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Microstructure and Properties of ZL101 Alloy Affected 
by Substrate Movement Speed of a Novel Semisolid 
Continuous Micro Fused-Casting for Metal Process
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Abstract: A novel semisolid continuous Micro Fused-Casting additive manufacturing technology for 
producing a ZL101 alloy strip was developed, Micro Fused-Casting means that the semisolid metal slurry 
was pressed out from the outlet of bottom of crucible to the movable plate. The degree of sub-cooling was 
easily provided by movement of substrate in the micro fused-casting area. Under the aid of 3D manufacturing 
software, the ZL101 alloy strip was solidified and formed layer by layer. The microstructure and properties of 
ZL101 semisolid slurry were improved by the cooling conditions. The results showed that the ZL101 alloy strip 
samples fabricated by Micro Fused-Casting had uniform structures and good performances with the substrate 
movement speed at 20 mm/s and the temperature at 590 ℃, the ultimate tensile strength and elongation of the 
ZL101 alloy strip reached 242.59 MPa and 7.71%, while the average Vickers hardness was 82.55 HV. 
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1  Introduction

As one of the lightest structural materials, alumi-
num alloy has received widespread interests because of 
its advantages of high specific strength, good machin-
ability, superior damping capacity, and high thermal 
conductivity. These properties make aluminum alloys 
valuable in a system of applications including aero-
space components, automobile for reducing the mass 
of transportation, and reducing the fuel consumption 
and air pollution[1-4]. Semisolid processing is a near-net-
shape metal forming process. In particular, semisolid 
forming is an ideal way to fabricate aluminum alloy 
products because of good flow ability[5,6]. Now, many 
slurry preparation processes have been developed, such 
as Magneto Hydro Dynamic (MHD) stirring, mechani-
cal stirring and melt conditioner direct chill casting[2,7,8]. 

Micro fused-casting for metal without mold mold-
ing technology is a new kind of technology in the field 

of additive manufacturing technology, which usually 
needs a metal liquid as raw material[9-11]. The effective 
semisolid slurry preparation method is a characteristic 
of micro fused-casting for metal (MFCM) process. 
The machine of the MFCM process mainly includes 
a crucible and a stirring apparatus, and a horizontal 
movable plate[12]. During the process, a liquid alloy is 
poured into the crucible under the proper temperature, 
with the high stirring, the semisolid  slurry is prepared, 
the semisolid slurry in the gap is forced to flow along 
the movement direction, then the cooling caused by the 
movement of horizontal movable plate, the semisolid 
slurry is transformed into a strip material[13,14]. In this 
paper a novel semisolid micro fused-casting for metal 
process based on MFCM process was developed. The 
process has two advantages. First, the energy consump-
tion is much less than the normal roll-casting because 
the temperature of semisolid slurry is much lower than 
that of liquid alloys. Second, the microstructure of the 
alloy produced by the process is mainly composed of 
fine non-dendrites, and the mechanical properties of the 
product are better than that of a strip produced by con-
ventional process. 

In this work, the ZL101 alloy strip was prepared 
by MFCM. As a new technique, the ZL101 alloy strip 
indicates high performance, short course and net-shape. 
In the process, the effects of the substrate movement 
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speed by MFCM on the microstructure and mechanical 
property of ZL101 alloy have been studied. 

2  Experimental

2.1  Principle of MFCM
The process principle of MFCM is shown in 

Fig.1. It consists of a heating furnace, a heating system 
with a crucible heating and a movable plate. During 
the process, the uniform semisolid slurry is prepared 
in crucible heating and pressured though a nozzle to a 
fused-casting zone, an open flat space between the noz-
zle and the plate with diameter in millimeters and thick-
ness in millimeters. Then, the plate, served as cooler and 
crystallizer, moves horizontally in a withdrawn out of 
the fused-casting zone. Controlled by the 3D controlling 
system, liquid metal is filled and solidified in given 
patterns layer by layer, and then a metal part is formed. 
Between the mouth and crystallization plate cavity area, 
the metallic melts begin to solidify rapidly, and the den-
drite rapidly forms by metallic melts. In the process, the 
substrate movement speed has great effect on the slurry 
of metals by undercooling. 

