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Abstract
A new severe plastic deformation for manufacturing Al/Mg bimetallic tube called the TES (tube extrusion shearing) process,
which combines direct extrusion with two-step shearing, has been developed to manufacture Al/Mg bimetallic tube. Load
evolution with stroke at different temperatures has been simulated by establishing three-dimensional finite element simulation
of the TES process of Al/Mg bimetallic tubes. To explore the deformation mechanisms of the Al/Mg bimetallic tube during the
TES process, the microstructures and phase compositions and microhardnesses of the bonded layer have been observed and
analyzed. A higher extrusion temperature would decrease the extrusion loads. Defects of bonding layer appear less if the
extrusion temperature is higher, and the bonding layer of the bi-metal tube has better quality. Three eutectic compounds,
Mg2Al3, MgAl, and Mg17Al12, can be formed in the interface transition zone. The average hardness of the bonding layer is very
high. The results indicate that the TES process can produce large plastic deformation and manufacture Al/Mg bimetallic tube and
improve the bonding layer.
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1 Introduction

Magnesium alloys have characteristics of low density, high
specific strength, excellent machinability, etc., which are
known as a green material for sustainable development of
resource and environment in the twenty-first century [1–4].
Therefore, it is widely used in aerospace, automobile, 3C
electronics, and precision instrument industries [5].
Unfortunately, the crystal structure of magnesium alloy is in-
herent hexagonal close-packed (HCP), which have few slip
systems and poor plastic deformation ability, which hinders its
wide application in various fields at room temperature.

Magnesium alloys have a poor corrosion resistance because
second phases or impurity elements could cause galvanic cor-
rosion and oxidation films on the surface of magnesium al-
loys, which are porous structures and cannot protect magne-
sium alloys from corrosion effectively when compared to oth-
er alloys [6–8].

In contrast to magnesium alloys, the aluminum is light
metal alloy also, and aluminum alloy is the most widely used
material besides steel. Aluminum alloy will form an oxide
film to further prevent corrosion when it was exposed to the
air. Al and Al alloys usually own good plastic forming ability
and corrosion resistance. The double-layer composite tube is a
kind of composite material which is composed of two kinds of
metals with different properties, which are difficult to achieve
by the individual constituents [9]. The bimetallic tube has high
strength, corrosion resistance and excellent conductivity, heat
conduction, and other comprehensive properties. Therefore,
the bimetallic tube is more and more used in various fields.
With the development of materials, the trend of lightweight
materials is increasing, and the use of light alloy and compos-
ite materials has become a new trend. Magnesium alloy is
lightweight and non-corrosion resistant, while aluminum alloy
is the opposite. Both metals have their own advantages. The
aluminum alloy and magnesium alloy were extruded to
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produce a bimetallic composite with magnesium alloy as the
inner layer and aluminum alloy as the outer layer by TES
process.

Plastic forming technology is widely used in the composite
process of bimetallic composite tube at home and abroad.
Bimetallic composite material is a new kind of material. Its
manufacturing principle is to make two or more metal com-
pounds by using specific composite manufacturing technolo-
gy and process on the contact interface. Compared with the
matrix, the composite metal generally has different physical,
chemical, and mechanical properties [10]. There are many
production methods of double clad tube, such as drawing,
extrusion, explosion, hot rolling, centrifugal casting, continu-
ous casting explosion, and welding complex method [11].
These methods have been applied in production, but there
are still some shortcomings such as high energy consumption,
high cost, poor quality, and serious environmental pollution.
Some methods also have some shortcomings as follows: pro-
cess is complex, and the position and thickness of the bonding
interface are inaccurate, and wall thicknesses are uneven, etc.
In view of the above shortcomings, a novel severe plastic
deformation method for manufacturing Al/Mg bimetallic tube
has been proposed.

In the present research, an attempt is made to combine
direct extrusion process and successive shearing to manufac-
ture Al/Mg bimetallic tube, which is shortened as TES (tube
extrusion shearing) in this paper. Both experiments and nu-
merical finite element modelings of TES process have been
carried out. To illustrate the potential industrial application of
the TES process of manufacturing Al/Mg bimetallic tube, a
complex extrusion die is designed and manufactured.
Bonding layers of Al/Mg bimetallic tube have been observed
and analyzed with different extrusion temperatures.
Microstructural analysis and hardness testings have been per-
formed on the deformed tube.

2 Experimental procedure

2.1 Materials

The properties of the selected matrix and coated tubes play an
important role in the forming quality of the bimetallic com-
posite tubes. The comprehensive properties need to be consid-
ered when two kinds of materials are selected [12]. In the
experiment, commercial AZ31 magnesium alloy tube was
used as the intermediate matrix tube and 6063 aluminum alloy
was used as the cladding layer tube and Table 1 shows the
chemical composition of AZ31 and 6063.

The magnesium material was cut into specimens with 80-
mm length and inner diameter φ20.2 mm and outer diameter
φ24.8 mm, respectively. The aluminum was cut into speci-
mens with 80-mm length, and inner diameter φ24.9 mm and

outer diameterφ39.7 mm, respectively. The samples are then
polished. Then, ultrasonic cleaning is carried out to remove
surface impurities. Magnesium alloy tube was put into alumi-
num alloy tube. The die and billets were heated to 360°C,
390°C, and 420°C, respectively. Then, the extrusion experi-
ment is performed.

