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Abstract: The homogenization on microstructure and mechanical properties of 2A50 aluminum alloy prepared by liquid forging was 
investigated. Wheel hubs were produced using direct and compound loading. The results show that the microstructure and 
mechanical properties are inhomogeneous in direct forged samples. The microstructure of the wall is coarser than that of the base, 
and the mechanical properties are lower and some defects are detected at the wheel corner. Using compound loading, the 
microstructure and mechanical properties of the wall are improved evidently. With increasing feeding amount, the microstructure and 
mechanical properties become more homogeneous. The defects disappear when the feeding amount is 4 mm. The forged wheel hubs 
could obtain fine and homogeneous microstructure with grain size of 20−30 µm, tensile strength of 355 MPa and elongation of 10% 
when the feeding amount is 10 mm. The microstructure and mechanical properties of liquid forged workpieces could be controlled 
and homogenized using compound loading. 
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1 Introduction 
 

Aluminum alloys are widely used as construction 
materials because of their high specific strength and 
rigidity, erosion resistance and excellent formability 
[1−3]. Liquid forging is one of the most promising 
techniques for preparing aluminum alloys [4−9]. The 
liquid alloy is decanted into cavity die, solidified under 
high pressure and last plastically deformed to 
near-net-shaped products [10]. Compared with casting, 
liquid forging formed parts with fewer defects and better 
mechanical properties could be obtained thorough 
feeding. Compared with traditional forging, liquid 
forging needs much lower forming force and could 
achieve higher working efficiency. Liquid forging could 
prepare workpieces with complex shape and excellent 
mechanical properties in one procedure. 

Solidification of liquid alloy is still dominant during 
liquid forging process, and it becomes more 
inhomogeneous due to applied load and mechanical 
constraints. For this reason, the microstructure and 
mechanical properties become more inhomogeneous, 
which could result in considerable tensile stress. Hot 
cracks are thought to occur in the terminal stage of 
solidification, while the capability of ductility cannot 
sustain the tensile strains caused by the temperature 
gradients and/or mechanical constraints [11−17]. It is the 
general rule of hot tears occurring during casting. During 
liquid forging, the distribution of tensile stress would be 
even more inhomogeneous due to applied load. 

Although many works have been reported on how 
to improve the mechanical properties and avoid defects 
during casting process, there have been few reports about 
the homogenization on microstructure and mechanical 
properties during the liquid forging process. In this work,  
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wheel hubs of 2A50 aluminum alloy were prepared using 
direct and compound loading. The homogenization on 
microstructure and mechanical properties was 
investigated with different feeding amounts. 
 
2 Experimental 
 

The composition of 2A50 aluminum alloy 
investigated in this study is listed in Table 1. The solidus 
and liquidus temperatures of this alloy were obtained at 
521 and 615 °C using differential thermal analysis 
(DTA). 
 
Table 1 Composition of 2A50 aluminum alloy (mass fraction, 
%) 

Si Fe Cu Mn Mg Ni Zn Ti Al
0.7−1.2 0.7 1.8−2.6 0.4−0.8 0.4−0.8 0.10 0.30 0.15 Bal.

 
Wheel hubs were prepared using direct and 

compound loading, as shown in Fig. 1. The external 
diameter, internal diameter and thickness are 440, 418 
and 13 mm, respectively. Figure 2 shows the direct and 
compound loadings. As shown in Fig.2, the left side 
shows the direct loading, the punch applies pressure on 
the liquid aluminum alloy directly. The right side shows 
the compound loading, the external and internal punch 
apply on the liquid alloy, respectively, and the wall could 
obtain partial loading and liquid feeding. 
 

