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Abstract: The semi-solid slurry of A380 aluminum alloy was prepared by the serpentine channel. The effects of pouring temperature, 
curve number and curve diameter of the serpentine channel on the microstructure of the semi-solid A380 aluminum alloy slurry were 
investigated. The results show that the satisfactory semi-solid A380 aluminum alloy slurry could be obtained when the pouring 
temperature ranged from 630 to 650 °C. Under the same conditions, increasing the curve number or reducing the curve diameter of 
the serpentine channel would decrease the average diameter and increase the shape factor of the primary α(Al) grains. The 
“self-stirring” of the alloy melt in the serpentine channel was beneficial to the ripening of the dendrites and the spheroidizing of the 
primary α(Al) grains. 
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1 Introduction 
 

The preparation of the semi-solid metal (SSM) 
slurry is the key technology for semi-solid metal  
forming [1−3], and how to prepare the SSM slurry with 
spherical grains becomes an important subject for 
researchers all over the world. To obtain this type of 
grains, strong convection or shearing is often applied 
during the solidification of the alloy melt to inhibit the 
growth of the dendrites, such as mechanical stirring [4,5], 
electromagnetic stirring [6,7] and gas induced semi- 
solid [8]. However, these methods usually have 
complicated operating process and high production cost. 
Recently, several novel preparation methods of SSM 
slurry have been developed. These preparation methods 
include the new rheocasting (NRC) [9,10], vertical  
pipe [11], vertical bending pouring channel [12], inverted 
cone pouring channel [13,14] and vibrating wavelike 
sloping plate processes [15,16]. The methods above do 
not require additional equipment, and their operation 
processes are simple and efficient, so they have broad 
application prospect. And these methods without 
exception adopt the low superheat alloy melt to obtain 
the desired semisolid slurry in the condition of neither 
mechanical stirring nor electromagnetic stirring. The 

basic ideas of these preparation methods are “controlling 
nucleation and inhibiting dendrites growth” and 
“prompting the initial solidification nucleation”. 

Based on the above basic ideas of controlling 
nucleation and inhibiting dendrites growth, the 
serpentine channel pouring (SCP) process is invented. 
Compared with the methods mentioned above, the SCP 
process has two advantages. On one hand, the serpentine 
channels have strong heat absorption capacity, therefore, 
the inner wall of the serpentine channel possesses the 
sharp chilling effect, which acts as heterogeneous 
nucleation substrate at the same time. A large number of 
crystal nuclei can be generated at the initial solidification 
because of the chilling effect and the heterogeneous 
nucleation caused by the serpentine channel. The 
increasing of the primary α(Al) nuclei can effectively 
inhibit the growth of the dendrites. On the other hand, 
although this method has not additional mechanical 
stirring and electromagnetic stirring, when the alloy melt 
flows through the closed and curved serpentine channel, 
the direction of the alloy melt changes several times in 
the field of gravity, so the alloy melt has the function of 
the self-stirring. Under the function of the self-stirring, 
the temperature gradient and the concentration gradient 
of the alloy melt decrease in the serpentine channel, so 
more primary α(Al) nuclei can be left. Meanwhile, with  
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the “self-stirring” of the alloy melt, the primary α(Al) 
grains gradually evolve into spherical grains. 
 
2 Experimental 
 
2.1 Materials and equipment 

The commercial A380 aluminum alloy was adopted, 
whose chemical compositions (mass fraction, %) are Si 
7.83, Cu 3.2, Fe ≤0.21, Zn ≤0.01, Mg ≤0.02, Mn ≤0.46, 
Pb ≤0.01, Sn ≤0.01 and Al balanced. The liquidus and 
the solidus temperatures of this alloy melt are 525 °C and 
596 °C, respectively, which are tested by differential 
scanning calorimetric (DSC) method. 