2.2 Finite element method simulation

During the TES process of Al/Mg bimetallic composite tube,
extrusion temperatures have a great influence on the metallur-
gical bonding behavior. The DEFORMTM-3D software has
been used to predict the effects. DEFORM is an engineering
software which enables designers to analyze metal forming.
Process simulation using DEFORM has been instrumental in
cost, quality, and delivery improvements at leading companies
for two decades [13]. In order to obtain the best process pa-
rameters, it is necessary to carry out numerical simulation
analysis many times before carrying out the TES experiment.
In this paper, the billets and die are defined, respectively, and
the constitutive equation of AZ31 is imported [14].
Parameters used in numerical simulation including material
characteristics of the TES process, the parameters of billet
temperatures, the coefficients of friction between the die and
the workpiece, etc., have been listed in Table 2. In the design
of die, the shearing area of the mandrel does not have the same
horizontal height as the shearing area of the die, which is 2 cm
higher than the shearing area of the die; the die is composed of

Table 1 Chemical composition of AZ31 and AA6063 (wt %)

Material Mg Si Cu Zn Mn Fe Al

AZ31 Balance 0.05 0.01 0.63 0.7 0.05 3.2

AA6063 0.58 0.43 <0.01 0.016 <0.01 0.06 Balance

Table 2 Simulation parameters of TES

Name Parameter

Inner diameter of AZ31 (mm) 20.3

Thickness of AZ31 (mm) 4.5

Outer diameter of AA6063 (mm) 39.8

Thickness of AA6063 (mm) 4.5

Inner diameter of container (mm) 40

Outer diameter of container (mm) 20

Extrusion temperature (°C) 360, 390, 420

Extrusion velocity (mm/s) 1, 2, 3

Friction factor 0.1, 0.2, 0.3

Thermal conductivity between billet
and mold (N/°C. S . mm2)

11
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the upsetting area, the shearing deformation area, and the
sizing area as shown in Fig. 1.

The CVCES equipment and the cross section of the tube
are shown in Figs 2a and 2b.

2.3 Microstructure characterization

Optical microscopy (OM;DMI5000M), scanning electronmi-
croscopy (SEM; ZEISS SIGMAHD), and microhardness tes-
ter (HVS-1000)were used to investigate the microstructure of
the composite material after the extrusion. All the samples for
microstructure observation have been carried out in common
extrusion region, shearing region, and bonding layer region,
respectively. The specimens for OMwere polished and etched

in picric acid (5 g picric acid +5 g glacial acetic acid+10 ml
H2O+100 ml ethyl alcohol). The specimens which are pre-
pared for SEM observation have been ground and polished.
The specimens for microhardness tester were identical with
those for SEM specimens.

3 Results and discussion

3.1 Load evolution with strokes at different
temperatures

Figure 3 shows load evolution with strokes at different tem-
peratures 360°C, 390°C, and 420°C, respectively. It can be

Fig. 1 Schematic diagram of the
CVCES process: a diagram of
punch, the die, workpiece, and
container; b the detail of the
forming zone for the TES process

Fig. 2 TES equipment (a) and Al/
Mg bimetallic tube (b)
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seen that the extrusion temperatures have obvious influences
on the curves of load stroke, and the stroke load is in inverse
proportion to the extrusion temperature. When the tempera-
ture is higher, the load is lower. The load-stroke trend is basi-
cally the same at different extrusion temperatures. The re-
quired maximum extrusion load is 1.0×105N approximately
when extrusion temperature is 360°C. The required maximum
extrusion load is approximately equal to 8.0×104N when the
extrusion temperature is 390°C. And the maximum extrusion
load required is approximately equal to 4.0×104N when the
extrusion temperature is 420°C. Deformation resistance of
bimetal alloy decreases with temperature rise, and the required
load decreases. If the bimetals are fully combined with the
mandrel, the maximum extrusion load would be achieved
when stroke is about 16 mm.

3.2 Interface analysis of composite materials

Figure 4a is a schematic diagram of the extrude-shearing bi-
metallic composite tube at 420 °C. The composite tube con-
sists of upsetting section and bimetallic tubes. The surface
quality of the composite tube is satisfied, there is no crack
and gap and other bad conditions occurred, and the

combination effect of the Mg and Al is well. Figure 4b is the
intercepted bimetallic composite tube. Figure 4c is the lateral
profile diagram of the composite tube. It can be clearly seen
from the figure that there are two different metallic lusters with
obvious binding characteristics, which proves that the bime-
tallic bonding is successful. The interface of bimetallic bond-
ing layer was analyzed at different temperatures.

