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Abstract: 7075 aluminum alloy was used to obtain elbow parts by complex thixoextrusion and the microstructure
evolution and mechanical properties during this process were studied by SEM, TEM and other analytical methods. The
results show that different parts in 7075 aluminum alloy show quite different microstructures. The microstructure of the
thin walls formed by back-extrusion is stratified, and the bottom of the parts formed by angular extrusion is obviously
deformed. Shear forces contribute to the crushing of grains and the coarse second phase. The main strengthening phases
in the material are # phase and E phase, whose amounts greatly decrease during heating to semi-solid and
thixoextrusion. After heat treatment, they can precipitate evenly to improve the mechanical properties of the material.
The average tensile strength of whole part after thixoextrusion and heat treatment is 485.49 MPa, while the average

elongation is 5.49%.
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1 Introduction

7075 aluminum alloy is a precipitation-
hardened alloy, with high specific strength and
specific stiffness, good fracture toughness and
corrosion resistance, and excellent molding
performance, belonging to super-high strength
deformation aluminum alloy [1-5]. It is one of the
vital structural materials in aerospace and trans-
portation industry, whose properties are affected by
metal compound particles, solid solution particles,
grain structure and dislocation [6,7]. Especially
after the proper solution and aging treatment, its
performance can be changed obviously [8,9].

Semi-solid metal forming/processing (SSF or
SSP) is a metal forming process that takes
advantage of the good rheological properties of
metals in the semi-solid zone [10,11]. Thixoforming

is an important way of semi-solid forming and a
plastic deformation method that can form complex
parts. Therefore, this method is mainly used in
experiments and industrial production [12—14].
GABRIELA et al [15] proposed a method to
process DSC curves using the principles of calculus
to identify the critical temperature in thixoextrusion
formability analysis. CHEN et al [16] used strain-
induced melting activation (SIMA) to prepare 7075
aluminum alloy billets and then used the semi-solid
thixotropic forging technology to form a certain
brand of end cover parts for vehicles, which had
good structural integrity and mechanical properties.
YANG et al [17] pressed two kinds of alloys
simultaneously in semi-solid state into the same
forging cavity. Then, the bimetallic composites
composed of Sn—15%Pb and Pb—22%Sn alloy
were formed by using thixotropic forging. The
results showed that the composite interface was well
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organized. ARIF et al [18] used the thixoforming
method to study the influence of Cu and Mg on the
thixoforming and mechanical properties of 2014
aluminum alloy. The experimental results showed
that the solidification interval temperature of the
alloy could be reduced by reducing Cu content. The
formation of dense 7-AlgFeMg;Sis phase could be
promoted by increasing the magnesium content.
Thus the strength of alloy was improved. In
general, in the current studies on thixoforming, the
thixoformed parts are relatively simple and the
deformation direction is single. More attention has
been paid to the development of new materials. For
extrusion, the deformation direction is single and
the material flow is simple, and there is no great
difference in the microstructure and properties of
the parts [19,20]. Studies have shown that extrusion
can change the granular grain structure of
semi-solid 7075 aluminum alloy into deformed
fiber structure and may affect the second
phase [21-26]. However, there is less detailed
analysis on the microstructure evolution and
mechanical properties of 7075 aluminum alloy
during complex thixoextrusion worldwide, which is
of great research significance.

In this work, the microstructure evolution and
mechanical properties of 7075 aluminum alloy
during the thixoextrusion process of forming elbow
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parts were studied. The deformation of 7075
aluminum alloy was very complex, involving
upsetting, reverse extrusion, and bending angle
extrusion. This research can not only guide
industrial production, but also help to understand
the regional differences of bulk semi-solid
aluminum alloys under different deformation
conditions.

2 Experimental

2.1 Materials

SIMA was used to prepare the semi-solid billet.
The billet in this experiment was composed of 7075
aluminum alloy, with chemical composition given
in Table 1.