2.2  Material
In this experiment, a commodity ZL101 alumi-

num silicon cast alloy was used with density of 2.66 
kg/m3. The experimental material was a Al-Si alloy 
whose main chemical composition (mass fraction,%) 
was Si 7.51,Fe 0.60,Mg 0.25,Zn 0.19 and Al balanced. 
2.3  Alloy preparation

In order to obtain fine and globular microstruc-
ture, the ZL101 aluminum alloys were heated to a tem-
perature between liquids and solidus zone which was 
the sufficient condition required for the forming. In this 
experiment, we choosed the movement of  substrate 
at different speed with the pouring temperature at 590 
℃. The samples for microstructure observation were 
prepared by standard metallographic techniques. The 
microstructures observation samples were cut off from 
the quenched slurries, roughly ground, polished and 

etched by an aqueous solution of 0.5% HF for 15 s, the 
etched samples were cleaned with an alcohol and dried, 
then analyzed by optical microscopy(OM), and the rep-
resentative microstructure of the slurry can be obtained. 
All the metallographic samples were examined by OM, 
SEM(scanning electronic microscopy) and EDS(energy 
dispersive spectroscopy). 

Therefore, the substrate movement at proper 
speed to get a high-performance products was deter-
mined, and the sample of ZL101 alloy for tensile test 
was produced. 
2.4 Testing methods

The average grain size was calculated by

                                (1)                

where D is the average grain size, Nf is the grain count, 
Lf is the length of measured line that is covered by the 
measured line and μ is the magnification value. 

The average roundness of the grain shape was 
calculated by

                                 (2) 

The average roundness of the grain shape was 
calculated by image analysis software. The S is the 
average roundness, LP and AP are total circumference 
of measure grains and grain areas value of globule, re-
spectively. 

ZL101 cast alloy has been used for making tensile 
test samples. The samples for mechanical property tests 
were obtained from middle region, the samples were 
machined to specimens, and the tensile test was carried 
out by a CMT5105 tensile machine. The hardness was 
tested by a XHB-3000 Brilled durometer. The results 
reported in this work were the average values obtained 
from the test samples.

3  Results and discussion

3.1  Differential scanning thermal analysis

Fig.1  Micro fused-casting for metal liquid

Fig.2  DSC curve of ZL 101
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The relationship between the solid volume frac-
tion and the temperature of the commercial ZL101 
aluminum alloy was measured by differential scanning 
calorimetry (DSC). The commodity ZL101 aluminum 
silicon cast alloy was heated to 700 ℃ at 5 ℃/min . 
The heat flow and temperature were tested by a K-type 
thermocouple to obtain DSC curves as shown in Fig.2. 
The solidus and liquidus temperatures of this alloy 
were 559.2 and 626.3 ℃, respectively.
3.2 Microstructure of the ZL101 alloy 

material

Fig.4 shows the backscattered electron (BSE) 
image and EDS spectra of the sample with two regions 
of ZL101 aluminum alloys which exhibits typical den-
dritic microstructure. Furthermore, it is found from the 
BSE image that the white needle-shaped precipitates 
are Si, the shine precipitates are AlSi9Mg(point c),the 
grey precipitates are α-Al (point b), and the microstruc-
ture of ZL101 alloy is mainly composed of matrix α-A 

and eutectic Si phases. According to the EDS results of 
ZL101 aluminum alloy, it is confirmed that the white 
needle-shaped precipitates and the grey precipitates in 
Fig.3 are eutectic Si and eutectic α-Al phases, respec-
tively. It is found from Fig.3 that the ZL101 aluminum 
alloy has microstructure in complex irregular shape, the 
Si phase is needle-shaped and the α-Al is grey precipi-
tates alloy mainly exhibiting a large block shape.
3.3 Microstructure of the ZL101 semisolid 

alloy and strip sample
During the MFCM process, preparation of semi-

solid melts for Micro Fused-Casting using the tempera-
ture control and mixing system, the dendrite becomes 
short grain under the action of shear force in the areas 
of graphite crucible. After the ZL101 semisolid alloys 
slurry was cast into the collective crucible through the 
mouth of nozzle, the slurry and collective crucible were 
quenched in cold water rapidly to obtain the high tem-
perature solidification microstructure. Fig.4 shows the 
optical microstructure images of the samples produced 
at the pouring temperature of 590 ℃. The process of 
MFCM is focused on solidification. In the process, 
preparation of semisolid melts for Micro Fused-Casting 
has used the temperature control and mixing system. 
On the proper pouring temperature and stirring, the 
goal of fine grains was achieved. The globular fine 
grains distributed evenly in the structure of aluminum 
alloy. 

The average grain size and roundness of the 

Fig. 3 SEM image of ZL101 alloy material: (a)SEM of material; (b) the energy spectrum test results of position b; (c) the energy spectrum 
test results of position c

Fig.4  OM images of the ZL101 semisolid experimental alloy
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ZL101 semisolid alloys used in the experiment are 53 
μm and 0.71, respectively.

