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Abstract

In this work, a tube extrusion-shear-expanding (TESE) process was proposed to develop a high-performance magnesium
alloy thin-walled tube, and then a comparison was made with the direct extrusion (DE) process. The microstructure and
mechanical properties of magnesium alloy tubes under different processes were tested and analyzed. Numerical simulations
were conducted by using DEFORM™.-3D software to predict the effective stresses, forming loads, and effective strains during
the forming of magnesium alloy tubes. Compared with DE process, the TESE process with high effective stresses, effective
strains, and forming loads generates a severe plastic deformation of the tube, leading to a more obvious grain refinement
effect on the fabricated tube with a tensile strength of around 293 MPa and an elongation of around 15%. The results show
that the TESE process has obvious advantages. The critical shear force and dynamic recrystallization further refine the grains
and weaken the basal texture strength. The comprehensive performance of magnesium alloy tube is improved.
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1 Introduction

Magnesium alloys have high specific strength, specific
stiffness, electrical conductivity, and processing properties
[1-4], which are widely used in aerospace, communication
equipment, and other fields [5, 6]. However, magnesium
alloy displays a poor plasticity at room temperature because
of its unique hexagonal close-packed (HCP) crystal struc-
ture [7, 8]. Thus, secondary processing is usually used at
high temperature to improve its plasticity, including rolling
[9-11], casting [12, 13], and extrusion [14-16].

Currently, improving the plasticity of magnesium alloy
tubes by extrusion deformation has become the main trend of
various scholars. Che et al. [17] used rotating backward extru-
sion (RBE) to produce AZ80 magnesium alloy cup-shaped.
The results show that the RBE process can improve the fluid-
ity and equivalent strain of the metal of the cup compared
with the conventional backward extrusion (CBE) process.
The RBE process can significantly refine the grains, increase
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the proportion of dynamic recrystallization, and aggravate
the fragmentation and refinement of the second phase. Chen
et al. [18] developed a novel type of composite die to achieve
continuous cyclic extrusion deformation of AZ31 magne-
sium alloy with variable cross-section. After three cycles of
deformation, the grain orientation of AZ31 magnesium alloy
exerted a directional transformation, leading to the refinement
of average grain sizes of the upper and lower ends to 6.1 pm
and significant improvement of the microhardness and ten-
sile strength in both horizontal and axial directions. Zhang
et al. [19] used DEFORM-3D software to simulate the reverse
extrusion forming of AZ31 magnesium alloy and explored the
influence of extrusion temperature, extrusion speed, and die
angle on the reverse extrusion forming process and obtained
the best process parameters. Lei et al. [20] used DEFORM-3D
software to simulate the wide spreading and split extrusion
process of large diameter AZ31 magnesium alloy tube, and the
optimum process parameters were determined. Through the
above scholars’ research on extrusion forming, it is found that
the extrusion forming process can refine the grains of mag-
nesium alloy. The combination of numerical simulation and
extrusion process can optimize the die structure and extrusion
process parameters and seek the best extrusion process condi-
tions, so as to improve the quality of extrusion products and
reduce the experimental cost.
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In general, although constant speed and temperature
were adopted during the preparation of magnesium alloy
tubes, the direct extrusion (DE) process may result in small
plastic deformation, uneven grain size, and poor mechanical
properties in the prepared samples.

Therefore, a direct extrusion and continuous multiple
shearing was combined to prepare magnesium alloy profiles
in our previous work [21-23]. Compared with direct
extrusion, extrusion shearing could generate severe plastic
deformation, a refinement of grain size, and an improved
yield strength of the magnesium alloy.

The present work proposed a tube-extrusion-shear-
expanding (TESE) process to improve the microstructure
of magnesium alloy tubes and improve the quality of
tubes. In the TESE process, local back pressure and shear
stress are applied to the material at the corners to further
refine the grain sizes and improve the machinability
and strength of the magnesium alloy. The comparison
between direct extrusion (DE) and TESE processes was
conducted, and DEFORM™.3D finite element software
was employed to reveal the evolution of effective stress
of billets, forming loads, and effective strains during the
tube different extrusion methods. The microstructure,
texture strength, and mechanical properties of magnesium
alloy tubes prepared by different extrusion methods were
analyzed and compared.

2 Experimental
2.1 Materials
The experimental material was commercial AZ31

magnesium alloy with the elemental mass fractions shown
in Table 1. The experimental equipment used multi-cylinder

2.2 FEM simulation

In this paper, the finite element numerical simulation method
is used to analyze the forming conditions and multi-physical
fields in each stage of the billet forming process. Due to the
symmetrical nature of the tube-forming process, a 1/2 model
was used for the simulation to increase the rate of calcula-
tion, the specific parameters of which are shown in Table 2.
Figure 1 shows schematic diagrams of the die structures of
the TESE and DE processes. The die is mainly composed
of a punch, container, magnesium billet, die, and mandrel.