Table 1 Chemical composition of 7075 aluminum alloy
raw material (wt.%)

Cu Zn Mg Fe Cr Mn Si Al
156 6.0 23 003 0.17 027 026 Bal

2.2 Thixoextrusion and heat treatment process
The billet was 85 mm in height and 90 mm in
diameter, as shown in Fig. 1(a). The billet was
formed by thixoextrusion with the mold shown in
Fig. 1(b), and the elbow parts shown in Figs. 1(c, d)

(b) 530 mm

603.5 mm

Fig. 1 Billet (a), mold (b) and 7075 aluminum alloy elbow parts after thixoextrusion (c, d)
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were  obtained. The isothermal treatment
temperature of billet was 610 °C, the forming
temperature was 590 °C, and the mold temperature
was 280—320 °C. Furthermore, the heat treatment
schedule was 8 h for solution at 460 °C and 24 h for
aging at 105 °C.

2.3 Microstructure and mechanical property

analysis

Samples used for metallographic observation
and scanning electron microscopy (SEM) were
polished and corroded with Keller solution. The
samples used for transmission electron microscopy
(TEM) analysis were polished and thinned to less
than 50 pm, which could be used for experiment
after ion thinning by Gatan Model 691 precision ion
thinning instrument. Tensile tests were carried out
on the wuniversal material testing machine
(AG-Xplus50kn) to determine the mechanical
properties of the material such as tensile strength
and elongation.

3 Results

3.1 Microstructure of 7075 aluminum alloy
during complex thixoextrusion
In order to analyze the microstructure, billet
samples were cut from the tube wall at 5 positions
of the top part, the bending part, the middle part, the
prominent part and the bottom of the elbow parts,
as shown in Fig. 2.

Position 1

Position 5

.. ‘ . Position 2
Position 4 .

Position 3

Fig. 2 Schematic diagram of sampling positions of
thixoextruded part

Figure 3 shows the metallographic images of
the thixoextruded parts at Positions 1-5. At Position
1, it can be seen that two different microstructures
are layered. The morphology of the upper layer is
mostly similar to that of the as-cast structure, in
which spherical grains are dispersed and the
diameter of the coarse grains is about 150 pm. The
lower layer is of the semi-solid structure without

deformation, and the grain boundary is obvious.
The grain size is about 150 um, and the grain
deformation is very small, basically maintaining the
sphericity. The reason is that after isothermal
treatment, a large amount of liquid phases appear in
the semi-solid billet, and most of the liquid £ phase
exists at the grain boundary. Driven by the liquid
phase, a small part of the grains surrounded by the
liquid phase flow in the opposite direction of
extrusion and finally solidify. As can be seen from
Fig. 3(a), the grains in the upper layer are mostly
long in transverse direction and short in
longitudinal direction. The morphology of the
grains in the lower layer shows the opposite
phenomenon, which indicates that the grains are
mainly affected by the tensile stress caused by the
contact between the die and the blank during the
forming process.

Obvious plastic deformation characteristics
can be seen from the microstructure of Position 2.
The original coarse spherical grains are elongated
and broken along the deformation direction, and the
isoaxial crystals with a diameter of 10—20 pum,
formed by dynamic recrystallization, are evenly
distributed in the billet, resulting in the work
hardening. There is little liquid phase at the grain
boundary. Due to the friction between the die and
the billet, the curved passage acts as an
equal-diameter angular extrusion to shear the billet.
The grains here are more fragmented and
recrystallized fully, so the grains are smaller than
those in other locations. The black spots in Fig. 3(b)
are coarse and broken second phase particles, which
are uniformly distributed in the matrix instead of
agglomerating. The microstructures of Position 3
and Position 4 are similar. The larger spherical
shape of grains can also be observed and the
smaller recrystallized grains can be clearly seen.
The deformation is mainly caused by forward
extrusion. The deformation of this part is small
relatively, so the recrystallization is not as sufficient
as that at Position 2. The microstructure of Position
5 shows large spherical grains, and the liquid phase
is obvious at the grain boundary. However, a small
amount of recrystallized grains can also be found.

3.2 Mechanical properties of 7075 aluminum
alloy during complex thixoextrusion
The mechanical properties of 7075 aluminum
alloy can be greatly enhanced by heat treatment.
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Figure 4 shows the sampling positions of the
tensile-testing specimen at room temperature.

