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Abstract: Semisolid billet of the 7075 aluminum matrix composite reinforced with nano-sized SiC
particles was first fabricated by an ultrasonic-assisted semisolid stirring method and rheoforming
technology. Then it was thixoformed into a cylinder part under different remelting temperatures and
soak times. The effects of the remelting temperature and soaking time on the mechanical properties
and microstructure of the thixoformed composite part were investigated. The results show that
parts of good quality were thixoformed successfully. The microstructure of the top side wall of
the thixoformed part consisted of near spheroidal grains. A large quantity of elongated grains
occurred in the medium and bottom side walls and the bottom itself. With increasing remelting
temperatures, the size of the solid grains of the thixoformed parts showed a trend of first to increase
and afterwards to decrease. High density dislocations were found in the microstructure when the
remelting temperatures were 590 ◦C and 600 ◦C. When the soaking time was 15 min, the severest
deformation occurred in the thixoformed part. High mechanical properties of the thixoformed parts
were achieved under conditions such as a remelting temperature between 590 ◦C and 600 ◦C and a
soaking time between 10 min and 15 min. The fracture mode of the thixoformed part changed from
transgranular fracture to intergranular fracture when the remelting temperature was elevated from
580 ◦C to 610 ◦C. After the thixoformed parts were treated by T6, the ultimate tensile strength (UTS)
and elongation of the side wall were improved to 552 MPa and 7.9%, respectively. Dispersed MgZn2

precipitates created by T6 heat treatment led to an improvement of the mechanical properties.

Keywords: nano-sized SiC particles; 7075 aluminum alloy; microstructure; mechanical properties;
thixoforming

1. Introduction

Semisolid processing (SSP) developed by M.C. Flemings and D.B. Spencer from the MIT is a
typical near-net-shape technology [1,2]. It has exhibited an obvious advantage versus conventional
casting and forging [3]. Two typical forming technologies are involved in SSP, rheoforming and
thixoforming. The rheforming is referred to as a forming technology in which a semisolid slurry with
spheroidal solid grains and liquid phase is carried directed into the die cavity and formed into the final
part. The thixoforming is defined as a forming technology in which a semisolid slurry with spheroidal
solid grains and liquid is first fabricated, solidified into solid billet, quantitatively cut, reheated to
semisolid temperature, and formed into the final parts. In the thixoforming, fabricated semisolid
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billet with spheroidal grains surrounded by liquid phase undergoes a remelting process and
forming process. The fabricated methods of semisolid billet include mechanical stirring [4,5],
electromagnetic stirring [6,7], strain induced melt activated (SIMA) [8–10], as well as recrystallization
and partial remelting (RAP) [11,12]. Thixoforming exhibits low resistance to deformation and a good
ability to fill die cavity because of the spheroidal grains surrounded by liquid phase. The materials
used in the thixoforming process involve aluminum alloys, magnesium alloys, high melting point
alloys, and composites. Especially for difficult-deform magnesium alloy, thixoforming was found to
be a promising route to obtain parts with high performance [13,14].

Casting and wrought aluminum alloys are perfectly applicable for thixoforming of
high-performance products. A large amount of research was focused on thixoforming of a variety of
cast and wrought aluminum alloys. Research on 7075 aluminum alloy compound forming technology
proposed via combining thixoforming and plastic deformation showed that the harness was almost
uniform in spite of the different microstructures in the formed parts [15]. Examining the influence of the
processing route on the microstructure of thixoformed A356 alloy, Kaio et al. [16] found that samples
prepared by the equal channel angular pressing (ECAP) route were suitable for thixoforming. The effect
of different process parameters on thixoextrusion of A357 aluminum alloy was investigated [17]. It was
concluded that A357 alloy with high solid fraction more than 0.85 allowed more stable material flow at
higher speeds. The mechanical properties of the thixoformed A380 aluminum alloy were improved
significantly compared to cast alloy [18]. A390 aluminum alloy with 40–50% fraction liquid were
near-net shaped into complex automotive components by using thixoforming [19]. The highest yield
strength and elongation were obtained in the thixoformed 7075 wrought alloys in a simple graphite
die [20]. In addition, 6061 [21], 2014 [22] and 6082 [23] wrought aluminum alloys were also used for
thixoforming and showed good thixoformability.

