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Effect of Substrate Movement Speed by Synchronous 
Rolling-casting Freeform Manufacturing for 

Metal on Microstructure and Mechanical 
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Abstract: Synchronous rolling-casting freeform manufacturing for Metal (SRCFMM) means that the 
refined liquid metal is continuously pressed out from the bottom of crucible. There is a horizontal movable 
plate beneath the outlet. The clearance between the outlet and the plate is about several hundred micrometers. 
SRCFMM, similar to additive manufacturing, implies layer by layer shaping and consolidation of feedstock to 
arbitrary configurations, normally using a computer controlled movable plate. The primary dendritic crystal is 
easily crushed by movement of substrate in the rolling-casting area. ZL104 was used as the test materials, determi-
ning the control temperature by differential scanning thermal analysis (DSC), preparing a kind of samples by SR
CFMM, then analyzing microstructures and mechanical property of the samples. Characteristics and distribution 
of the primary particles were assessed by optical microscopy (OM), scanning electron microscopy (SEM), 
energy dispersive spectrum (EDS) and image analysis software. Mechanical property of the samples was 
assessed by vickers hardness. The results show that  the samples fabricated by SRCFMM have uniform structures 
and  good performances with the velocity of the substrate controlled about 10 cm/s and temperature at about 
580 ℃.
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1  Introduction

Shortening the period of processing components 
with complicated shape and high performance is the 
goal of manufacturing technology. M Orme proposed 
the method of droplets without mould in 1990s[1-3], and 
C R Rice put forward the semi-solid slurry without 
mold molding method in 2000[4]. Now the slurry 
processing of aluminum alloys without mold molding 
method has been used for the fabrication of parts with 
better mechanical properties compared to parts made 
by conventional casting[5,6]. Conventional processes are 
the mechanical stirring and electromagnetic stirring 

in which the temperature is controlled between the 
liquidus temperature and solidus temperature[7,8]. The 
solid primary grain of the slurry has good mobility. 
The mechanical stirring and electromagnetic stirring 
processes can prepare products through the processing 
methods of extrusion, die casting, and die forgin. The 
technology of semi-solid slurry forming is a kind 
of processing technology with energy-saving and 
efficient production which has broad prospects. The 
semi-solid metal processing, including thixoforming 
and rheocasting, has been regarded as a unique 
charm manufacturing method to produce near-net-
shape structural components for various industrial 
applications[9]. Compared with conventional die-
casting, semi-solid metal processing has a number 
of advantages, such as low porosity, heat treatability, 
consistency and soundness of mechanical properties, 
the ability to make complex component shapes and 
longer die life[10-13]. 

S y n c h r o n o u s  r o l l i n g - c a s t i n g  f r e e f o r m 
manufacturing for Metal (SRCFMM) is a pioneer 
kind of metal processing technology we first created. 
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The refined liquid metal is continuously pressed out 
from the outlet of bottom of crucible. A horizontal 
movable plate is under the outlet. With the aid of 3D 
manufacturing software, the melt is solidified and 
formed layer by layer without mold. The technology 
has integrated the parts of design, molding and 
processing without the forming mould, reduced 
energy consumption and the sophisticated processing 
equipment and had broad application prospects. 
Therefore, they are well suited to the aerospace, the 
automobile industry, aerospace and national defense 
transportation and other fields, etc[14-16]. Among the 
various classes of aluminum silicon alloys, the ZL104 
alloy as an important hyper-eutectic aluminum alloy is 
used to fabricate the plane wall plate, cylinder shell and 
the spare parts such as cylinder block of auto-motive 
industry parts. Their high wear resistance and good 
mechanical properties are substantially attributed to the 
presence of hard primary silicon particles scattered in 
the matrix[17-20].

In this work, slurry of ZL104 alloy was prepared 
by SRCFMM, as a new manufacturing technique, 
which is of short course, high performance and net-
shape.In the process, the micro rolling mass force 
produced by substrate movement has been studied in 
SRCFMM.