The A380 aluminum alloy was put in the graphite 
clay crucible and melted by crucible resistance furnace. 
The semi-solid slurry was obtained after the liquid 
aluminum alloy flowed through the serpentine channel 
which was composed of two symmetrical graphite blocks. 
Semi-solid slurry was collected by stainless steel 
collective crucible under the serpentine channel. The 
schematic of the SCP equipment and the slurry 
preparation process is shown in Fig. 1. The temperatures 
of the liquid aluminum alloy, semi-solid slurry and the 
inner wall of the serpentine channel were measured by 
the Ni−Cr/Ni−Si thermocouple. The temperature 
accuracy was ±1 °C. 

 
2.2 Methods 

Firstly, the A380 aluminum alloy was melted at the 
temperature ranging from 700 °C to 720 °C, and then it 
was cooled to the chosen pouring temperature. Finally, it 
was cast into collective crucible through the serpentine 
channel. After the slurry was completely collected, slurry 
and collective crucible were quenched in cold water 
rapidly to obtain the high temperature solidification 
microstructure. The preparation of semi-solid slurry was 
quantitative, and each dose of slurry mass was about  
1.6 kg. Both of the serpentine channel and the collective 

 

  
Fig. 1 Schematic diagram of preparing semi-solid A380 
aluminum alloy slurry by serpentine channel, 1—Crucible 
resistance furnace; 2—Graphite clay melting crucible; 3—
K-type thermocouple; 4—Serprntine channel; 5—Serpentine 
bend; 6 — Diversion pipe; 7 — Collective crucible; 8 —

Semi-solid slurry; 9—Cold water 
 
crucible were at room temperature before pouring. The 
processing parameters and the characteristic size of 
semi-solid slurry are listed in Table 1. The outlet 
temperatures of the slurry are close, which possibly 
contribute to the serpentine channels having strong heat 
absorption capacity and the different thickness of 
solidified shells in the serpentine channel. 

The samples were cut from the center of the 
quenched slurry respectively, and then the transverse of 
each sample was etched by 0.5% HF aqueous solution 
after grinding roughly, grinding finely and polishing. The 
samples were observed by Neuphoto21 optical 
microscope. The professional image analysis software 
(Image-Pro Plus) was adopted to analyze the average 
diameter and the shape factor of the primary α(Al) grains 
which were calculated by the following equations [17]. 
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Table1 Processing parameters and characteristic size of semi-solid slurry 
Sample 

No. 
Curve 

number 
Curve 

diameter/mm 
Pouring 

temperature/°C 
Outlet 

temperature/°C 
Pouring
time/s 

Slurry  
mass/kg 

Grain 
diameter/μm 

Shape
factor

A 4 25 670 578 5.7 1.56 69 0.69

B 4 25 650 575 6.0 1.59 61 0.78

C 4 25 630 576 5.8 1.53 52 0.81

D 6 25 670 577 6.2 1.61 60 0.74

E 6 25 650 573 6.5 1.59 53 0.82

F 6 25 630 575 6.7 1.58 49 0.84

G 6 20 670 576 6.9 1.60 56 0.77

H 6 20 650 575 7.4 1.66 47 0.86

I 6 20 630 574 7.4 1.57 45 0.89 
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where D, Fs, A, N and P are the average diameter, shape 
factor, area, number and perimeter of the primary α(Al) 
grains respectively. Fs is a value close to 1, 
corresponding to better globularity of the primary α(Al) 
grains. 
 