Magnesium alloys, as another typical light alloy, were used as materials for thixoforming.
The mechanical properties of thixoformed AM60B alloys fabricated by the cyclic extrusion compression
(CEC) method were higher than those of thixoformed AM60B alloys prepared by the compression and
partial remelting method [24]. Higher mechanical properties were obtained in the thixoformed product
of AZ80 magnesium alloy fabricated by the new SIMA method compared to conventional SIMA and
semisolid isothermal treatment [25]. High melting point alloys are also used as thixoforming materials.
Omar et al. [26] revealed that the HP9/4/30 steel product were thixoformed successfully in the range of
1470–1480 ◦C. Forming load was also highly repeatable as long as the flow was kept laminar, as reported
by Pierret et al. [27]. Composites are also suitable for thixoforming. Cheng et al. [28] reported the
effect of solution treatment on the microstructure and properties of thixoformed Mg2Sip/AM60B
composite. They found that the tensile properties increased with increasing solution time from 0 h to
6 h. Semisolid processing shows an obvious advantage in preparing and forming composites reinforced
with ceramic particles [29–31]. The reinforcements in these composites are mainly micro-sized
ceramic particles.

In recent years, nano-sized ceramic particles such as SiC and Al2O3 have been used to reinforce
a metal matrix, so-called nano-sized ceramic particle reinforced aluminum matrix composites
(NCPRAMCs) [32–34]. An electromagnetic stirring method was employed to fabricate NCPRAMCs
reinforced with a variety of nano-sized ceramic particles such as TiC, Al2O3, and B4C [35–40].
In addition, adaptive-network-based fuzzy inference system (ANFIS) and particle swarm optimization
(PSO) were used to optimize the process parameters such as mold temperature, mix time, size of
reinforcement, and volume fraction of reinforcement [35–40]. How to disperse uniformly the
nano-sized ceramic particles is a challenging problem for the fabrication of NCPRAMCs. A new
method called ultrasonic-assisted semisolid stirring (UASS) was proposed to solve the dispersion
of nano-sized SiC particles during the fabrication of the composite semisolid slurry. In order to
fabricate high-quality semisolid slurry of 7075 aluminum matrix composite reinforced with nano-sized
SiC particles, the optimal parameters including stirring temperature of 620 ◦C and stirring time
of 20 min were obtained, as reported by Jiang et al. [41]. Furthermore, the effect of stirring time
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and pressure on mechanical properties and microstructure were reported in previous research of
Jiang et al. [42]. Besides rheoforming, thixoforming is also a promising technology for forming
NCPRAMCs [43]. Thixoforming has exhibited some obvious advantages such as lower resistance
to deformation of materials and easier formation of structure components of a complex shape as
compared to conventional forging technology. In addition, it also gives an advantage of achieving
higher mechanical properties compared to conventional casting technology. However, research on
thixoforming of aluminum matrix composite reinforced with nano-sized ceramic particles has been
seldom reported. Therefore, the present research aimed to investigate thixoforming of 7075 aluminum
matrix composite reinforced with nano-sized SiC particles in order to determine the effect of remelting
temperature and soaking time on the microstructure and mechanical properties of the thixoformed
parts produced from the nano-sized SiCp/7075 nanocomposite.