2  Experimental

2.1  Principle of SRCFMM
The equipment of SRCFMM includes a pressure 

controller system with a lifting lever, a heating system 
with crucible, heating furnace, argon gas protection 
system, and a machine control system with roll casting 
mold and movable plate. The SRCFMM was used to 
form parts by controlling the motion of 3D platform 
according to data information. 3D platform system 
consisted of PMAC (program multiple axes controller) 
and 3D movement platform .The process monitor 
system which consisted of a CCD camera and an image  
acquisition card is used to observe the spraying and 
deposition process of synchronous rolling-casting. 
The principle of SRCFMM is shown in Fig.1. The 
CAD model of part is designed and transformed into 
control system format model data. The melt metal 
flows into the tundish under the control of temperature 
system, the mixing system and the pressure system 
of the graphite crucible. Then the melted metal flows 
through the bottom of the tundish discharging mouth 
into the area of synchronous cast-rolling. A lot of 

complex processes simultaneously take place in this 
region, including crystallization, solute redistribution, 
ripening, inter dendritic fluid flow and solid movement. 
The dendritic structure formed is greatly affected by 
convection during the early stages of solidification. In 
the limit of vigorous convection and slow cooling, the 
grains become small. The dendrite become short grain 
due to the action of shear force at the direction of plate 
movement, so as to achieve the goal of fine grains. 
The technology enables molten metal two-dimensional 
cross section to pile up layer by layer along the height 
direction into a complex three-dimensional model.

2.2  Material
This  test  used commodity ZL104 as  raw 

materials, the composition of ZL104 aluminum silicon 
cast alloy investigated in this study is listed in Table 1. 
The density of the alloy was 2.72 kg/m3. 

2.3  Slurry preparation
The ZL104 aluminum silicon casting alloys were 

heated to a temperature between solidus temperatures 
and liquidus temperatures in order to obtain fine 
and globular microstructure which is required for 
the forming. Therefore, this heated temperature 
window could be controlled within between solidus 
temperatures and liquidus temperatures to get a proper 
solid fraction. As the Scheil equation, the volume 
fraction of liquid in the semi-solid microstructure 
should be a constant value at a given temperature 
during semi-solid isothermal heat treatment, with the 
assumption that the homogenization of the liquid is 
complete and no diffusion is in the solid.
2.4  Testing methods

The solidus and liquidus temperatures of this 
alloy were measured by differential scanning thermal 
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analysis(STA409PC), with argon gas protection in the 
testing process.

Two different districts of the samples were 
chosen to be investigated, samples for microstructural 
observation were prepared by standard metallographic 
techniques. The microstructures of samples were 
polished and etched in the solution of 0.5%HF, 
for 10 s, then analyzed by optical microscopy, and 
the representative microstructure of the slurry can 
be obtained. All the metallographic samples were  
examined by NEOPHOT2 optical microscope(OM). 
The LEO-1450 scanning electron microscopy (SEM) 
and energy dispersive spectrometer (EDS) were used 
to confirm the phase analysis. T1 thermal treatment 
of the samples involved artificial aging. The samples 
were cooled in the air after high temperature forming 
process. They are cooled with natural aging to a stable 
state. T1 thermal treatment could enhance the intensity 
of ZL104 alloys.The samples for mechanical property 
tests were obtained from the middle region.  The 
hardness was tested by a XHB-3000 Brilled duromete.

3  Results and discussion

3.1  Differential scanning thermal analysis
The solidus and liquidus temperatures of this 

alloy were 571.2 and 604.1 ℃ respectively, which 
was measured by differential scanning thermal 
analysis(DSC). The melting point of the pure metal 
and liquidus temperature of the alloy are TM and TL, 
respectively. In this experiment, we choose 580 ℃ as 
the processing temperature.

