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Abstract: The A356 aluminum alloy wheels were prepared by thixo-forging combined with a low superheat casting process. The 
as-cast microstructure, microstructure evolution during reheating and the mechanical properties of the thixo-forged A356 aluminum 
alloy wheels were investigated. The results show that the A356 aluminum alloy billet with fine, uniform and non-dendritic grains can 
be obtained when the melt is cast at 635 °C. When the billet is reheated at 600 °C for 60 min, the non-dendritic grains are changed 
into spherical ones and the billet can be easily thixo-forged into wheels. The tensile strength and elongation of thixo-forged wheels 
with T6 heat treatment are 327.6 MPa and 7.8%, respectively, which are higher than those of a cast wheel. It is suggested that the 
thixo-forging combined with the low superheat casting process is an effective technique to produce aluminum alloy wheels with high 
mechanical properties. 
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1 Introduction 
 

Aluminum alloy wheels have many advantages such 
as their light weight, high buffering, and excellent 
appearance. They can lighten automobiles and save 
energy, thus reducing fume pollution. Cast aluminum 
alloy wheels have been widely used in cars, but they can 
not meet the performance requirements of trucks and 
buses. Forged aluminum alloy wheels have a better 
performance. However, the forged aluminum alloy 
wheels are very expensive due to the complex forging 
process, large scale forging equipment and a large 
number of mechanical processes [1,2]. Thixo-forging is 
one of the most promising techniques for producing 
aluminum alloy parts with excellent mechanical 
properties. During the thixo-forging, a semi-solid billet 
with non-dendritic microstructure is transferred into a 
preheated die cavity and forged into near-net-shaped 
parts. Compared with castings, thixo-forged parts have 
higher density and better mechanical properties. The 
thixo-forging needs a lower forging force and can 
produce parts with a complex shape in one procedure as 

compared with traditional forging. So far, thixo-forging 
has been successfully applied to manufacturing 
automotive components such as fuel rail, automatic 
transmission gear shift lever, engine bracket, upper 
control arm and diesel engine pump body [3]. 

Thixo-forging requires a non-dendritic 
microstructure to obtain the necessary thixotropic flow 
behavior. Several methods have been developed to obtain 
such a microstructure, such as mechanical or 
electromagnetic stirring [4], strain induced melt activated 
process [5,6], ultrasonic treatment [7,8]. It is regretful 
that most of these methods require complicated 
processing and/or sophisticated devices, which result in 
high cost in the products. The low-superheat casting is a 
promising technique for preparing semi-solid billet with 
reduced cost due to its simple process and no 
requirement for sophisticated devices. In recent years, 
the low-superheat casting process has been studied by 
many researchers and successfully applied to the 
rheo-casting [9]. 

In the present research, in order to explore an 
effective technique to produce aluminum alloy wheels 
with high mechanical properties and low production cost, 
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the thixo-forging process combined with the low- 
superheat casting was developed to produce aluminum 
alloy wheels. The A356 aluminum alloy billets were 
prepared by the low-superheat casting, then reheated and 
thixo-forged into wheels. The as-cast microstructure, 
microstructure evolution during reheating and the 
mechanical properties of the thixo-forged A356 
aluminum alloy wheels were investigated. 
 
2 Experimental 
 

The material used in this work was a commercial 
A356 aluminum alloy with a chemical composition of 
7.15% Si, 0.45% Mg, 0.14% Fe, 0.01% Mn, 0.01% Cu, 
0.05% Ni, 0.01% Zn and Al balanced by mass. This 
composition was determined on a SPECTROMAXx 
photoelectric direct reading spectrometer. The solidus 
and liquidus temperature of the alloy were 556.4 °C and 
617.3 °C, respectively, which were determined by 
differential scanning calorimetry (DSC) using a 
NETZSCH STA449C thermoanalyzer. 

The A356 aluminum alloy was remelted in a 7.5 kW 
resistance furnace with a graphite crucible and 
superheated to 720 °C, then modified by adding Al−10Sr 
master alloy with 0.15% of the mass of all raw materials. 
After degassing, holding and deslagging, the melt was 
poured into a water-cooled iron mould at four pouring 
temperatures of 675, 655, 635 and 617 °C, respectively, 
and cast into the A356 alloy round billets with 100 mm 
in diameter and 250 mm in length. The as-cast 
microstructure of these billets was observed using a 
LEICA-DMI3000M metallographic microscope. 

To examine the microstructure evolution of the 
billets during reheating, the billets were isothermally 
reheated at 600 °C for 20, 40, 60 and 80 min, 
respectively. The reheating equipment was a 15 kW 
resistance furnace and a stainless steel cup with 100 mm 
in diameter and 120 mm in height. When reaching the 
preset time, the billets were taken out and quenched in 
water. The microstructures of the quenched billets were 
observed. 
 

