angles have great
influences on loads-strokes and equivalent strains. The
forming loads increase with rising of the expanding ra-
tios, and the equivalent strains decrease with rising of the
expanding angles.

(3) The comprehensive mechanical properties of the tubes
fabricated by ESE process vary with the change of the
expanding angles. When the expanding angle and
expanding ratio and preheated temperature of tube billet
are 140°, 1.6, and 380°C, respectively, the comprehen-
sive mechanical properties are the best, and yield
strength and tensile strength and elongation are
122.3MPa, 288.6MPa, and 15.2%, respectively.

(4) The expanding angles have great influences on the tex-
ture intensities due to the strong shear force caused by
ESE die and the DRX of AZ31 magnesium alloy tube

ey

prepared by ESE process with different expanding an-
gles, and basal plane of most grains has been deflected
relative to the extrusion direction (ED) obviously.
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