2. Materials and Methods

Wrought 7075 aluminum alloys supplied by Northeast Light Alloy Co. Ltd. of China (Harbin,
China) were used as matrix material of the composite. Its chemical composition was analyzed with
an Axios pw4400 X-ray fluorescence spectrometer (PANalytical B.V., Almelo, The Netherlands) and
contained 6.0 wt% Zn, 2.3 wt% Mg, 1.56 wt% Cu, 0.26 Si wt%, 0.27 wt% Mn, 0.17 wt% Cr, 0.03 wt% Ti
and balance of Al. Nano-sized SiC particles with an average size of 80 nm were used as reinforcement
of the composite. It was supplied by Xuzhou Jiechuang New Materials Co. Ltd. of China (Xuzhou,
China). The solidus of 546 ◦C and liquidus of 637 ◦C temperatures were determined by using a
Differential Thermal Analyzer (Mettler-Toledo, Zurich, Switerland) [41]. Solid fractions at various
temperatures were obtained by integrating the data of the differential scanning calorimetry (DSC)
converted from DTA data [36]. The 7075 aluminum alloy was first melted at 650 ◦C via a molybdenum
crucible placed in a resistance furnace. In order to compensate for the loss of Mg element due to
evaporation or formation of Mg oxides, a small pure Mg ingot accounting for 0.2 wt% of the total weight
of 7075 alloy was added into the melt. The melt was held isothermally for 10 min. Then nano-sized
SiC particles were added into the melt of 7075 alloy. The melt with nano-sized SiC particles was
treated for 20 min via a 2 kw ultrasonic device at a frequency of 20 kHz. After that, the 7075 alloy
with nano-sized SiC particles was stirred continuously with a molybdenum stirrer when it was cooled
from 650 ◦C (above the liquidus temperature) to 620 ◦C (a given semisolid temperature). When the
7075 alloy with nano-sized SiC particles was cooled to 620 ◦C, it was stirred isothermally for 20 min
to fabricate a semisolid slurry of composite. The semisolid billet of nano-sized SiCp/7075 composite
was fabricated by rheoforming the semisolid slurry via a 2000 kN hydraulic press and a die with a
preheated temperature of 300 ◦C [41]. Figure 1 shows the macrograph of the fabricated semisolid billet
of the nano-sized SiCp/7075 composite. Thixoforming experiments were carried out on a designed
die with a preheating temperature of 400 ◦C. The die schematic diagram and real product for the
thixoforming cylinder part were given in the previous research of Jiang et al. [42]. The applied load
and pressure-holding time during the thixoforming process were 2000 kN and 10 s, respectively.
Three groups of thixoforming experiments were performed. In the first group, semisolid billets soaked
for 5 min, 10 min, 15 min, 20 min, and 25 min respectively were thixoformed at 580 ◦C. In the second
group, semisolid billets soaked for 5 min, 10 min, 15 min, 20 min, and 25 min respectively were
thixoformed at 600 ◦C. In the third group, semisolid billets soaked for 10 min were thixoformed at
580 ◦C, 590 ◦C, 600 ◦C, and 610 ◦C, respectively.

The microstructural specimens were cut from the locations as shown in Figure 2a, then ground
with 200, 400, 600, 800, 1200, and 2000 grit papers, and polished with 0.1 µm diamond paste.
The specimens were etched for about 10 s by Keller’s reagent (4 mL HF, 6 mL HCL, 8 mL HNO3 and
82 mL water) and observed by using an Olympus GX71 optical microscope (Olympus Coporation,
Tokyo, Japan), Quanta 200 FEI scanning electron microscope (FEI, Hillsboro, OR, USA) equipped with
an energy dispersive X-ray spectrometer (EDX) and Jeol2100 (Tokyo, Japan) transmission electron
microscope (TEM) and a Talos F200x (FEI, Hillsboro, OR, USA) TEM with Energy Dispersive X-ray



Metals 2018, 8, 709 4 of 17

spectrometers (EDS). Tensile specimens were cut from the locations as shown in Figure 2b and
then machined into standard tensile specimens according to ASTM Standard Test Methods for
Tension Testing of Metallic Materials, E8M [44]. Some tensile specimens were directly tested at
room temperature. The other specimens were first heat treated in solution for 6 h at 465 ◦C with ageing
for 18 h at 125 ◦C and then used for the tensile test.
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Figure 2. Sampling schematic diagram of the (a) microstructural specimens and (b) the tensile specimens.