 
Fig. 1 Dimension of wheel hub (Unit: mm) 
 

 
Fig. 2 Schematic diagram of direct and compound loading 
 

Figure 3 shows the schematic diagram of die of 
liquid forging for wheel hub. As depicted, the compound 
loading was carried out using a secondary hydraulic 
press, which could provide a constant pressure of 10 
MPa for the plunger piston, and the plunger piston could 
move downward together with top die. During the 
compound loading process, the top die consisted of 
external and internal punches, and the position of internal 
punch could be adjusted using stay bolt. The compound 

 

 

Fig. 3 Schematic diagram of die of liquid forging for wheel hub: 
1—Upper pattern plate; 2—Screw bolt; 3—Backing plate; 4—
External punch; 5—Internal punch; 6—External die sleeve; 7—
Bottom die; 8—Screw bolt; 9—Ejector pin; 10—Stay bolt; 11
—Plunger piston; 12—Tray salver; 13—Screw bolt; 14—
External die sleeve; 15—Spacing pin; 16—Backing plate 
 
loading was similar to the direct loading when the 
internal punch was adjusted to contact with the backing 
plate. 

Before compound loading, the internal punch was 
adjusted to depart from the backing plate for a distance 
of S, and S was defined as feeding amount. With the top 
die moving downward, the internal punch applied a 
pressure of 10 MPa on the liquid alloy under the action 
of the secondary hydraulic press. The liquid alloy was 
preformed under this pressure, and the wall of the 
preformed wheel hub was higher than the designed 
dimension with a distance of S, then the internal punch 
and plunger piston stop moving with the pressure 
maintaining. The external punch continued moving 
downward and it applied partial loading and feeding to 
the wall. When the external punch moved for a distance 
of S, the backing plate contacted the internal punch, and 
the hydraulic press applied all pressure on the workpiece 
using internal and external punches. 

Liquid forging process was performed using      
2 000 kN hydraulic press combined with a secondary 
hydraulic press. The die was heated to 300−350 °C by 
resistance wire, and the temperature was measured using 
temperature control unit (XMT−101). The 2A50 
aluminum alloy was melted at 720 °C using melting 
furnace and refined using C2Cl6. Graphite was used as 
lubricant. The loading speed was 15 mm/s and the dwell 
time was 20−30 s. In this work, compound liquid forging 
was investigated using different feeding amounts of 0, 2, 
4, 6, 8 and 10 mm, respectively. When the feeding 
amount is 0, it is similar to direct loading. 

The liquid forged wheel hubs were treated under T6 
thermal treatment (solution treatment at 490 °C for 3 h 
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plus aging treatment at 160 °C for 10 h), and then some 
samples were sectioned for investigation. Samples for 
optical metallography were grind and polished by 
standard techniques, and then etched for about 20 s with 
2.5%HNO3+1.5%HCl+1%HF aqueous solution [18−20]. 
Fracture surface of cracks was investigated using S−4700 
scanning electronic microscope. The true density of 
samples was obtained using Archimedes principle, and 
the equation for calculating the density is as follows: 
 
Ρ=ρ1×m/(m−m1+m2)                          (1) 
 
where m is the tested mass of sample in air; m1 is the 
tested mass of sample and hang spring in distilled water; 
m2 is the tested mass of hang spring in distilled water; 
and ρ1 is the density of distilled water at tested 
temperature. Tensile tests were carried out using 
INSTRON 5582 universal testing machine. Each tensile 
or density result is the average of three measurements. 

Figure 4 shows different regions of samples for 
investigations. As depicted in Fig. 4(a), regions I and IV  
 

 
Fig. 4 Different regions for optical metallography and density 
(a) and mechanical property (b) tests 

were chosen for optical metallography, and these four 
different regions were chosen for density measurements. 
Samples for tensile tests were machined from three 
different regions, as shown in Fig. 4(b). 
 
3 Results and discussion 
 
3.1 Defects of samples prepared by direct loading 

Some shrinkage porosity, voids and cracks are 
detected at the corner of the samples forged by direct 
loading, as shown in Fig. 5. As depicted in Fig. 5 (a), 
there are a number of voids along the grain boundaries, 
and some even combine together to form big voids. 
Macro-voids are detected at the corner due to the 
concentration and combination of lots of shrinkage voids, 
as shown in Fig. 5(b). Some micro-cracks and even 
macro-cracks are also detected at the corner, and the 
cracks propagate along the grain boundary, as depicted in 
Figs. 5 (c) and (d). 