2.3 Microstructural characterization
and mechanical testing

The microstructures were analyzed using an optical micros-
copy (OM) under different processes. The samples were
polished and corroded by etching solution (3g picric acid +
20 ml acetic acid + 50 ml ethanol + 20 ml distilled water).
The microstructure of the samples prepared by different pro-
cesses was observed by OM (Leica DMI5000M).

The mechanical properties of the tubes were tested
using tensile testing and hardness testing. Tensile test sam-
ples were taken by wire cutting, with a sample size of 30
mm X 2 mm X 1 mm, as shown in Fig. 2a. Tensile tests
were carried out using an MTS universal tensile tester at a
room temperature of 20 °C at a rate of 0.5 mm/min. Frac-
ture analysis was carried out using SEM immediately after
stretching. The hardness of the tubes was tested for differ-
ent processes using the HVS-100Z automatic turret digital

Table 2 FEM simulation parameters

servo synchronous extruder, the maximum force of 2500 Name Parameter

KN. Before the extrusion experiment, the magnesium alloy Length of the tube blank (mm) 80

billet was processed to a tube sample with a length of 80 Inner diameter of AZ31 (mm) 20

mm, an outer diameter of 40 mm, and an inner diameter Outer diameter of AZ31 (mm) 40

of 20 mm. The magnesium alloy tube was polished with Preheated temperature of tube blank (°C) 440

SiC sandpaper to remove surface oxides and impurities. The extrusion velocity (mm/s) 4

The heating rod was used to preheat the mold and billet. Number of mesh 30000

The thermocouple thermometer was used to monitor the Mesh density type Relative

temperature of the billet every five minutes. When the Thermal conductivity between billet and die (N/ 11

temperature reached the specified temperature, the extrusion (°C-s:-mm))

was performed. The extrusion temperature was 440 °C, and  Friction coefficient 0.25

the extrusion speed was 4mm/s. Simulation type ngrangian
mcremen-
tal

E‘bAIeZ; , iﬁfgiﬁfiﬁﬁfjmon Material Al Zn Mn Cu Fe Si Mg

(wt%) AZ31 2.80 0.70 >0.20 0.01 0.05 0.08 Balance
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Fig.1 Schematic diagram of
the die structures of a TESE (a)
process and b DE process

Punch

Container

Container

display microhardness tester. Each sample was tested using
ten points, and the average was obtained by removing the
maximum and minimum values. The hardness test was
loaded with a load of 100 g and a holding time of 10 s.
The texture of the samples was analyzed by X-ray
diffractometer (XRD). The texture of the formed tube was

Fig.2 a Tensile sample. b XRD (a)
sample

(b)

Mg billet

Mg billet

lLoad

detected by a PANalytical Empyrean X-ray Diffractometer.
The Cu target was used, the acceleration voltage was 40 Kv,
the current was 40 mA, and the scanning step was 0.02°.
Samples were taken as shown in Fig. 2b, and XRD samples
were polished with SiC sandpaper and soaked in alcohol
solution for testing.

Surface to
be teseted ED
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3 Results and discussion
3.1 FEM analysis
3.1.1 Evolution of effective stress at different processes

Figure 3 shows the stress evolution at different stages of
the TESE and DE processes at a preheating temperature
of 440°C. Under the action of the extrusion rod, the form-
ing of the tube experienced upsetting stage, TESE stage,
and DE stage respectively. From the overall distribution of
the equivalent stress of the tube, the effective stress at both
ends is greater than the middle part. The maximum effective
stress of the tube blank appears in the upper part. Because
the upper part of the tube blank is directly affected by the
extrusion rod, the stress value is larger. As shown in Fig. 3b
and c, the upsetting deformation of the billet was completed

Fig.3 Stress changes in tube
billets during forming by the
TESE and DE processes: a,

e upsetting stage, b, ¢ TESE
stage, f, g DE stage, d, h sizing
stage

(2) o

— (b)Y

to enter the shear zone. The larger the shear stress generated
in the shear zone leads to an increased deformation resist-
ance. Meanwhile, the billet was also hindered by the corner,
showing an irregular stress distribution of TESE stage and a
maximum stress of approximately 28.5 MPa. It can be seen
from Fig. 3f and g, when the billet entered into the DE stage,
due to the constraints of the mold, the deformation is small,
and the maximum stress is about 17.6 MPa.