 
Fig. 1 Schematic diagram of thixo-forging die 
 

To investigate the formability of the billets in its 
semi-solid state, the billets, with 100 mm in diameter and 

95 mm in length, were machined and isothermally 
reheated in the 15 kW resistance furnace at 585−610 °C 
for different times. They were then transferred to a die 
and thixo-forged into wheel blanks under a 2000 kN 
vertical oil press. The schematic diagram of the 
thixo-forging die is shown in Fig. 1. The dimensions of 
the wheel blank were 165 mm in outside diameter and 80 
mm in height. During the thixo-forging, the die was 
preheated between 200 and 400 °C. The forging force 
was between 500 and 1000 kN and the pressure holding 
time was 3−5 s. The microstructure of the thixo-forged 
wheels was investigated. The tensile mechanical 
properties of both wheel arm and rim with T6 heat 
treatment (solution annealed at 535 °C for 6 h and aged 
at 180 °C for 6 h) were measured using a DNS200 
electronic tensile testing machine. 
 
3 Results and discussion 
 
3.1 Effect of casting temperature on microstructure of 

billets 
The casting temperature, which has great influence 

on the as-cast microstructures, is the key factor of the 
low superheat casting. The microstructures of A356 
aluminum alloy billets cast at different temperatures are 
shown in Fig. 2. The microstructure of billets cast at 675 
°C has coarse dendrites, as shown in Fig. 2(a). When the 
casting temperature is decreased to 655 °C, the 
microstructure is changed into rosette grains, as shown in 
Fig. 2(b). When the casting temperature is decreased to 
635 °C, the microstructure is changed into fine, uniform 
and non-dendritic grains, as shown in Fig. 2(c). When 
the casting temperature is 617 °C, which is near to its 
liquidus temperature, the grains are much smaller and 
more spherical compared with those cast at 635 °C, as 
shown in Fig. 2(d). In general, lowering the casting 
temperature changes the shape of grains from dentritic to 
non-dendritic ones and refines the grains size. However, 
it is found that when the casting temperature is 617 °C, 
the melt fluidity is very poor with an extremely high 
solidification rate, which results in entrapping of gas and 
inclusions within the billets and leaves a larger number 
of cold shuts on the surface of billets, making them not 
suitable for thixo-foring. Therefore, the optimal casting 
temperature of A356 aluminum alloy billets is 635 °C. 
 
3.2 Microstructure evolution of billets during 

reheating 
The reheating of billets is a critical procedure in the 

thixo-forging process. Its purpose is to obtain the desired 
liquid fraction and ensure a transformation of the 
primary solid grains to a spherical morphology [10]. The 
driving force for the microstructure evolution during 
reheating is the reduction of the interfacial energy 
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between the solid and the liquid phases. The small grains 
and the dendrites with more interface and higher energy 
are unstable. In order to reduce the system energy, the 
grains will spontaneously grow up and spheroidize 
during the reheating process. One mechanism for the 
grains growth is the coalescence of the adjacent grains by 
grains boundary movement. Another mechanism is the 

Ostwald ripening, in which the large grains grow up 
continuously and the small ones remelt gradually. 
Meanwhile, the grains start to spheroidize due to the 
Ostwald ripening [11,12]. 

Figure 3 shows the microstructures of the billets 
reheated at 600 °C for 20, 40, 60 and 80 min. Almost  
no liquid phase is visible in Fig. 3(a) due to the short 

 

 
Fig. 2 Optical microstructure of A356 aluminum alloy billets cast at 675 °C (a), 655 °C (b), 635 °C (c) and 617 °C (d) 
 

 
Fig. 3 Optical microstructure of A356 aluminum alloy billets reheated at 600 °C for 20 min (a), 40 min (b), 60 min (c) and 80 min (d) 
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holding time of 20 min. When reheated for 40 min, a 
small amount of liquid phase appears due to the 
remelting of the eutectic structure. The grains grow up 
and turn into net-globular ones, reducing the surface 
energy, as shown in Fig. 3(b). When the billets are 
reheated for 60 min, the liquid phase fraction further 
rises to approximately 50%. The grains suspend within 
the liquid phase and are spherical with smooth surface, 
as shown in Fig. 3(c), which are suitable for 
thixo-forging. When the billets are further reheated for 
80 min, the grains growth continues. The coarser grains 
are detrimental to the mechanical properties of 
thixo-forged wheels. Therefore, the optimal reheating 
process for A356 aluminum alloy billets is 600 °C for 60 
min. 
 
3.3 Microstructure and tensile properties of thixo- 

forged wheel 
In the thixo-forging process, the processing 

conditions such as the preheating temperature of the die 
and the reheating temperature of the billet have 
significant influence on the billet fluidity to fill the die 
cavity. At a low temperature, the die cavity could not be 
filled completely. While at a very high temperature, a 
thixo-forged wheel with a uniform microstructure and 
excellent mechanical properties cannot be obtained. 
Based on a large number of experiments, it was found 
that the billets could be easily thixo-forged into wheels 
with a 750 kN forging force when the billets were 
reheated at 600 °C for 60 min and the die was preheated 
between 300 and 350 °C. Some of the thixo-forged A356 
aluminum alloy wheels with machined surface are shown 
in Fig. 4. It can be seen that the thixo-forged wheels are 
bright and completed. No defects such as shrinkage crack 
and gas porosity are visible in the thixo-forged wheels, 

which can be attributed to the characteristics of 
semi-solid alloy billet, such as lower temperature and 
higher viscosity than liquid alloy, lower flow stress and 
solid grains presented during thixo-forging. These 
characteristics contribute to improving the soundness and 
surface dimensional accuracy of thixo-forged wheels. 
 

