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Abstract: Semi-solid slurry of ZL101 aluminum alloy was prepared using serpentine channel. The influences of the pouring 

temperature, the number of curves and the serpentine channel temperature on the microstructure of semi-solid ZL101 aluminum alloy 

were investigated. The results show that, satisfied semi-solid slurry of ZL101 aluminum alloy was prepared with pouring at 

630−680 °C. The morphology of primary α(Al) grains transforms from rosette to spheroid with the decrease of pouring temperature. 

At the same pouring temperature, increasing the number of curves can improve the morphology of primary α(Al) grains and decrease 

the grain size. Qualified slurry can be attained with lowering the pouring temperature when the serpentine channel temperature is 

higher. The alloy melt has the effect of “self-stirring” in the serpentine channel, which can make the primary nuclei gradually evolve 

into spherical and near-spherical grains. 

Key words: ZL101 aluminum alloy; semi-solid; slurry; serpentine channel 

                                                                                                             

 

 

1 Introduction 
 

As a kind of new near net shape metal processing 

technology, semi-solid processing (SSP) has the brightest 

future in the 21st century. A key step of semi-solid 

processing technology is an economical production of 

semi-solid metal slurry with fine grain    

microstructure [1−4]. In order to meet this demand, 

strong convection or shearing is often applied during the 

solidification, such as mechanical stirring [5,6], 

electromagnetic stirring [7,8]; however, the former 

pollutes alloy readily and the latter has low 

electromagnetic stirring efficiency. Recently, a controlled 

nucleation method has been reported, which is simple, 

practical and less expensive because of no application of 

stirring. These preparation methods include new 

rheocasting [9,10], vertical pipe [11,12], vibrating 

wavelike sloping plate process [13−15], inverted cone 

pouring channel [16,17] and cooling slope process 

[18−20]. These techniques have similarities, such as 

pouring the alloy melt through a plate or tube without 

stirring. Therefore, they reduce the energy consumption 

and save the cost of production greatly. 

On the basis of controlled nucleation method, 

serpentine channel process (SCP) was presented. The 

serpentine channel was made of stainless steel and 

consisted of two symmetrical blocks locked together by 

sleeve. During the period of preparing semi-solid slurry, 

the direction of alloy melt changed several times in the 

field of gravity, which made alloy melt have the function 

of “self-stirring” [21−25]. With the effect of stirring in 

serpentine channel, primary nuclei gradually evolved 

into spherical and near-spherical grains. In this work, an 

innovative processing technique of semi-solid metal 

slurry, namely serpentine channel process, was 

introduced, and effects of pouring process parameters on 

the microstructure of semi-solid ZL101 aluminum alloy 

slurry were investigated. 

 

2 Experimental 
 

2.1 Materials and apparatus 

In the experiment, a kind of commercial aluminum 

alloy named ZL101 was used. Its chemical composition 

is 6.6% Si, 0.28% Mg, <0.16% Fe, <0.10% Mn, <0.10% 

Zn and balance Al (mass fraction). Its liquidus and 

solidus temperatures are 615 and 556 °C, respectively, 

which were tested by differential scanning calorimetric 

(DSC) method. 
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The schematic of SCP equipment and slurry 

preparation process is shown in Fig. 1. The serpentine 

channel was made of stainless steel, which consisted of 

two symmetrical blocks locked together by sleeve. The 

collective crucible, with sizes of d69 mm × 150 mm, was 

made of stainless steel. The melting apparatus was a 

crucible resistance furnace. The temperatures of the 

liquid aluminum alloy, semi-solid slurry and inner wall 

of serpentine channel were measured by Ni−Cr/Ni−Si 

thermocouple. The temperature accuracy was ±1 °C. 

 

 

Fig. 1 Schematic diagram of preparing semi-solid ZL101 

aluminum alloy slurry by serpentine channel: (a) Melt; (b) 

Preparation of semi-solid slurry; (c) Cooling (1—K-type 

thermocouple; 2—Serpentine channel; 3—Pouring cup; 4—

Serpentine bend; 5—Diversion pipe; 6—Melting crucible; 7—

Collective crucible; 8—Slurry; 9—Cold water) 

 

2.2 Methods 

The alloy was melted in a crucible resistance 

furnace at 720−730 °C, and then incubated for 15 min. 