The solidification of wheel hub is inhomogeneous 
due to its large dimension and mechanical constraints. 
The liquid alloy at the base solidifies firstly due to its 
small thickness and large contact area with dies, while 
the solidification at the wall and corner has not finished. 
The solidified alloy at the base endures most pressure 
and prevents the punch moving downward, so the liquid 
alloy at the corner and wall would solidify under low 
pressure. The thermal center is at the corner where is the 
thickest, where no enough liquid feeding exists for 
solidification shrinkage. The solidified alloy at the base 
and wall could not move to the thermal center inflexibly 

 

 

Fig. 5 Defects detected at corner of samples forged by direct loading: (a) Micro-void; (b) Macro-void; (c) Micro-crack;           
(d) Macro-crack 
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Fig. 6 Fracture surface morphology of hot cracks 
 
due to the mechanical constraints, so porosity and cavity 
are likely to appear in this region. Considerable tensile 
stress is caused by solidification shrinkage at the corner 
too. Hot cracks would appear in the region where the 
stress surpasses the tensile strength in combination with 
limited liquid feeding and low ductility. 

Figure 6 shows the fracture surface morphology of 
hot cracks. As depicted in Fig. 6, the left side shows hot 
cracks formed during liquid forging, and the right side is 
torn artificially. Most surface on the left side is 
dominated by a smooth topography, indicating that liquid 
plays an important role when the sample fails. The grain 
boundaries are clearly seen and most surfaces are 
covered with a smooth and thin liquid film. This shows 
that hot cracks appear at the grain boundary due to 
separation of solid particles in the terminal stage of 
solidification, and there is not enough liquid feeding for 
filling it. Most surfaces on the right side are dominated 
by complex topography, which shows typical ductile 
fracture features. A few regions appear smooth with 
evident grain boundary which shows small voids, as a 
result, the hot cracks could easily propagate along these 
voids. 
 
3.2 Homogenization on microstructures with 

increasing feeding amount 
Figure 7 shows the microstructure of samples 

prepared using different feeding amounts of 0, 2, 6 and 
10 mm, respectively. The microstructure of the wall is 
shown in Figs. 7(a), (c), (e) and (g), and the 
microstructure of the base is shown in Figs. 7(b), (d), (f) 
and (h). 

As shown in Figs. 7(a) and (b), the microstructure 
of the wall consists of typical dendritical structures with 
large size, and the base consists of spherical grains with a 
relatively small size. The liquid alloy at the base 
solidifies firstly, and the solidified alloy endures most 
pressure and prevents the punch moving downward, so 

the liquid alloy of the wall solidifies under low pressure, 
which is similar to casting. Liquid alloy at the base 
obtains considerable condensate depression due to the 
large contact area with dies and then deforms plastically, 
so the microstructure is fine in this region. 

With increasing feeding amount, dendritical 
structures of the wall disappear gradually with 
decreasing grain size, as shown in Figs. 7(c−h). The wall 
and base all consist of fine spherical grains with size of 
20−30 µm, when feeding amount is 10 mm. Furthermore, 
the grain size is homogeneous in these two regions. 
During compound loading process, liquid alloy of the 
wall solidifies under a much higher pressure, which is 
transmitted to the thermal center synchronously. The 
dimension of the preformed wall is higher than the 
designed height with a distance of S, and the excessive 
alloy is fed to the thermal center when the external punch 
moves downward. The solidified alloy of the wall 
deforms plastically under partial loading of the external 
punch, and then the deformation of the base is also 
promoted, so homogeneous and fine microstructures 
could be obtained. 

The defects of liquid forged samples disappear with 
increasing feeding amount. Wheel hubs with good 
surface quality and no hot cracks could be prepared with 
feeding amount of 4 mm, the photograph of which is 
shown in Fig. 8. 
 