 
Fig. 4 Thixo-forged A356 aluminum alloy wheels 
 

Figure 5 shows the microstructure of the 
thixo-forged wheel. The deformation mechanism of 
semi-solid billet during the thixo-forging is the flow 
deformation of liquid phase entrapping solid grains [13]. 
It can be seen that the microstructure of the thixo-forged 
wheel consists of globular grains and eutectic structure. 
Due to the difference in flow velocity between the liquid 
phase and solid grains during the thixo-forging [14], the 
fraction of eutectic phase in the wheel rim (as shown in 
Fig. 5(c)) is slightly higher than that in the wheel arm (as 
shown in Fig. 5(a)). 

Figure 6 shows the eutectic structure of thixo-forged 
wheels without and with T6 heat treatment. Without T6 
heat treatment, the eutectic Si phase is fine and fibrous 
due to the modification by adding the Al−10Sr master  

 

 

Fig. 5 Optical microstructure of thixo-forged A356 aluminum alloy wheels: (a) Wheel arm; (b) Position between wheel arm and rim; 
(c) Wheel rim 
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Fig. 6 Microstructure of thixo-forged A356 aluminum alloy 
wheels: (a) Without T6 heat treatment; (b) With T6 heat 
treatment 
 
alloy, as shown in Fig. 6(a). With T6 heat treatment, 
solutes are firstly dissolved into the Al matrix during 
solid solution treatment and then Mg2Si precipitates form 
during artificial aging [15,16]. The remaining eutectic Si 
phases in the thixo-forged wheel change into globular Si 
particles, as shown in Fig. 6(b), which is beneficial for 
improving the tensile mechanical properties of the 
thixo-forged wheel. 

Table 1 shows the tensile mechanical properties of 
the thixo-forged wheels with T6 heat treatment. As a 
comparison, the tensile properties of the wheels made by 
permanent mold casting and low pressure casting are 
also listed. As can be seen from Table 1, the ultimate 
tensile strength and elongation of wheel arm are 
slightly higher than that of wheel rim due to the larger 

 
Table 1 Tensile mechanical properties of A356 aluminum alloy 
wheels with T6 heat treatment 

Production method 
Sampling 
location 

Ultimate tensile 
strength/MPa 

Elongation/%

Wheel arm 327.6 7.8 Thixo-forging in 
this work Wheel rim 324.2 7.3 

Wheel arm 242−266 1.5−6.5 Permanent mold 
casting [1] Wheel rim 215−238 3.0−7.0 

Wheel arm 202−213 3.3−4.5 Low pressure 
casting [1] Wheel rim 182−209 3.8−8.1 

deformation in the wheel arm during thixo-forging. It 
should be noted that the tensile mechanical properties of 
both thixo-forged wheel arm and wheel rim are higher 
than those of permanent mold casting and low-pressure 
casting [1]. This is attributed to the non-dendritic 
structure and higher soundness in the thixo-forged 
wheels. Therefore, the thixo-forging combined with the 
low-superheat casting is an effective technique to 
produce aluminum alloy wheels with good mechanical 
properties. 
 
4 Conclusions 
 

1) Lowering the casting temperature can change the 
shape of grains from dendritic to non-dendritic ones and 
refines the grains size. The A356 aluminum alloy billets 
with fine, uniform and non-dendritic grains and good 
surface quality can be obtained when the casting 
temperature is 635 °C. 

2) During reheating, the grains in the billet prepared 
by the low superheat casting can be changed into 
globular ones, which are beneficial to thixo-forging. The 
optimal process is reheating at 600 °C for 60 min. 

3) An A356 aluminum alloy wheel can be easily 
thixo-forged with a 750 kN forging force. The tensile 
mechanical properties of the thixo-forged wheel with T6 
heat treatment are better than those of a cast wheel. 
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低过热度铸造和触变锻造结合制备 
A356 铝合金车轮的组织与力学性能 
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摘  要：采用低过热度铸造和触变锻造相结合的方法制备 A356 铝合金车轮，研究低过热度铸造 A356 铝合金坯

料的组织、坯料二次加热组织演变规律和触变锻造车轮的组织与力学性能。结果表明：熔体在 635 °C 浇注，可获

得具有细小、均匀的非枝晶晶粒的 A356 铝合金坯料。坯料在 600 °C 等温加热 60 min 后，非枝晶晶粒可转变成球

形晶粒，在 750 kN 锻压力下半固态坯料可触变锻造成铝合金车轮。经 T6 热处理，A356 铝合金车轮的抗拉强度

和伸长率分别为 327.6 MPa 和 7.8％，高于铸造铝合金车轮的拉伸力学性能。将低过热度铸造与触变锻造工艺相

结合，可以制备具有较高力学性能的铝合金车轮。 

关键词：铝合金车轮；半固态金属；触变锻造；低过热度铸造 
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