The bonded layers of the prepared bimetallic tube with
different extrusion temperatures have been analyzed.
Magnesium-aluminum bimetallic tube can be diffused be-
tween the two kinds of metals prepared by the TES process
with certain temperatures. It can be seen from Figs. 5a and 5b
that the bonding region of magnesium alloy and aluminum
alloy is subject to large plastic deformation under the TES
process with extrusion temperatures of 360 °C and 390°C,
and there are some holes and cracks in the bonding region,
and bonding diffusion is not obvious. There is no effective
bonding between magnesium and aluminum alloys.

Figure 5c is a schematic diagram of aluminum-magnesium
bimetallic bonding under extrusion shearing process at 420
°C. As can be seen from the figure, a uniform long strip bond-
ing layer is formed between aluminum and magnesium, and
the bonding layer has good quality and no defects on the
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surface. There is a certain height difference between the new
bonding layer and Al matrix andMgmatrix, which is a typical
metallurgical bonding mode. The thickness of the bonding
layer is about 20 μm. Different binding effects were obtained
at the three temperatures, and the following rules are obtained:
the higher the temperature, the better the binding effect.

It can be seen from Fig. 6a that there is a diffusion layer
between magnesium alloy and aluminum alloy. There are two
steps to form the diffusion layer: firstly, the macroscopic mi-
gration of atoms in the two kinds of matrix at high tempera-
tures; secondly, a new phase is formed if the atoms on the
interface reach a certain concentration. Due to the mutual dif-
fusion of elements for the two kinds of matrix, the original
metal interface is replaced by a new compound layer. The
bonding region can be divided into magnesium side diffusion
layer, stable layer, and aluminum side diffusion layer for
atomic diffusion.

In order to study the distribution of elements in the bonding
layer of bi-metal tube prepared by the TES process, the sam-
ples with good forming quality have been analyzed by EDS.
The scanning direction is perpendicular to the interface of the
two kinds of matrix. Figure 6b shows the element distribution
in the bonding layer of a bi-metal tube with extrusion temper-
ature 420°C. The elements contents of Mg and Al show a
gradient change, and are distributed in the whole bonding
region. The element concentration decreases gradually from
the base metal to diffusion layer. In Fig. 6b, there is a

concentration zone with a linear distribution for elements of
Mg and Al, and their concentrations are almost equal.
According to the analysis of point scanning results,
Mg17Al12 (γ) is formed in the diffusion layer on the magne-
sium alloy side, and Mg2Al3(β)on the aluminum side, and
MgAl (ε) was formed on the stable layer [15]. MgAl phase is
the intermediate phase formed by solid-state reaction, and the
hardness is lower than that of Mg17Al12 and Mg2Al3. The
structures of the bonding region are beneficial to improve the
bonding quality of bimetallic tube.

Due to the different lattice types of magnesium alloy and
aluminum alloy, the solubility decreases with the dropping of
temperature in the limited solid solution. Three eutectic inter-
metallic compounds, Mg2Al3, MgAl, and Mg17Al12, can be
formed in the interface transition zone. During the diffusion
process, element concentration is different due to the influ-
ences of element diffusion coefficients and the growth rates
of each phase layer, so the formation of compounds in the
interface transition zone has a certain order, namely
Mgl7Al12-MgAl-Mg2Al3. The properties of these compounds
are brittle, but have great influence on the properties of the
joint surfaces.

The mechanical properties of bonding layer for the bi-
metallic tube are the key to the bonding quality. The mi-
crohardness distribution diagram at the interface joint,
measured when extrusion temperature is 420°C, can be
seen from Fig. 7; there are significant differences in the

Fig. 5 Morphologies of bonding layers with different extrusion temperatures. a 360°C, b 390°C, c 420°C

Fig. 6 a Schematic diagram of
bimetallic bonding layer. b
Chemical analysis shows the
distribution of constituent
elements
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hardness of magnesium alloy matrix, binding layer, and
aluminum alloy matrix. The average hardness value of
magnesium matrix is 62HV, and the average hardness val-
ue of aluminum matrix is 90.2HV, and the average hard-
ness of the bonding layer is 221HV. Unfortunately, the
higher hardness of the bonding layer is unfavorable to the
bonding layer for the bimetallic tube, and the bonding layer
is easy to fracture in this area for the quality and toughness
of the bonding layer are not enough.

The double-layer Al/Mg bimetallic tube prepared by the
TES process can realize short process and near net forming
production, and the metallurgical bonding can be achieved
between Mg matrix and Al matrix, and the results show that
the dimensions along longitudinal direction and radial dimen-
sion of the tube are uniform.

4 Conclusions

The bonding layers of bimetallic tubes have been researched
bymetallographic microscopy, scanning electron microscopy,
EDS, microhardness testing, etc.

Deform-3D has been used to simulate Al/Mg bimetal tube
prepared by the TES process and experimental researches
have been carried out. The research results showed as follows:
Higher extrusion temperature would decrease the extrusion
loads.

No obvious defects such as cracks and cavities have been
found in the bonding layer when extrusion temperature of the
TES process is 420°C. The extrusion temperature is higher,
and defects appear less, and the bonding layer of the bimetal
tube has better quality. Three eutectic intermetallic com-
pounds, Mg2Al3, MgAl, and Mg17Al12, can be formed in the
interface transition zone.
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