The differences of mechanical properties
before and after heat treatment are compared, and
the histogram is drawn in Fig. 5. It can be seen that
the average tensile strengths before and after heat
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treatment are 276.16 and 485.49 MPa, respectively.
The highest value is 510.76 MPa, and the average
tensile strength after heat treatment is 75.7% higher
than that before heat treatment. After aging, the
elongation of the material is improved greatly. The
average elongation before heat treatment is 2.99%,

Fig. 3 Metallographic images of thixoextruded part at different positions: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5

—
Position 2

Position 5

Position 8

Position 7 Position §

Position 6

Fig. 4 Sampling positions of thixoextruded parts for tensile testing
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while the average elongation after heat treatment is
5.49%, and the maximum elongation is 7.99%.
Most of the positions with the low tensile strength
are at the reverse extrusion wall, which are
Positions 1-4. The reason is that there are many
liquid phases in the upper part of the part. The grain
size is large, and there is no recrystallization. The
appearance of layered structure leads to the
mechanical properties of this part to decline
significantly. The tensile strength of Position 7 is
always the maximum. Because of the shear action
of the curved channel, the grains here are smaller

and the distribution of the second phase is more
uniform.

4 Discussion

4.1 Second phase of 7075 aluminum alloy before
complex thixoextrusion

After complex thixoextrusion, the morphology

and distribution of the second phase of 7075

aluminum alloy can greatly affect the properties of

the material [27]. Figure 6 shows the typical second

phase distribution and elemental analysis results of

6001 W Before heat treatment 10Mp) = Before heat treatment
=3 After heat treatment 3 After heat treatment
& 5001 gl
2 =
< 400 X
. g o
£ 300 §0
w : 4 |
@ =}
= 200 S
% m
& 100 2f
0 L 0

2 3 4 5 6 7 8
Position

1 2 3 4 5 6 7 8
Position

Fig. 5 Tensile strength (a) and elongation (b) of thixoextruded part before and after heat treatment
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Fig. 6 TEM image (a) and elemental analysis results (b—1) of 7075 aluminum alloy raw material
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raw materials. It can be seen that the fine
precipitated phase mainly contains Mg and Zn
elements, which is speculated to be equilibrium #
phase (MgZn,). Among the precipitated # phases,
the second phase with a size of about 50 nm is
dispersed. It consists of two parts: one is the
brighter second phase indicated by Arrow A in
Fig. 6(a), which is inferred to be the thick # phase
according to the distribution of elements; the other
is the darker second phase indicated by Arrow B,
containing elements Al, Mg and Cr, which is
speculated to be E phase (Al;sMg;Cr,). Harmful
elements such as Fe and Si do not appear in the
dispersed and precipitated phase, indicating that the
elements such as Fe and Si mainly harm the
material properties by forming the continuous
second phase with large size at the grain boundary.
As 5 phase nucleates in the £ phase, it absorbs the
surrounding elements of Mg and Zn. As a result,
there are not enough Mg and Zn elements in the
surrounding matrix for nucleation growth, leading
to the emergence of precipitation free zone.

Figure 7 shows high-resolution TEM
morphology of the second phase and the
corresponding selected electron diffraction pattern.

'

It can be seen that the second phase presented as a
bar is about 50 nm in size. By calibrating the
selected electron diffraction spots, it can be
determined that the second phase presented as a bar
at Position A is E phase, while the second phase
attached to £ phase at Position B is # phase. Since
E phase is not coherent with a(Al) matrix, and the
specific volume of E phase is different from that of
o(Al) matrix, resulting in the increase of elastic
strain energy, there are higher interface energy and
elastic strain energy at the interface of £ phase and
o(Al) matrix. During the non-uniform nucleation of
n phase, the release of interface energy and elastic
strain energy here can reduce nucleation work.
Therefore, the interface between £ phase and a(Al)
matrix is one of the typical locations of non-
uniform nucleation of # phase [28—30].