Fig.5 shows the scanning electron microscopy of 
four samples. Fig.5(a) is the substrate with speed at 10 
mm/s, Fig.5(b), Fig.5(c) and Fig.5(d) are the substrate 
with speed at 15, 20, 25 mm/s respectively, while the 
pouring temperature of the nozzle exit is 590 ℃. The 
samples were high temperature molded without cold 
working besides cooling (T1 state). It was proved that 
dendrite breakage and nucleation were the main rea-
sons of fine spherical micro-structure formation. Pour-
ing temperature combined with melt undercooling can 
affect the dendrite fusing and grain shape of the melt, 
and its impact on grain size is obvious. The experiment 
with the pouring temperature at 590 ℃ and substrate 
speed at 20 mm/s has a uniform microstructure and 
very few dendritic. Obviously, the substrate speed at 
15 mm/s and 25 mm/s has segregation, respectively. It 
can be concluded that the refinement of particles could 
increase the material strength significantly, but the seg-
regation of microstructure could decrease the material 
strength.
3.4 Microstructure and properties of the 

ZL101 alloy produced by the process
Fig.6 shows the relationships between the sub-

strate speed and Vickers hardness. The Vickers hard-
ness is best developed at 20 mm/s, the substrate speed 
and temperature can affect the nucleation rate and 
cooling rate of the melt in the fused-casting zones, and 
further influence the Vickers hardness of the ZL101 
alloy. The nucleation rate decreased with increas-
ing temperature and increasing speed from 10 mm/s. 
Furthermore, the nucleation rate of the ZL101 slurry 
increased with increasing increments of the substrate 
speed, and viscosity decreased correspondingly. As 

stated, the undercooling in the melt is determined by 
the substrate movement speed and temperature, so the 
substrate movement speed reduces with the decrease 
of the crystal size of ZL101 slurry. For this reason, a 
high substrate speed could have caused a high nucle-
ation rate, which caused globular crystals formation. 
When the substrate speed of MFCM was between 20 
mm/s and 25 mm/s, many obvious big dendrites dis-
appear in the microstructures of the ZL101 slurry, as 
shown in Figs.5(c) and 5(d). On the other side, the melt 
undercooling increased and nucleation rate increased 
with the enhance of substrate speed, and the vickers 
hardness increased respectively. Nevertheless, if the 
substrate speed was higher than 30 mm/s, the melt flow 
ability of the ZL101 slurry was very good, and the op-
eration procedure usually failed. For these reasons, we 
suggested a reasonable fused-casting substrate speed at 
about 15-25 mm/s when the pouring temperature of the 
nozzle opening was 590 ℃. From Fig.7 it can be seen 
that the largest average vickers hardness is 82.55 HV, 
which is obtained at velocity of plate of 20 mm/s.

Fig.7 shows the relationships between the sub-
strate speed, tensile strength and elongation of the 
ZL101 alloy strip. At the fused-casting temperature 

Fig.5 SEM images of the ZL101 experimental alloy treated at 
different substrate speed: (a) 10 mm/s, (b) 15 mm/s, (c) 20 
mm/s, (d) 25 mm/s 

Fig.6  Vickers hardness chart of ZL101 alloy treated at different 
substrate speed

Fig.7  Tensile strength and elongation chart of ZL101 alloy strip 
treated at different substrate speed: (a) 10 mm/s, (b) 15 
mm/s, (c) 20 mm/s, (d) 25 mm/s  
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of 590 ℃, and velocity of plate of 10, 15, 20, and 25 
mm/s, four kinds of metal strips were produced by 
fused-casting process. The surface of metal component 
was smooth. Therefore, the highest tensile strength is 
that of the metal components produced with the veloc-
ity of plate at 20 mm/s and temperature at 590 ℃, the 
ultimate tensile strength and elongation of the ZL101 
alloy strip have reached 242.59 MPa and 7.71% at the 
substrate speed of 20 mm/s. Obviously, the pouring 
temperature at 590 ℃ and the substrate speed at 20 
mm/s could maintain the balance of melting and solidi-
fication of the material. 

4  Conclusions

a) The experimental samples were prepared using 
aluminum alloy ZL101. The processing conditions of 
component formability and the organizational perfor-
mance of ZL101 alloy were studied. The influences of 
parameters, such as the speed gradient on the micro-
structure evolution and mechanical property of ZL101 
alloy by micro fused-casting for metal liquid were stud-
ied.

 b) The microstructure and mechanical perfor-
mance were excellent with the pouring temperature at 
590 °C and the velocity of plate at 20 mm/s, the tensile 
strength and elongation of the ZL101 strip reached 
242.59 MPa and 7.71%, respectively, and the Vickers 
hardness reached 82.55 HV.
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