3 Results 
 
3.1 Microstructure of semi-solid A380 aluminum alloy 

slurry 
After the A380 aluminum alloy melt flows through 

the serpentine channel, the outlet temperatures of the 
slurry vary under the liquidus temperature, which 
illustrates that the A380 aluminum alloy melt has 
become the semi-solid slurry. The microstructures of the 
quenched slurry are prepared under different processing 
parameters, as shown in Fig. 2. The white particles are 
primary α(Al) grains and the dark regions are the 
quenched microstructure resulting from the remaining  

liquid aluminum alloy. The characteristic size of the 
semi-solid slurry is shown in Table 1. Figures 2(a), (b) 
and (c) show the microstructures of the semi-solid slurry 
prepared by the serpentine channel with 4 curves whose 
curve diameter is 25 mm, and the pouring temperatures 
are 670, 650 and 630 °C, respectively. The average 
diameters and the shape factors of the primary α(Al) 
grains are 69, 61, 52 μm and 0.69, 0.78, 0.81, 
respectively. Figures 2(d), (e) and (f) show the 
microstructures of the semi-solid slurry prepared by the 
serpentine channel with 6 curves whose curve diameter 
is 25 mm, and the pouring temperatures are 670, 650 and 
630 °C respectively. The average diameters and the 
shape factors of the primary α(Al) grains are 60, 53,   
49 μm and 0.74, 0.82, 0.84, respectively. Figures 2(g),  
(h) and (i) show the microstructures of the semi-solid 
slurry prepared by the serpentine channel with 6 curves 
whose curve diameter is 20 mm, and the pouring 
temperatures are 670, 650 and 630 °C, respectively. The 
average diameters and the shape factors of the primary 
α(Al) grains are 56, 47, 45 μm and 0.77, 0.86, 0.89, 
respectively. So it can be concluded that the 
pouring temperature, the curve number and the curve 

 

 
Fig. 2 Microstructures of semi-solid A380 aluminum alloy slurry prepared by three kinds of serpentine channels under different 
pouring temperatures: (a) Sample A; (b) Sample B; (c) Sample C; (d) Sample D; (e) Sample E; (f) Sample F; (g) Sample G;       
(h) Sample H; (i) Sample I 
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diameter of the serpentine channel have an important 
effect on the preparation of semi-solid A380 aluminum 
alloy slurry. Figure 3 shows the higher magnified 
microstructures of semi-solid A380 aluminum alloy 
slurry prepared by three kinds of serpentine channels and 
the pouring temperatures are 630 °C. 
 
3.2 Effect of pouring temperature on semi-solid A380 

aluminum alloy slurry 
In order to research the effect of pouring 

temperature on the preparation of the semi-solid   
slurry, the serpentine channel with 4 curves whose curve 
 

 

Fig. 3 Microstructures of semi-solid A380 aluminum alloy 
slurry prepared by three kinds of serpentine channels under 
same pouring temperature of 630 °C: (a) Sample C; (b) Sample 
F; (c) Sample I 

diameter is 25 mm was used and three kinds of different 
pouring temperatures were adopted, as listed in Table 1. 
Figure 2(a) shows that when the pouring temperature is 
670 °C, almost half of the primary α(Al) grains are 
near-spherical or spherical, and the other half of the 
primary α(Al) grains are fine rosettes or dendrites. Figure 
2(b) shows that with the pouring temperature decreasing 
to 650 °C, the primary α(Al) grains are mainly 
near-spherical and spherical, with a certain number of 
fine rosettes or dendrites. Figure 2(c) shows that when 
the liquid A380 aluminum alloy is poured at 630 °C, 
almost all of the primary α(Al) grains are near-spherical 
or spherical, as well as a small number of rosettes. As 
shown in Fig. 4, under the same condition, the average 
diameter of the primary α(Al) grains decreases and the 
shape factor increases with the pouring temperature 
decreasing. CARDOSO et al [18] pointed out that the 
final microstructure is very sensitive to the superheat of 
the alloy melt. Although the different pouring 
temperatures have the close outlet temperature, the 
chilling effect of the serpentine channel and the 
nucleation ratio of the alloy melt vary with different 
pouring temperatures. Obviously, when the pouring 
temperature is high, on one hand, the inner wall of the 
serpentine channel will be heated, resulting in the 
chilling effect being weaken and the nucleation ratio will 
decrease; on the other hand, the primary α(Al) grains will 
be remelted under the circumstances of the strong degree 
of superheat in the serpentine channel. If the pouring 
temperature is lower, the temperature of the alloy melt in 
the serpentine channel will rapidly drop below the 
liquidus temperature and the temperature of the inner 
wall is lower. So the alloy melt has more time and bigger 
super-cooling to nucleate. However, when the pouring 
temperature is too low, the thickness of solidified shell in 
the serpentine channel increases markedly, and the 
chilling effect of the serpentine channel will be 
weakened. The solidified shells forming in the serpentine  
 