The melt was cooled to the chosen pouring temperature 

and cast into collective crucible via serpentine channel, 

and then quenched in cold water rapidly to obtain high  

temperature solidification microstructure. Collective 

crucible was at room temperature and serpentine channel 

was preheated to 100 °C or at room temperature before 

pouring. The processing parameters and characteristic 

sizes of semi-solid slurry are listed in Table 1. 

The metallographic specimens were cut from the 

center of quenched slurry and then roughly ground, 

finely ground, polished and etched with 0.5% HF 

aqueous solution. The microstructures of specimens were 

investigated using a ZIESS optical microscope. A 

professional image analysis software (Image-Pro Plus) 

was adopted to analyze equivalent diameter (D) and 

shape factor (Fs) of primary α(Al) grains which were 

calculated by the following equations: 
 
D=2(A/π)1/2                                  (1) 
 
Fs=4πA/P2                                                (2) 
 

where A and P are the area and perimeter of a particle, 

respectively. The Fs varies from 0 to 1. When the value 

of Fs is close to 1, the shape of particle approaches to a 

circle. Average particle diameter (APD) and average 

shape factor (ASF) are based on counting the equivalent 

diameter and the shape factor of all primary α(Al) 

particles in a photograph. 

 

3 Results 
 

3.1 Microstructural evolution of semi-solid slurry 

fabricated by SCP 

The outlet temperature of slurry is varied as the 

ZL101 aluminum alloy melt flows through serpentine 

channel. Undercooling contributes to nuclei. Besides, the 

internal surface of serpentine channel is concave, which 

is beneficial to nucleating. The ZL101 aluminum alloy 

melt becomes semi-solid slurry with the “self-stirring”. 

The microstructures of quenched slurry prepared under 

different processing parameters are shown in Fig. 2. The 

white phase is primary α(Al) and the black matrix is 

eutectic phase. 

 

Table 1 Processing parameters and characteristic sizes of semi-solid slurry 

Sample 

No. 

Curve 

number 

Curve 

diameter/mm 

Pouring 

temperature/°C 

Serpentine channel 

temperature/°C 

Pouring 

time/s 

Slurry 

mass/kg 

Average particle 

diameter/μm 

Average 

shape factor 

A 4 25 690 25 2 1.02 75 0.49 

B 4 25 670 25 2 0.98 68 0.56 

C 4 25 650 25 2 1.00 63 0.64 

D 5 25 690 25 2 1.04 65 0.53 

E 5 25 670 25 2 1.06 63 0.58 

F 5 25 650 25 2 0.98 58 0.67 

G 4 25 670 100 2 1.05 72 0.52 

H 4 25 650 100 2 1.10 65 0.54 

I 4 25 630 100 2 0.99 56 0.66 
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Fig. 2 Microstructures of semi-solid ZL101 aluminum alloy slurry prepared by three kinds of serpentine channels: (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 

 

It can be seen from Fig. 2 that non-dendritic 

primary α(Al) particles are uniform throughout the entire 

cast. The phenomenon indicates that once the collective 

crucible is filled completely, the solidification of 

remaining liquid may occur throughout the entire 

component [19]. In addition, there are two main 

constituents in the microstructure: the relatively large 

α(Al) globules (marked as α1(Al)) with particle diameter 

of 30−80 μm, and the numerous very small α(Al) 

particles (marked as α2(Al)) of approximately 15 μm in 

diameter. There are two distinct solidification stages in 

the SCP. The solidification of slurry in serpentine 

channel is referred to as the first solidification, and the 

solidification of slurry in collective crucible is referred to 

as the secondary solidification. The temperature declines 

rapidly, creating numerous nuclei in the slurry, and larger 

α1(Al) particles grow in serpentine channel. The particles 

morphologies are almost spherical. Besides, the particles 

distribute uniformly throughout the entire cast. When the 

slurry is poured into the collective crucible, 

heterogeneous nucleation recurs in remaining liquid. All 

these nuclei grow and solidify within a short time, 

forming smaller α2(Al) particles, creating the ‘‘secondary 

solidification’’. The solidification time is very short 

because of quenching, and as a result, the primary α2(Al) 

particles are very small and less spherical in shape. 

All in all, the contributions of serpentine channel 

making semi-solid slurry are “self-stirring”, 

undercooling and beneficial curved surface to nuclei. 

The average particle diameter and average shape 

factor of primary α(Al) grains are listed in Table 1. 