3.1.2 Load-stroke variation for different TESE processes

Figure 4 shows the forming load curves of magnesium alloy
tubes during the DE and TESE processes. It can be seen that
the forming loads during the two deformation process both
gradually increased with the increase of the strokes. Besides,
the loads gradually increased with the plastic deformation of
the billet under the extrusion forces during the upsetting forging

Stress - Effective (MPa)
40.0 I
35.0

30.0

s ()

25.0

20.0

15.0

10.0

5.00

0.000

b d

Stress - Effective (MPa)

@ Springer



The International Journal of Advanced Manufacturing Technology (2023) 127:3979-3987

3983

1x10° 7??%
8x10* | | }
' Il | J il I
cou MRS
g LM i w‘ (M
Yeaol (1] h
5“’%/: DE stage
2><1()4 | Qé%;/‘- i
0 — : L 1 1 1
0 10 20 30 40
Stroke/mm

Fig.4 Load-stroke curves of formed tubes for different processes

stage of two processes. As the extrusion process proceeded, the
billet underwent the TESE process, resulting in a further plastic
deformation and an increased extrusion force rapidly under the
extrusion forces and die corner shear. Compared with the TESE
process, the billet underwent the DE stage with a relatively low
extrusion force, leading to a lower load in the DE process. The
maximum forming load during the TESE process decreased by
57% from 9.3x10* N to 4x10* N.

Fig.5 Strain evolution of tubes
under different processes: a—b

3.1.3 Effective strain evolution of formed tubes
under different processes

To further investigate the distributions of the effective
strains of the magnesium alloy tube during the TESE
process, three different points at the bottom of the tube were
selected by point tracing to investigate the distributions of
the effective strains of magnesium alloy tube during the
TESE process. The effective strain values of the DE process
firstly increased to a stable state and then continued to
increase, while that of the TESE process gradually increased
with the progress of extrusion deformation. As shown in
Fig. 5b and d, the ends of the formed tube displayed a much
larger effective strain values than the middle, indicating
that both two ends were the main deformation areas. The
upper end of the tube with direct contact with the punch
was subjected to extrusion pressure, leading to an increase
in the effective strain values. The lower end was subjected
to different die configurations, resulting in a severe plastic
deformation and an increase in the equivalent value. In
addition, the effective strain on the tube surface with two
deformation methods exhibited quite different distribution.
The forming process of TESE achieved a larger effective
strain and a wider area of plastic deformation than DE.
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3.2 Microstructures

The cross-sections of the tubes prepared via the TESE
and DE processes were observed to investigate the
influences of formation process on their microstructures.
As shown in Fig. 6a, the average grain size of the initial
billet was approximately 59.88 pm. Figure 6b shows the
microstructures of the sections in the DE-formed tube. As
shown in Fig. 6b and c, the grain sizes were significantly
refined with the plastic deformation during the DE and
TESE processes. The deformation resulted in the breakage
of the original grains and the formation of new grains.
After a series of TESE process, the grains were obviously
refined but with a low uniform distribution, and some large
grain was still visible, which may be due to the growth
of some grains to form equiaxed grains after dynamic
recrystallization at a higher temperature. Figure 6¢ shows the
cross-sectional microstructure of a tube formed by the TESE
process. It can be seen that the grain size exhibited a better
uniformity than that formed by the DE process. Moreover,
a larger deformation volume of the TESE process allowed
for more recrystallized cores per unit volume when dynamic
recrystallization occurred. Compared with the DE process,
the higher degree of dynamic recrystallization in the TESE
process resulted in a formed tube with more equiaxed
crystals and finer and more uniform grains with an average
grain size of approximately 7.07 pm.
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3.3 Macro-texture of magnesium alloy tubes
formed by different processes

During the plastic machining of the metal, the formation
of texture exerted great influence on the properties of the
formed products. During the extrusion of magnesium alloy
tube, the billet was subjected to the plastic deformation under
the stress with a basal slip is as the main form, and the grain
(0002) plane in the billet would be inclined to the direction
of the principal stress axis (ED direction). Figure 7 shows
the distribution of macroscopic texture in magnesium alloy
tubes prepared via the DE and TESE processes with the same
process parameters [24]. As can be seen from Fig. 7a, the
distributions of the (0002) basal textures of the DE-formed
tube indicated that the basal plane of most grains was parallel
to the extrusion direction (ED), which was typical of the basal
textures of magnesium alloys. As can be seen from Fig. 7b,
the distributions of the (0002) basal texture in the TESE-
formed tube suggested that some grains were still parallel
to the ED direction. However, the orientation of the grains
was significantly deflected compared with that of Fig. 7a, and
the maximum polar density value dropped from 40.3 to 13.6,
leading to a reduced strength of the textures. The introduction
of shear angle made the magnesium alloy billet to be subjected
to shear stress during the forming process, leading to an
inclined overall force. Most grains would not completely tilt
to the direction of compression stress during the slip process
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Fig.6 Microstructure of formed tubes under different processes: OM diagram of (a, b, ¢) and grain size distribution of (d, e, f)
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Fig.7 Texture of formed tubes TD

by different processes: a DE and (a) 0002 Max=40.347 -

b TESE - 1120 -
og 7
i ED
i 35

ED f = i

15 19
12 i
09 08
06 0001

(b)

due to the existence of shear stress, resulting in the change of
grain orientation and the decrease of texture strength.