 
Fig. 4 Curves of pouring temperature vs grain diameter and 
shape factor of semi-solid slurry 
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channel are shown in Fig. 5. Considering the quality of 
slurry and the thickness of solidification shell, the 
satisfactory semi-solid A380 aluminum alloy slurry can 
be obtained when the pouring temperature ranges from 
630 °C to 650 °C. 
 

 
Fig. 5 Solidified shells in 4 curves serpentine channel under 
different pouring temperatures: (a) 670 °C; (b) 650 °C;      
(c) 630 °C 
 
3.3 Effect of curve number on semi-solid A380 

aluminum alloy slurry 
Figures 2(c) and (f) show the microstructures of the 

semi-solid slurry prepared by the serpentine channels 
with 4 curves and 6 curves whose curve diameters are  
25 mm at pouring temperature of 630 °C, respectively. It 
can be seen from Fig. 2(c) that the primary α(Al) grains 
are mainly near-spherical or spherical, in addition to a 
small number of fine rosettes or dendrites. However,  
Fig. 2(f) shows that almost all of the primary α(Al) 
grains are near-spherical or spherical, and the primary 
α(Al) grains become more spherical and finer with the 
curve number of the serpentine channel increasing. The 
average diameter and the shape factor of the primary 
α(Al) grains prepared by two kinds of the serpentine 
channels with 4 curves and 6 curves respectively are 
shown in Figs. 6(a) and (b), which indicate that at the 
given pouring temperature and curve diameter of the 
serpentine channel, the average diameter of the primary 
α(Al) grains decreases and the shape factor of the 
primary α(Al) grains increases with the curve number 
increasing. The microstructures of the slurry are different, 
though the outlet temperatures of the slurry are close. It 
is clear that when the number of the curves increases, the 
area of the serpentine channel which contacts with the 
alloy melt enlarges, which is beneficial for 
heterogeneous nucleation and heat diffusion of alloy melt. 
More crystal nuclei can be generated as the area of the 
heterogeneous nucleation substrate enlarges, the 
superheat and latent heat of the alloy melt can be 

absorbed easily by the serpentine channel, and the crystal 
nuclei will be left. Meanwhile, the self-stirring of the 
alloy melt and the self-rotating of the primary α(Al) 
grains strengthen. So more primary α(Al) nuclei will be 
generated and left, which can effectively inhibit the 
growth of the dendrites. Moreover, the intensity of the 
“self-stirring” will be strengthened with the curve 
number increasing, which has a favorable effect on the 
fusing of the dendrites and the refining of the primary 
α(Al) grains. 
 

 
Fig. 6 Curves of pouring temperature vs grain diameter (a) and 
shape factor (b) of semi-solid slurry with different serpentine 
channel curves 
 
3.4 Effect of curve diameter on semi-solid A380 

aluminum alloy slurry 
Two kinds of the serpentine channels with 6 curves 

whose curve diameters are 20 mm and 25 mm 
respectively were used to study the effect of the curve 
diameter on the semi-solid slurry. Figure 2(f) shows that 
almost all the primary α(Al) grains are near-spherical or 
spherical. The similar microstructure can be seen in   
Fig. 2(i), but the particle size of the primary α(Al) grains 
is smaller and the morphology of the primary α(Al) 
grains is more spherical. As illustrated in Figs. 7(a) and 
(b), the average diameter of the primary α(Al) grains 
decreases and the shape factor increases with the curve 
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diameter reducing. When the semi-solid slurry mass is 
given, the pouring time increases with the curve diameter 
reducing, and the volume ratio of the alloy melt which 
directly contacts the inner wall will increase. Therefore, 
the superheat and the latent heat of the alloy melt diffuse 
more easily. Furthermore, the “self-stirring” of the alloy 
melt will be enhanced with the curvature of the 
serpentine channel increasing. 
 