3. Results and Discussion

Figure 3 shows the macrograph of the thixoformed part of the nano-sized SiCp/7075 composite.
As indicated in Figure 3, a cylinder part was thixoformed successfully due to good filling ability of
the semisolid billet. Good surface quality was observed in the thixoformed part. A half-sectional
macrograph is shown in Figure 4. As shown in Figure 4, the macrostructure of the thixoformed part
is very dense and no obvious porosity was found in the macrostructure. In addition, it is noticeable
that slight clusters of nano-sized SiC particles are found in the macrostructure. It illustrates that
absolutely perfect dispersion of the nano-sized SiC particles in the 7075 alloy matrix is very difficult to
obtain although transient cavitation and acoustic streaming created by an ultrasonic wave and high
and controllable viscosity of the semisolid slurry can disperse the nano-sized SiC particles effectively.
Therefore, some slight clusters were found in the matrix due to large Van der Waals forces and
electrostatic forces between the nano-sized SiC particles (Figure 4).

Figure 5 gives the optical metalloscope (OM) and scanning electron microscope (SEM)
microstructure in different locations of the thixoformed part of the nano-sized SiCp/7075 composite
soaked for 10 min at 590 ◦C. As shown in Figure 5a,d, the microstructure consists of solid grains
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and liquid phase. Fine, near spheroidal solid grains and elongated solid grains along the flowing
direction of the semisolid slurry were found in the microstructure of the thixoformed part. The fine
microstructure of the semisolid slurry fabricated by the ultrasonic-assisted semisolid stirring method
led to the fine solid grains of the thixoformed part [41].
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Figure 4. Half-sectional macrograph of the thixoformed part of the nano-sized SiCp/7075 composite.