3.3 Homogenization on true densities with increasing 

feeding amount 
Figure 9 shows the true densities in different 

regions with increasing feeding amount. As depicted in 
Fig. 9, when the feeding amount is 0, the true densities in 
Regions I and II are much lower than those in Regions 
III and IV, and increase rapidly with increasing feeding 
amount. When the feeding amount is 6 mm, the true 
densities in Regions I and II approximate to those in 
Regions III and IV, and present stable values with further 
increasing feeding amount. The true densities in Regions 
III and IV change little with different feeding amounts. 
Defects such as shrinkage porosity, voids and cracks 
disappear with increasing feeding amount due to the 
partial loading and feeding of the external punch, so the 
true densities increase and become homogeneous in 
every region. 
 
3.4 Homogenization on mechanical properties with 

increasing feeding amount 
Figure 10 shows the mechanical properties in 

different regions with increasing feeding amount. As 
depicted in Fig. 10 (a), when the feeding amount is 0, 
tensile strength of Region V is much lower than that in 
Regions VI and VII, and increases markedly with 
increasing feeding amount. When the feeding amount is  
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Fig. 7 Microstructures of samples prepared with different feeding amounts: (a) 0 mm, wall; (b) 0 mm, base; (c) 2 mm, wall; (d) 2 mm, 
base; (e) 6 mm, wall; (f) 6 mm, base; (g) 10 mm, wall; (h) 10 mm, base 
 
8 mm, the liquid forged samples could obtain 
homogeneous tensile strength in Regions V, VI and VII. 
The elongations exhibit similar trends with tensile 
strength when feeding amount increases, as depicted in 
Fig. 10 (b). Figure 10 indicates that the mechanical 
properties improve evidently due to the disappearance of 
defects, increasing true densities and finer 
microstructures. When the feeding amount is 8−10 mm, 

the mechanical properties in every region are 
homogeneous. As shown in Fig. 9, the true densities are 
homogeneous when the feeding amount is 4−6 mm, 
which is different from the mechanical properties. It is 
mainly because that the microstructure of the wall is still 
coarser than that of the base, when the feeding amount  
is 4−6 mm. In this work, the 2 000 kN hydraulic    
press could only apply a pressure of 16 MPa upon the 
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Fig. 8 Photograph of liquid forged wheel hub 
 

 
Fig. 9 True densities in different regions with increasing 
feeding amount 
 

 
Fig. 10 Tensile strength (a) and elongation (b) in different 
regions with increasing feeding amount 

workpieces, so excellent mechanical properties could be 
obtained in the liquid forged wheel hubs (tensile strength 
of 355 MPa and elongation of 10%), considering the 
limited forming pressure. 
 
4 Conclusions 
 

1) The microstructure and mechanical properties are 
inhomogeneous in direct forged samples. The 
microstructure of the wall is coarser than that of the base, 
and the mechanical properties are lower. Some defects 
such as shrinkage voids, porosity and cracks appear at 
the wheel corner in the terminal stage of solidification. 

2) With increasing feeding amount, the 
microstructure, true densities and mechanical properties 
are improved evidently and become more homogeneous. 
The defects disappear when the feeding amount is higher 
than 4 mm. 

3) Fine and homogeneous microstructure could be 
obtained in the wheel hubs of 2A50 aluminum alloy 
prepared by compound loading, with grain size of 20−30 
μm, tensile strength of 355 MPa and elongation of 10%, 
when the feeding amount is 10 mm. 

4) Homogenization of microstructures and 
mechanical properties of liquid forged workpieces could 
be achieved using compound loading. 
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摘  要：对 2A50 铝合金液态模锻组织性能均匀化控制进行研究，采有简单加载和复合加载两种方式成形负重轮

制件。结果表明：简单加载方式成形的制件，各部之间存在组织和性能的不均匀性，壁部的组织较底部粗大，力

学性能也较低，制件的转角处存在缺陷。通过采用复合加载，制件壁部的组织和性能得到明显提高。随着补缩量

的增加，制件各部之间的组织和性能趋于均匀化。补缩量为 4 mm 时，转角处的缺陷逐渐消失；补缩量为 10 mm

时，制件可以获得均匀细小的微观组织，晶粒大小为 20−30 µm，抗拉强度为 355 MPa，伸长率为 10%。采用复

合加载可以控制液态模锻制件的组织和性能。 

关键词：铝合金；液态模锻；均匀化；复合加载 
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