Figures 2(a)−(c) show the microstructures of ZL101 

aluminum alloy semi-solid slurry poured at 690, 670 and 

650 °C by serpentine channel with 4 curves, respectively, 

and the average particle diameter and average shape 

factor of primary α(Al) grains are 75, 68, 63 μm and 0.49, 

0.56, 0.64, respectively. Figures 2(d)−(f) show the 

microstructures of ZL101 aluminum alloy semi-solid 

slurry poured at 690, 670 and 650 °C by serpentine 

channel with 5 curves, respectively, and the average 

particle diameter and average shape factor of primary 

α(Al) grains are 65, 63, 58 μm and 0.53, 0.58, 0.67, 

respectively. Desired quality of slurry can be also 

achieved with lower pouring temperature when the 

serpentine channel is preheated. Figures 2(g)−(i) show 

the microstructures of ZL101 aluminum alloy semi-solid 

slurry poured at 670, 650 and 630 °C by serpentine 

channel with 4 curves, respectively, and the serpentine 

channel is preheated to 100 °C before pouring, and the 

average particle diameter and average shape factor of 
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primary α(Al) grains are 72, 65, 56 μm and 0.52, 0.54, 

0.66, respectively. 

 

3.2 Effect of pouring temperature on microstructure 

The serpentine channel with 4 curves was used and 

three kinds of pouring temperatures were adopted, as 

listed in Table 1. As shown in Figs. 2(a)−(c), primary 

α(Al) grains are more spherical with decreasing the 

pouring temperature. Figure 2(a) shows that when the 

pouring temperature is 690 °C, the morphology of 

primary α(Al) grains is irregular. A similar micro- 

structure can be seen in Fig. 2(b) and there are more 

non-dendritic primary α(Al) grains. Figure 2(c) shows 

that primary α(Al) grains are mainly near-spherical and 

spherical with decreasing the pouring temperature to 

650 °C. With the decline of pouring temperature, the 

average particle diameter of primary α(Al) grains 

decreases and the average shape factor increases, as 

shown in Fig. 3. The initial temperature of serpentine 

channel is low which has chilling effect that decreases 

the critical energy of nucleation and critical nucleus 

radius and increases the nucleation ratio. Therefore, a 

large number of primary α(Al) nuclei will be generated 

rapidly which is useful for decreasing the grain size. The 

inner wall of serpentine channel will be heated when the 

pouring temperature is high, causing the chilling effect to 

be weakened and the nucleation ratio to decrease. The 

grains have more time to grow, which leads to larger 

grain size. It is harmful to the mechanical property. 

 

 

Fig. 3 Effects of pouring temperature on APD and ASF 

 

The temperature of alloy melt in serpentine channel 

will drop rapidly to the liquidus temperature when the 

pouring temperature is lower. It is helpful for nucleation. 

However, when the pouring temperature is too low, the 

thickness of solidified shell in the serpentine channel 

increases markedly, and the chilling effect of serpentine 

channel will be weakened. Moreover, the productivity 

will be lower because of larger solidified shell. The 

semi-solid slurry can be prepared with satisfied quality 

when the pouring temperature range is between 630 and 

680 °C. 

 

3.3 Effect of curve number on microstructure 

It can be seen from Figs. 2(b) and (e) that, under the 

same condition, the microstructures are varied because of 

different numbers of curves. Primary α(Al) grains made 

by 5 curves serpentine channel are smaller and more 

spherical. It can be seen from Fig. 2(b) that a small 

number of fine rosettes or dendrites primary α(Al) grains 

except near-spherical or spherical grains. In addition, 

almost all of primary α(Al) grains made by 5 curves 

serpentine channel are near-spherical or spherical, as 

shown in Fig. 2(e). However, hanging slurry increases 

with increasing the number of curves. The variation of 

average particle diameter and average shape factor with 

different numbers of curves is shown in Table 1. The 

graphs about average particle diameter and average 

shape factor of primary α(Al) grains prepared by two 

kinds of serpentine channels with 4 curves and 5 curves 

are shown in Fig. 4, which indicates that at the given 

pouring temperature of serpentine channel, the average 

particle diameter of primary α(Al) grains decreases and 

the average shape factor of primary α(Al) grains 

increases with increasing the curve number. The inner 

wall of 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. More crystal 

nuclei can be generated as the area of heterogeneous 

nucleation substrate enlarges with increasing the number 

of curves. Meanwhile, the self-stirring of alloy melt is 

strengthened with the increase of curve number, which 

has a favorable effect on breaking dendrites and refining 

primary α(Al) grains. It can be seen from a series of 

experiments that better slurry can be obtained with 5 

curves serpentine channel, but hanging slurry is 

aggrandized. Therefore, serpentine channel with 4 curves 

is appropriate. 