The microstructure consisting of fine grains is beneficial for improving the mechanical properties
of the thixoformed part. In addition, it can be seen that the solid grains in location A almost keep a near
spheroidal shape (Figure 5a). However, the solid grains in the locations B, C, and D were obviously
elongated along the flowing direction of semisolid slurry (Figure 5b–d). The high resolution SEM
exhibited a homogeneous dispersion of nano-sized SiC particles (Figure 5e). There are four deformation
mechanisms in the semisolid compression process, liquid flow (LF), flow of liquid incorporating solid
grains (FLS), sliding between solid grains (SSS), and plastic deformation of solid grains (PDS) [45].
The top side wall (location A) of the cylinder part has a free surface without limits of die during the
medium stage of thixoforming [42]. Its deformation mode belongs to liquid flow (LF), flow of liquid
incorporating solid grains (FLS), and sliding between solid grains (SSS). Therefore, the solid grains
almost remain spheroidal shape after deformation. However, the deformation modes in locations B,
C, and D belong to plastic deformation of solid grains (PDS). As a consequence, this resulted in the
elongated grains after deformation.
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In addition, it can be seen that the liquid fraction in the microstructure decreases with a location
change from A to D. The liquid fraction in location A is obviously higher than those in locations B, C,
and D. A similar phenomenon was found in the microstructure of the rheoformed cylinder parts of
nano-sized SiCp/7075 composite [42]. The difference between them is that the extent of change of the
liquid fraction in the thixoformed part is less than that in the rheoformed part. This is attributed to the
lower remelting temperature in the thixoforming process compared to the rheoforming process shown
in the previous research [42]. The amount of liquid phase influences the deformation mechanism in a
difference location. In location A, liquid phase is aggregated obviously due to lower flowing resistance
as compared with solid grains, resulting in the occurrence of FLS or SSS deformation mechanisms.
Compared with location A, the amount of liquid phase in locations B, C, and D decreases obviously
due to its segregation in location A. Consequently, the deformation mechanism of PDS is dominant
during the flow of semisolid slurry.
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Figure 5. Microstructure in different locations of the thixoformed part of the nano-sized SiCp/7075
composite soaked for 10 min at 590 ◦C: (a) Optical microscopy (OM) image in location A; (b) OM
image in location B; (c) OM image in location C; (d) OM image in location D and (e) scanning electron
microscopy (SEM) image in location C.
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Figure 6 shows the OM microstructure in location B of the thixoformed parts of the nano-sized
SiCp/7075 composite soaked for 10 min at different remelting temperatures. As indicated in Figure 6,
the solid grains are elongated obviously along the flowing direction. The grain size of the thixoformed
part slightly changes when the remelting temperature increases from 580 ◦C to 590 ◦C. However,
the grain size of the thixoformed part increases obviously when the remelting temperature is elevated
to 600 ◦C. This is due to the fact that elevated remelting temperature leads to coarsening of the
microstructure of the semisolid billet during the remelting process. Therefore, the coarsened solid
grains remain in the microstructure of the thixoformed parts. Grain size decreases upon remelting
at a temperature of 610 ◦C. The coarsening trend and melting trend together influence the grain
size of the semisolid billet during the remelting process [46]. When the remelting temperature is
610 ◦C, the melting trend is dominant. Therefore, this leads to a decrease of grain size of the semisolid
billet during the remelting process. After the semisolid billet was thixoformed, the grain size of the
thixoformed parts slightly decreased. On the whole, the size of the solid grains in the semisolid slurry
exhibits first an increase, followed by a decrease with increasing remelting temperatures. This was
attributed to the double effect of coarsening trend and melting trend caused by increasing the remelting
temperatures. In addition, it is also noticeable that nano particles are slightly clustered in Figures 5
and 6. This was attributed to large Van der Waals force and electrostatic force between nano-sized SiC
particles. Therefore, absolutely homogeneous dispersion of nano-sized is not possible to obtain due to
the large Van der Waals and electrostatic forces between the nano-sized SiC particles.
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(d) 610 ◦C.

Figure 7 shows the mechanical properties of the thixoformed parts of the nano-sized SiCp/7075
composite soaked for 10 min at different remelting temperatures. As indicated in Figure 7, the ultimate
tensile strength (UTS) of the side wall of the thixoformed part only slightly increases when the
remelting temperature increases from 580 ◦C to 590 ◦C. However, the UTS decreases gradually upon
further increase of the remelting temperature. The highest UTS of 313 MPa was obtained at a remelting
temperature of 590 ◦C. The highest elongation of 5.4% of the thixoformed part was achieved at a
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remelting temperature of 600 ◦C. It can be noted that the UTS and elongation of the side wall of the
thixoformed part are higher than those at the bottom of the thixoformed part. As to the mechanical
properties at the bottom of the thixoformed parts, the highest UTS and elongation of the thixoformed
parts were achieved at a remelting temperature of 600 ◦C. According to the UTS and elongation of the
thixoformed parts, the optimal remelting temperatures should be 590 ◦C and 600 ◦C.

The liquid fraction influences the deformation degree of solid grains during the thixoforming
process. It can be noted that the liquid fraction increases with an increase of remelting temperature.
When the remelting temperatures are 580 ◦C, 590 ◦C, 600 ◦C. and 610 ◦C, the liquid fractions are
0.19, 0.3, 0.38 and 0.49 respectively [41]. Therefore, theliquid fractions at remelting temperatures of
580 ◦C and 590 ◦C are less than those at 600 ◦C and 610 ◦C. The contact extent between solid grains
becomes large due to a small amount of liquid phase at a low remelting temperature. As a consequence,
larger deformation occurs in the solid grains, leading to more obvious strain strengthening.
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soaked for 10 min at different remelting temperatures.