 
Fig. 7 Curves of pouring temperature vs grain diameter (a) and 
shape factor (b) of semi-solid slurry with different curve 
diameters 
 
4 Discussion 
 

The microstructure formation of the semi-solid 
slurry prepared by the serpentine channel has been 
investigated by many researchers [19−21]. According to 
the results, spherical primary α(Al) grains of the 
semi-solid slurry may not only form directly from the 
alloy melt, but also may evolve from the fractured 
dendrites and broken dendritic arms. 

Because of the chilling effect of the inner wall of 
the serpentine channel, when the alloy melt is cast into 
the serpentine channel, the temperature of the alloy melt 
rapidly drops, and the alloy melt becomes super-cooling 
alloy melt, which decreases the critical energy of 
nucleation and the critical nucleus radius and increases 

the nucleation ratio. Therefore, a large number of the 
primary α(Al) nuclei will be generated. Meanwhile, the 
inner wall of the serpentine channel which acts as the 
concave nucleation substrate has a favorable effect on the 
heterogeneous nucleation, so many primary α(Al) nuclei 
form in a heterogeneous nucleation pattern. What’s more, 
the turbulence caused by “self-stirring” of the alloy melt 
is beneficial to the structure fluctuation and the energy 
fluctuation, which promotes the nucleation. The primary 
α(Al) nuclei grow up in the form of the spherical grains 
at first, when the liquid-solid interface is broken down, 
the spherical grains grow up to dendritic ones. And the 
primary α(Al) nuclei which stick on the inner wall will 
grow up to the fine dendrites, which grow against the 
direction of the heat diffusion. 

During solidification of the alloy melt, there are two 
kinds of convections, one of which is the natural 
convection caused by the differences of the density, the 
temperature and the concentration, and the other is the 
force convection caused by “self-stirring” of the alloy 
melt. The convections, the stress concentration and the 
solute enrichment make the dendrites and dendritic arms 
melt off from their roots or their stalks and the primary 
α(Al) grains break off from the inner wall of the 
serpentine channel. The fractured dendrites, broken 
dendritic arms and the primary α(Al) grains broken from 
the inner wall will be brought into the alloy melt, 
becoming the drifting primary α(Al) grains. The natural 
convection and the force convection make the drifting 
and the free primary α(Al) grains drift away or remelt, 
whose remelting will decrease the temperature of the 
alloy melt, which will promote the forming of the new 
primary α(Al) grains, and the state of remelting and 
forming will go on repeatedly. When the alloy melt flows 
through the serpentine channel, its temperature 
continuously drops and its viscosity increases with the 
temperature. At the same time, the friction between the 
alloy melt and inner wall varies with the viscosity, 
resulting in different displacements in different point of 
the alloy melt, which will lead to the shearing forces. 
What’s more, the shearing forces are different in 
different points of the alloy melt, so the primary α(Al) 
grains in the alloy melt will self-rotate. 

The morphology and particle size of the primary 
α(Al) grains are decided by the temperature gradient and 
the concentration gradient of the liquid-solid front and 
the direction of heat diffusion of the alloy melt. With the 
combined effect of the natural convection and the force 
convection, the latent heat and the solute concentration at 
the liquid-solid front are removed and the thickness of 
the boundary layer around the primary α(Al) nuclei is 
decreased. Meanwhile, the force convection accelerates 
the heat transferring and mass transferring, making the 
fields of the temperature and the concentration relatively 
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uniform. As mentioned above, the primary α(Al) grains 
self-rotate in the alloy melt, which makes themselves 
continuously change their liquid−solid fronts, have the 
same growth velocity in all directions and put themselves 
into relatively uniform fields of the temperature and the 
concentration. So the micro segregation of the primary 
α(Al) grains tips is weakened and the growth and 
coarsening of dendrites are inhibited, the primary α(Al) 
grains grow in the form of the spherical ones. 
Furthermore, the temperature field and the concentration 
field are overlapped in the serpentine channel, which 
promotes the spherizing and refining of the primary α(Al) 
grains. 