4.2 Second phase of 7075 aluminum alloy after
complex thixoextrusion
Figure 8 shows the bright field TEM images
of the raw material and the material after
thixoextrusion. Compared with the raw material,
the amount of E phase in 7075 aluminum
alloy after thixoextrusion is significantly reduced,

Fig. 7 High resolution TEM photograph of second phase (a) and selective electron diffraction patterns at Position A (b)

and Position B (c)

200 0

Fig. 8 Bright field TEM images of 7075 alumium alloy raw material (a) and thixoextruded part (b, c)
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indicating that £ phase is dissolved into matrix or
grain boundary during heating the billet to
semisolid state. Since E phase is formed during the
homogenization process, it will appear again in
large quantities after solution treatment. Figure 8(c)
shows that the size of the second phase is around
500 nm x 100 nm and it is enriched at the grain
boundary. Two typical dispersed phases have a
second phase morphology, with one in the form of a
block and the other in the form of a rod. They play
the role of pinning grain boundaries, which is
beneficial to material properties.

Figure 9 shows the bright field TEM images of
the block phase of 7075 aluminum alloy after
thixoextrusion. From Fig. 9(a), it can be seen that
two rods are embedded in the block-shaped second
phase, which may be another second phase, or it
may be caused by the change of crystal plane.
As can be seen from Fig. 9(b), some point-like
precipitated phases grow at the interface of the
rod, which is typical for the nucleation growth of #

Fig. 9 Bright field TEM image of block phase of 7075
aluminum alloy after thixoextrusion

phase on E phase. Therefore, the bar is speculated
to be E phase, the precipitated phase is speculated
to be n phase, and the block phase should be a
dispersive phase with a high melting point.

Figure 10 shows selected diffraction spots and
high-resolution image of the dispersive phase. After
calibration, it is determined to be AlzMn. The
rhombic crystal system is (200) with a spacing of
0.726 nm while the spacing between the crystal
planes of (143) is 0.269 nm. It is located at the grain
boundary, and it is conducive to improving the
mechanical properties of 7075 aluminum alloy.

y j —| '<_l1(200)20726 nm

Fig. 10 Selection diffraction spots (a) and high resolution
image (b) of dispersive phase

In order to understand the difference between
block second phase and rod second phase
components, the area scanning of the material is
conducted, as shown in Fig. 11. It can be seen that
the second phase is rich in Al, Mg, Zn, Cu, Cr and
Mn, which are the main elements of the dispersive
E phase and AlsMn. There is not much difference
between the rod and block phases, which indicates
that the two phases can grow together. It is also
known that not all £ phases dissolve into the
matrix or grain boundary during heating the billet to
semi-solid. Some grain boundaries are rich in Zn,
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Fig. 11 Area scanning of dispersive second phase

Mg and Cu elements. These grain boundaries are
broken and distributed in the matrix, which is
caused by the plastic deformation of materials
during extrusion.

5 Conclusions

(1) During the complex thixoextrusion, the
microstructure of each part of 7075 aluminum alloy
can be quite different. The existence of shear force
contributes to the crushing of grain and the second
phase, and the mechanical properties of the material
can be greatly reduced.

(2) Elbow parts were obtained from semi-solid
billet of 7075 aluminum alloy through thixo-
extrusion at 575 °C. After the heat treatment at
460 °C for 8 h and aging at 105 °C for 24 h, the

average tensile strength of the parts is 485.49 MPa,
and the average elongation is 5.49%. The maximum
tensile strength is 510.76 MPa and the maximum
elongation is 7.99%.

(3) In the raw material of 7075 aluminum alloy,
the # phase is evenly distributed in the matrix, while
the E phase is widely distributed at the grain
boundary and the # phase grows attached to the £
phase. After heating to semi-solid and thixo-
extrusion, the # phase in 7075 aluminum alloy is
dissolved into the matrix again, and the amount of
E phase 1is greatly reduced. The partially
undissolved £ phase grows and co-grows with the
second phase containing Mn. After heat treatment,
the # phase and F phase gradually precipitate, and
the mechanical properties of the material are
improved.
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