Figure 8 gives evidence of the dislocations created in the thixoformed composite parts at different
remelting temperatures. More dislocations were created due to large deformation, which can improve
the UTS by hindering grain sliding. As shown in Figure 8, a large amount of high density dislocations
were found in the microstructure of the thixoformed composite parts at 580 ◦C, 590 ◦C, and 600 ◦C.
An obvious dislocation wall was created in the microstructure of the thixoformed composite part at
610 ◦C. This was attributed to dynamic recovery occurring in the deformation process, leading to a
decreased dislocation density. It is also consistent with the decreased UTS of the thixoformed composite
at 610 ◦C (Figure 7). Especially, high density dislocations were noted in the thixoformed composite
at 590 ◦C. This illustrates that the highest UTS of the side wall was obtained at 590 ◦C. Furthermore,
as shown in Figure 6, the deformation degree of the thixoformed part at 590 ◦C is larger than those
at 580 ◦C, 600 ◦C, and 610 ◦C. In addition, fine grains also improve the UTS of the thixoformed part
according to the Hall–Petch effect [47].

The microstructure of the thixoformed part soaked for different times at 600 ◦C is presented in
Figure 9. As indicated in Figure 9, a large number of elongated grains were found in the microstructure.
Furthermore, the elongated extent of the solid grains with a soaking time of 15 min is the largest,
illustrating the largest deformation degree. This led to improvement of UTS and elongation of the
thixoformed part (see Figure 10). Therefore, the highest mechanical properties of the thixoformed part
are achieved with a soaking time of 15 min. When the soaking time is 20 min and 25 min, obvious liquid
phase segregation was found in the microstructure, which led to a reduction of mechanical properties.
Unlike the mechanical properties of the thixoformed part with elevated remelting temperature,
no obvious regulation was found in the mechanical properties of the thixoformed part soaked for
different times at 600 ◦C.
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Figure 11 and Table 1 give an EDX analysis result of the thixoformed part soaked for 10 min
at 590 ◦C. This illustrates the existence of nano-sized SiC in the nano-sized SiCp/7075 composite.
Furthermore, it can be noticed that nano-sized SiC particles in the grain boundaries are more than
those in the grains. Mg and Zn elements in the grain boundaries are less than those in the interior
of the grains. This indicates the η phase (MgZn2) mainly exists in the grain boundaries, leading to
some consumption of Mg and Zn elements in the grain boundaries. It is noticeable that Cu element
aggregated in the grain boundaries.

The solid phase consisted of the α-Al phase containing more of Al element and less of other
alloying elements such as Zn, Mg, and Cu. The chemical composition of the solid phase is given
in Table 1. The liquid phase consisted of the α-Al phase containing less Al element and more other
alloying elements such as Zn, Mg, and Cu and the second phase such as η phase (MgZn2) and T phase
(Al2Mg3Zn3). The chemical composition of the liquid phase is shown in Table 1.

High-resolution TEM micrograph and EDX results are presented in Figure 12. Tables 2 and 3
exhibit the elements in locations A and B. As indicated in Table 1, the phase contains C and Si
elements, implying the existence of nano-sized SiC particles. However, the matrix phase (α-Al) does
not contain Si element. As shown in Figure 12, nano-sized SiC particles are distributed uniformly in
the microstructure. It also illustrates that the ultrasonic-assisted semisolid stirring method is suitable
for fabricating a semisolid slurry of the nano-sized SiCp/7075 composite.
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Figure 11. Positions of energy dispersive X-ray spectrometry (EDX) analysis of the thixoformed part
soaked for 10 min at 590 ◦C.

Table 1. Energy dispersive X-ray spectrometry (EDX) results in different locations of the thixoformed
part soaked for 10 min at 590 ◦C.

Elements Al Zn Mg Cu Si C

Position A
wt% 88.91 5.51 3.08 0.88 0.58 1.04
at% 90.86 2.32 3.49 0.38 0.57 2.38

Position B
wt% 86.13 4.77 2.56 1.12 2.81 2.62
at% 86.13 1.97 2.84 0.47 2.70 5.88

Position C
wt% 89.52 5.07 2.77 0.98 0.25 1.40
at% 91.07 2.07 3.04 0.41 0.24 3.18
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Table 2. Element in location A of the thixoformed part soaked for 10 min at 590 ◦C.