 

 

Fig. 4 Effects of curve number on APD and ASF 
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3.4 Effect of serpentine channel temperature on 

microstructure 

Figures 2(h)−(i) show the microstructures of 

semi-solid slurry prepared by the serpentine channel 

preheated at 100 °C. Primary α(Al) is composed of vast 

small spherical grains and a small number of fine  

rosettes. Comparing Figs. 2(h)−(i) with Figs. 2(a)−(c), 

the average particle diameter increases and the average 

shape factor decreases under the same condition with 

increasing the serpentine channel temperature. The 

weight of hanging slurry decreases when the serpentine 

channel is preheated. It can be seen that qualified slurry 

can be received by lowering the pouring temperature 

when the serpentine channel temperature is high, as 

shown in Fig. 5(b). The number of crystal nuclei reduces 

when super-cooling is little, which is not good for 

refining grains. The number of crystal nuclei can be 

enlarged with decreasing the pouring temperature when 

the serpentine channel temperature is high, getting 

favorable slurry. 

 

 

Fig. 5 Microstructures of semi-solid ZL101 aluminum alloy 

slurry prepared by two kinds of serpentine channel 

temperatures at pouring temperature of 650 °C: (a) Sample C; 

(b) Sample H 

 

It is good for nucleation with large super-cooling. 

Cooling serpentine channel contributes to getting larger 

super-cooling and receiving desired slurry. But it is 

difficult to control the serpentine channel temperature 

through cooling process which increases the cost. The 

super-cooling becomes more little when the serpentine 

channel is preheated or pouring long time. So, 

investigating the relationship between the pouring 

temperature and serpentine channel temperature is more 

important. The slurry temperature continuously drops 

and its viscosity increases with decreasing the 

temperature when the alloy melt flows through the 

serpentine channel. At the same time, the friction 

between the alloy melt and inner wall is varied with 

viscosity, resulting in different displacements in different 

points of the alloy melt, which will lead to shearing 

forces. What is more, the shearing forces are diverse in 

different points of alloy melt, so primary α(Al) grains in 

the alloy melt will self-rotate. It can be seen that 

decreasing the pouring temperature can solve the 

problem and receive desired slurry. It is good for 

continuous production and saving cost. 

 

4 Conclusions 
 

1) The semi-solid ZL101 aluminum alloy slurry 

with desired quality can be generated by pouring through 

serpentine channel. The average particle diameter of 

primary α(Al) grains decreases while the average shape 

factor of primary α(Al) grains increases with decreasing 

the pouring temperature, and the desired pouring 

temperature is in the range of 630−680 °C. 

2) Under the same condition, increasing the curve 

number of serpentine channel can decrease the average 

particle diameter of primary α(Al) grains and increase 

the average shape factor of primary α(Al) grains. 

Considering about hanging slurry, 4 curves serpentine 

channel is appropriate. 

3) Semi-solid slurry can be obtained at high 

serpentine channel temperature by lowing the pouring 

temperature. It assures continued access to slurry and 

reduces the preparation cost. 
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蛇形通道法制备 ZL101 铝合金半固态浆料 
 

程书建，赵宇宏，侯 华，靳玉春，郭晓晓 

 

中北大学  材料科学与工程学院，太原 030051 

 

摘  要：采用蛇形通道法制备 ZL101 铝合金半固态浆料，研究浇注温度、弯道数量、蛇形通道温度对 ZL101 铝

合金半固态浆料显微组织的影响。结果表明：浇注温度在 630~680 °C 范围时可获得满意的 ZL101 铝合金半固态

浆料，随浇注温度的降低，初生 α(Al)由蔷薇状向近球状或球状组织演变。在相同浇注温度下，弯道数量增加，

可以改善初生 α(Al)晶粒的形貌，降低晶粒尺寸。当蛇形通道温度提高时，通过降低浇注温度，同样可以获得合

格的半固态浆料。弯道内的合金熔体具有“自搅拌”作用，使初生晶核演变为球状或近球状晶粒。 

关键词：ZL101 铝合金；半固态；浆料；蛇形通道 

 (Edited by Mu-lan QIN) 

 

 