3.4 Mechanical properties
3.4.1 Tensile tests

As an important indicator of mechanical properties of metal
material, tensile properties of the tubes prepared with DE
and TESE processes were determined. Figure 8 a and b show
the stress—strain curves and tensile property parameters.
Compared with the DE process, the magnesium alloy tubes
prepared with the TESE process exhibited greatly improved
mechanical properties. The tensile strength of the formed
tubes under two different processes is about 226 MPa and
293 MPa, respectively. In addition, the 15 % elongation of
the TESE tube is better than that of the DE tube:

oy Mn=0.102
1010 Ma=0ss

0002 Max=13.661 1130
. :
ED
ED
0001 1010 o0
N )

where o is the material yield strength (MPa), o, is the single
crystal yield strength (MPa), k is the constant, and d is the
average grain size (um).

Based on the Hall-Petch formula (Eq. 1) [25], the yield
strength of the material was inversely proportional to the grain
size. Due to the dynamic recrystallization of the magnesium
alloy grains prepared by the TESE process, the grains were
refined and homogenized significantly, leading to an increase
in the number of grain boundaries within a certain range.
When the deformation occurred, the grain boundary appeared
to prevent dislocation slips, resulting in a dislocation accumu-
lation at the grain boundaries and an increase of the strength.

Tensile fractures of the tubes were observed to compre-
hensively analyze the difference of mechanical property of

Fig.8 a Tensile stress—strain (a) 0F —oe (b) 1 UTS(MPa)
curves of formed tubes for iy I YS(MPa)
different processes. b Tensile 2501 300 F CJEL(%) 292.8
properties of formed tubes for
different processes Fa00t 2264
z
7 200 -
fisof
n 100l 140.3
110.8
100
50+
0 1 1 1 1 1 1 1 1 149
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0 ! ;
Strain(%) DE TESE
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Fig.9 Tensile fracture morphol-
ogy of formed tubes prepared
by different processes: a—b DE
and c-d TESE

the magnesium alloy tubes prepared via the DE and TESE
processes. The fracture mode is generally determined by the
fracture morphology. Figure 9 a and b show the fracture pat-
terns of the tube formed via the DE process, suggesting a
relatively flat fracture at a low magnification, and an unrave-
ling fracture with a stepped pattern at a high magnification.
The fracture was split along a certain grain surface under
a tensile stress, and the surface of the fracture was gener-
ally a low-index grain surface. Therefore, the (0002) plane
of magnesium alloys was generally the fracture resolution
plane, which was also preceded by plastic deformation. A
small amount of toughness nests was also observed from
Fig. 9b, indicating that the DE-formed tubes was subjected
to quasi-deformation fractures. Figure 9 ¢ and d show the
fracture profiles of the tube formed via the TESE process,
suggesting a distinct bladed fracture with an uneven, jag-
ged undulating feature at a low magnification, and more
equiaxed tough nests at a high magnification as a result of
the specimen movement along a certain slip surface under a
tensile stress. Therefore, the TESE-formed tube exhibited a
fracture mode of ductile fracture, and a better plasticity than
the DE-formed tube based on fracture morphology.

3.4.2 Microhardness

Figure 10 shows the distribution of the cross-sectional hard-
ness of the tubes formed by the two processes under the
same process parameters. The hardness values of the mag-
nesium alloy tube formed by the DE and TESE processes
are approximately 61 HV and 75 HV, respectively. The hard-
ness values of the tubes formed by the TESE process are
significantly higher than those of the tubes formed by the
DE process. The TESE process significantly improves the
deformation resistance of the magnesium alloy tube surface.

@ Springer

4 Conclusions

(1) In this paper, magnesium alloy thin-walled tubes are pre-
pared by numerical simulation and experiment. The grain size
of the tubes formed by the TESE process is finer and more
uniformly distributed than that of the DE-formed tubes.

(2) In the tube-forming process, the effective stress and
effective strain are higher in the TESE process compared to the
DE process, and the maximum forming load is approximately
1.2 times higher in the TESE process than in the DE process.

(3) The mechanical properties (hardness, strength, elonga-
tion) of TESE tubes are also better than those of DE tubes with
a tensile strength of around 293 MPa compared to 226 MPa for
DE-formed tubes. Compared with direct extrusion (DE) forming,
the addition of the shear-expanding stage can effectively weaken
the basal texture of the tube, promote the degree of dynamic
recrystallization, and make more grains in the soft orientation.
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Fig. 10 Hardness of the cross-section in tubes formed by different
processes
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