Element Series Net (wt%) (norm. wt%) (norm. at%) Error in wt%

Carbon K-series 3216 2.49 2.49 5.69 0.332
Aluminum K-series 269,060 87.22 87.22 88.84 7.942

Copper K-series 5101 2.74 2.74 1.18 0.352
Chromium K-series 1031 0.47 0.47 0.25 0.14
Manganese K-series 4941 2.08 2.08 1.04 0.29

Iron K-series 8962 3.90 3.90 1.92 0.45
Silicon K-series 3469 1.10 1.10 1.08 0.13

Sum 100 100 100
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Table 3. Element in location B of the thixoformed part soaked for 10 min at 590 ◦C.

Element Series Net (wt%) (norm. wt%) (norm. at%) Error in wt%

Carbon K-series 69,567 12.21 12.21 23.96 1.18
Aluminum K-series 1,174,789 86.43 86.43 75.52 7.86
Chromium K-series 596 0.06 0.06 0.03 0.08
Manganese K-series 749 0.08 0.08 0.04 0.09

Copper K-series 10,023 1.22 1.22 0.45 0.19
Sum 100 100 100

Figure 13 gives the tensile fracture at the bottom of the thixoformed parts soaked for 10 min at
different remelting temperatures. As indicated in Figure 13a, some obvious small-sized dimples and
quasic-leavage steps are simultaneously found in the fracture of the thixoformed part. This illustrates
a mixed fracture of the ductile fracture and the brittle fracture occurring in the tensile specimens.
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Figure 14 shows the OM images of the fracture of the bottom of thixoformed part soaked for
10 min at different remelting temperatures. The fracture type of the thixoformed part at 580 ◦C is
transgranular fracture (Figure 14a). Intergranular fracture and transgranular fracture occurred together
in the thixoformed part at 590 ◦C (Figure 14b). When the remelting temperature is elevated to 600 ◦C
and 610 ◦C, obvious intergranular fracture was found in the fracture macrograph (Figure 14c,d).
This is due to the effect of increasing liquid film thickness and liquid segregation. When the remelting
temperature is elevated, increased liquid fraction leads to an increase of liquid film thickness and
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liquid segregation. The strength in the areas of the liquid film and liquid segregation is lower than the
solid grain’s strength, resulting in easier occurrence of fracture compared with solid grains.Metals 2018, 8, x FOR PEER REVIEW  14 of 18 
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different remelting temperatures: (a) 580 ◦C, (b) 590 ◦C, (c) 600 ◦C, and (d) 610 ◦C.