3.2  Microstructure of ZL104 alloy
Fig.3 shows backscattered electron(BSE) image 

and EDS spectra of the sample with two regions of 
ZL104 aluminum alloys which were produced in the 
process of this sample without substrate movement 
speed at 580 ℃. ZL104 alloy exhibits typical dendritic 
microstructure. Furthermore, it is found from Fig.3(a) 
that the grey precipitates is α-Al, white needle-
shaped precipitates is Si, bright lump precipitation 

is AlSi9Mg, in the main, and the microstructure of 
ZL104 alloy is mainly composed of matrix and eutectic 
Si phase. According to the EDS results of ZL104 
aluminum  alloy, it is confirmed that the arrow“A” 
(grey precipitates) and arrow“B” (white needle-shaped 
precipitates) in Fig.3(b) are AlSi9Mg and eutectic Si 
phases, respectively. It is found from Fig.3 that when 
the substrate movement speed of SRCFMM is 0 cm/s, 
ZL104 aluminum alloy has microstructure in complex 
irregular shape ,the Si phase is needle-shaped and the 
a-Al is grey precipitates alloy mainly exhibiting a large 
block shape.

Fig.4 shows the optical microstructure images 
of four samples. The four samples were made by 
SRCFMM with a different substrate movement speed. 
Four samples were high temperature molded without 
cold working besides cooling (T1 state). The speed of 
substrate movement by synchronous rolling-casting 
freeform manufacturing has a significant influence 
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on material morphology. The process of SRCFMM is 
focused on solidification and melting. The speed of 
substrate movement made the dendrite become short 
grain under the action of shear force at the direction 
of plate movement, so as to achieve the goal of fine 
grains. The process enables molten to pile up layer by 
layer along the height direction into a complex model. 
Metallic melts rapidly forms dendrite between the 
mouth and crystallization plate cavity synchronous 
cast-rolling area .The observation of metallographic 
showed a lot of dendritic grains in Fig.4(a) and a 
typical dendritic microstructure. According to the EDS 
results of experimental alloy, it is confirmed that in 
Fig.3(b) the grey precipitates (A) and black needle-
shaped precipitates(B) are α-Al and Si respectively.

Fig.5 shows the scanning electron microscopy 
of four samples magnified by 2 000 times. The four 
samples were made by SRCFMM with a different 
substrate movement speed. Four samples were high 
temperature molded without cold working besides 
cooling (T1 state). The speed of substrate movement 
by synchronous rolling-casting freeform manufacturing 
with speed could change the cooling rate of melt. The 
fast movement of substrate interface bonding part 
could prevent the speed of heat dissipation. During 
the cooling process, rapid cooling is beneficial to 
grain refinement and the fast movement of substrate 
interface can make the grain refinement but the too 
fast movement of substrate interface could make the 
grain organization segregation, therefore reducing the 
mechanics performance of material.

According to the results, the experimental alloy 
treated at 580 ℃ with the substrate speed at 10 cm/
s has a uniform microstructure and there is very few 

dendritic. Obviously, the temperature at 580 ℃ and the 
substrate speed at 10 cm/s could maintain the balance 
of melting and solidification of the material .
3.3  Hardness

Fig.6 is the comparison figure of four kinds 
of samples preparation for SRCFMM. The sample 
analysis of vickers hardness was made in the same 
place of the samples. From the figure it can be seen 
that the average vickers hardness of five positions in 
each sample is more than 65 HV, the largest average 
vickers hardness, sample(d), is 78.85 HV. According to 
the data of four samples, the highest vickers hardness 
located in the center of sample. It can be concluded that 
refinement of particles could increase material strength 
significantly, but the segregation of microstructure 
could decrease the material strength.

4  Conclusions

a) ZLl04 alloy was produced by synchronous 
rolling-casting freeform manufacturing. The equipment 
process control temperature point was determined 
according to the differential thermal analysis (DSC) 
data. The temperature of the preparation of ZL104 
slurry should be controlled at 580 ℃ ,at these 
temperatures, the slurry can maintain the proper 
viscosity and maintain excellent formability,

b) The micro rolling mass force produced 
by substrate movement could contribute to grain 
refinement in the process. The microstructure and 
mechanical performance are excellent when the base 
plate movement speed is controlled at 10 cm/s in 
Synchronous rolling-casting freeform manufacturing 
for aluminum alloy slurry.
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