When the alloy melt is cast into collective crucible 
through the serpentine channel, because of the gravity 
field, the semi-solid slurry in the collective crucible will 
be impinged, stirred and mixed by the subsequent alloy 
melt [3,22]. Both of the concentration field and the 
temperature field become more uniform, which promotes 
the necking and refining of the dendrites, realizing the 
primary α(Al) grains multiplication and increasing the 
number of the crystal nuclei of the new primary α(Al) 
grains. At the same time, the primary α(Al) grains will be 
spherized, ripened and dispersed in the collective 
crucible and evolve into the spherical primary α(Al) 
grains. 

In order to illustrate the microstructure formation 
mechanism of the semi-solid slurry, the microstructure of 
the solidified shell is analyzed. Figure 8 shows the 
microstructures of the solidified shell in the places 
marked “B”, “C” and “D”. Figure 8(b) shows that the 
primary α(Al) grains at the top of the solidified shell are 
mainly fine dendrites, equiaxed grains and non-dendritic 
grains. The dendrites are generated in the places close to 
the inner wall of the serpentine channel. The primary 
α(Al) grains away from the inner wall are near-spherical 
or fine equiaxed ones. Figure 8(c) shows that the primary 
α(Al) grains have got initial ripening. The natural 
convection and the force convection promote the change 
from dendrite morphology into rosettes or spherical 
grains. Some primary α(Al) grains display in the form of 
strip or rod and may evolve from the dendritic trunks. As 
indicated in Fig. 8(d), the fractal dendrites and the 
broken dendritic arms have been further ripened, and the 
dendritic trunks have been remelted and refined, and the 
primary α(Al) grains have got the further ripening and 
spheroidization at the end of the serpentine channel. 
 
5 Conclusions 
 

1) The satisfactory semi-solid A380 aluminum alloy 
slurry can be obtained by the serpentine channel pouring 
process, and the average diameter of the primary α(Al) 
grains decreases while the shape factor increases with the  

 

 
Fig. 8 Microstructures of solidified shell in places marked “B”, 
“C” and “D” 
 
pouring temperature decreasing. The appropriate pouring 
temperature should range from 630 °C to 650 °C to avoid 
the solidified shell. 

2) Under the same conditions, increasing the curve 
number or reducing the curve diameter of the serpentine 
channel can decrease the average diameter of the primary 
α(Al) grains and increase the shape factor of the primary 
α(Al) grains. 

3) The “self-stirring” of the alloy melt in the 
serpentine channel promotes the ripening of the dendrites, 
the spheroidizing of the primary α(Al) grains. 

4) The microstructure formation of the semi-solid 
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slurry not only forms directly from the alloy melt, but 
also evolves from the fractured dendrites and broken 
dendritic arms. 
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摘  要：采用蛇形通道浇注法制备半固态 A380 铝合金浆料。研究浇注温度、弯道数量和通道内径对半固态 A380

铝合金浆料显微组织的影响。结果表明：浇注温度在 630~650 °C 时可获得优质的半固态 A380 铝合金浆料。在相

同条件下，增加弯道数量或减小通道内径可减小初生 α(Al)晶粒的平均直径，同时提高其形状因子。蛇形通道内

合金熔体的“自搅拌”有利于枝晶的熟化和初生 α(Al)晶粒的球化。 

关键词：A380 铝合金；半固态浆料；蛇形通道；初生 α(Al) 
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