Figure 15 gives the effect of T6 treatment (i.e., solid solution and artificial aging) on the mechanical
properties of the rheoformed composite parts, the thixoformed composite parts, and the thixoformed
7075 aluminum alloy parts. As shown in Figure 15, the mechanical properties were improved
significantly after the thixoformed composite parts were treated by T6. The UTS and elongation
of the side wall of the thixoformed part without T6 were 313 MPa and 5.4%, respectively. After the
thixoformed parts were treated by T6, the UTS and elongation of the side wall were improved to
552 MPa and 7.9%, respectively. The UTS of the thixoformed composite part with T6 was 76.4% higher
than that of the thixoformed composite part without T6. The elongation of the thixoformed composite
part with T6 was 46.3% higher than that of the thixoformed composite part without T6. The UTS of the
bottom of the thixoformed part was increased from 310 MPa to 549 MPa. The elongation increased from
5.3% to 7.8%. The extents of increase were 77% and 47.2%, respectively. The UTS of the thixoformed
parts with and without T6 was improved compared to the thixoformed parts of 7075 aluminum alloy
with and without T6 due to the addition of nano-sized SiC particles. The increasing dislocation density
created by the coefficient of thermal expansion (CTE) mismatch between the matrix and nano-sized
particles enhances the strength of the composite [48]. The obstacle of uniformly distributed SiC
particles to the movement of dislocation also plays an important role in the improvement of strength
according to the Orowan mechanism [49]. In addition, the improvement of strength of the thixoformed
parts could be related to the fracture toughness of the interface between the nano-sized SiC and the Al
matrix. The pillar splitting technique as reported by Matteo Ghidelli et al. could provide a feasible
method to measure the fracture toughness [50]. The elongation of the thixoformed parts with and
without T6 was reduced compared with the thixoformed parts of 7075 aluminum alloy with and
without T6. The UTS of the thixoformed parts without T6 is less than that of the rheoformed parts
without T6 [42]. However, the UTS of the thixoformed composite parts with T6 is even more than that
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of the rheoformed composite part with T6. The elongations of the thixoformed composite parts with
and without T6 were less than those of the rheoformed composite part with and without T6.Metals 2018, 8, x FOR PEER REVIEW  15 of 18 
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composite parts, and thixoformed 7075 aluminum alloy parts. 1 means side wall of the thixoformed
composite part, 2 means bottom of the thixoformed composite part, 3 means side wall of the
thixoformed 7075 aluminum alloy, 4 means bottom of the thixoformed 7075 aluminum alloy, 5 means
side wall of the rheoformed composite part and 6 means the bottom of the rheoformed composite part.

In addition, T6 treatment can make phase (MgZn2) precipitate uniformly in the matrix, as shown
in Figure 16. Some long striped η phases (MgZn2) were also found in the TEM micrograph (Figure 16).
These η phases (MgZn2) were dissolved in the 7075 alloy matrix after the thixoformed composite parts
were solution treated for 6 h at 465 ◦C. They formed a supersaturated solid solution of α Al when the
solution treated thixoformed parts were quenched. These η phases (MgZn2) precipitated uniformly in
the 7075 alloy matrix. The uniformly dispersed η phases strengthen the alloy, leading to improvement
of the mechanical properties.
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4. Conclusions

• Nano-sized SiCp/7075 composite cylinder parts with good surface quality and dense
microstructure were obtained via thixoforming technology. The deformation mechanism of
the top side wall depends mainly on the liquid flow (LF), the flow of liquid incorporating solid
grains (FLS), and sliding between solid grains (SSS). The plastic deformation (PDS) mechanism
dominates the deformation of the middle side wall, the bottom side wall, and the bottom itself.

• The optimal process parameters obtained according to the UTS and elongation results are soaking
time between 10 min and 15 min and remelting temperatures between 590 ◦C and 600 ◦C.
The highest UTS and elongation of the thixoformed composite part without T6 were 313 MPa and
5.4% respectively.
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• A mixed fracture morphology was found in the SEM image of tensile fracture due to the
simultaneous existence of some small-sized dimples and quasi-cleavage steps. The fracture of the
composite part thixoformed at 580 ◦C is characterized by transgranular fracture. A mixed fracture
of transgranular fracture and intergranular fracture was found in the composite part thixoformed
at 590 ◦C. The intergranular fracture was dominant in the composite parts thixoformed at 600 ◦C
and 610 ◦C due to increasing liquid film thickness and liquid segregation.

• The mechanical properties were improved significantly after the thixoformed composite parts
were treated by T6. The highest UTS of 552 MPa and the highest elongation of 7.9% were obtained
in the thixoformed composite parts treated by T6. Uniform precipitation of η phase (MgZn2) after
T6 led to improvement of the mechanical properties of the thixoformed composite part. The UTS
of the thixoformed parts with and without T6 was improved compared with the thixoformed
7075 alloy parts with and without T6 due to the addition of nano-sized SiC particles. The UTS of
the thixoformed parts with T6 was higher than that of the rheoformed composite part.
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