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The microstructures of high-Si Al alloy cylindrical simples produced by rheological squeeze-casting 
with bottom-up filling were investigated. The effect of process parameters on the distribution of hard 
phases (primary Si and Fe-rich phase) was evaluated, and flow characteristics of semi-solid slurry of 
high-Si Al alloy were investigated. Differences in volume fractions (VFs) of hard phases between the 
middle and upper layers of cylindrical samples decreased as the squeezing speed increased. Moreover, 
the flow state of the semi-solid alloy slurry transitioned from laminar to turbulent flow as the squeezing 
speed was increased. Movement of gases throughout the semi-solid alloy slurry filling process was 
analysed under different process parameters. The results provide insights for improving rheological 
casting of high-Si Al alloy and other Al matrix composites.
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1. Introduction
High Si Al alloys (hypereutectic Al-Si alloys) are alloy 

systems with Al and Si as the main elements, for example, 
the commonly used commercial alloy A390. Solidification 
microstructures of this series of alloys are mainly comprised 
of primary Si, primary α-Al, and eutectic phases1,2. The size 
and shape of primary Si have a large influence on the 
final properties (both mechanical and wear properties) of 
hypereutectic Al-Si alloys3,4. Therefore, it is necessary to 
conduct modification treatment to refine and homogenize the 
primary Si phases through melt controlled cooling technology 
for realizing the application of this alloy5-7. Furthermore, 
hypereutectic alloys have a wide temperature range in which 
the Si phase and liquid phase can coexist, and this can easily 
lead to gas and shrinkage porosity during squeeze casting 
or die-casting8. These distinct material characteristics and 
material forming properties greatly limit the commercial 
application of high Si Al alloy.

Squeeze casting is a special casting technique that 
combines the advantages of high-pressure die casting and 
forging techniques by controlling the mould filling and 
solidification process of metal melts under high pressure9. 
The filling pressure is directly applied to the whole liquid 
surface of the metal melt resulting in materials with improved 
mechanical properties. Key parameters of the process 

include the filling rate, final forming pressure, and mould 
temperature10.

Since metal melt filling is conducted under high pressure, 
squeeze casting is suitable for semi-solid melt forming of 
alloys with high apparent viscosities. Moreover, the squeeze 
casting process can effectively avoid the defects caused 
by solidification during the liquid metal filling process11. 
When the metal melt is replaced by a semi-solid slurry, the 
process is referred to as semi-solid rheological forming or 
rheoforming.

Researchers previously investigated melt slurry 
preparation technologies for use in refining the primary 
Si phase of high Si Al alloy and found that high-viscosity 
slurries and low forming temperatures produce cast parts 
with fewer defects12, however, subsequent microstructural 
investigations showed that semi-solid slurries of high Si Al 
alloys are mainly composed of near-liquid structures with a 
large number of suspended primary Si particles13-16. Small 
primary Si phases form agglomerates within the liquid 
phase at different positions that can significantly affect the 
performance of cast parts. In addition, the distribution of 
primary Si is random and difficult to control.

In recent years, some scholars have focused on the sensitivity 
of semi-solid cast parts to microstructural segregation. Vieira 
and Ferrante designed a simple back‑extrusion test to assess 
segregation of thixocast Al-Si alloy17. Niroumand analysed 
the effect of the solid fraction of primary particles on the *e-mail: liluchina@kust.edu.cn
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structure and liquid segregation behaviour of cup‑shaped 
semi‑solid rheo-squeeze cast parts of hypoeutectic Al-Si alloy18.

According to the previous research results, semi-solid 
rheological squeeze casting technology can overcome certain 
forming problems encountered when using high-Si Al alloys 
with high brittleness. In addition, causes of segregation 
in high-Si Al alloy semi-solid squeeze cast parts and the 
related technological parameters were analysed, to improve 
the process and produce high-quality castings with uniform 
performance.

In this study, the quality and microstructure of squeeze-cast 
parts produced by use of the bottom-up filling method, and 
possible causes of defects, were analysed. Microstructures 
of the upper, middle, and lower sections of cylindrical cast 
samples were examined, and the degree of liquid phase 
segregation was evaluated. Flow states of the semi-solid 
slurry were also elucidated by examining the microstructures 
obtained using different process parameters

2. Experimental Procedure

2.1 Preparation of semi-solid alloy slurry
High Si Al alloy was formed in a resistance furnace 

by melting industrial pure Al (99.9%), metallic Si (98%, 
the rest being combustion accelerants), Fe (75%, the rest 
being combustion accelerants), and Mn (75%, the rest 
being combustion accelerants). The final alloy composition 
is summarised in Table  1. High-Si Al alloy semi-solid 
slurry was prepared by rotating-rod induced nucleation19. 
The device used to prepare the semi-solid slurry comprised: 
a speed motor, cooling system, pouring cup, tin-bronze 
rotary bar, environmental temperature control system, and 
pulping chamber (Figure 1). It comprised a speed motor - 1, 
cooling system - 2, pouring cup - 3, tin-bronze rotary bar - 4, 

environmental temperature control system - 5 pulping 
chamber, molten melt  -  6, crucible - 7, hopper - 8, and 
sleeve - 9. The hollow rotary bar had a diameter of 75 mm 
with an internal continuous drainage system for cooling and 
an adjustable speed of up to 2500 rpm.

2.2 Mould and process parameters for rheoforming
Semi-solid squeeze casting with bottom-up filling was 

adopted and the filling direction was vertically upward 
(Figure 2). Cylindrical samples with a height of 130 mm, 
outside diameter of 80 mm, and 10 mm thickness were 
produced by semi-solid squeeze casting. A schematic of 
the semi-solid forming mould is shown in Figure 2a and a 
photograph thereof in Figure 2b.

Rheoforming of the high Si Al alloy slurry was carried 
out: 1) The mould was cleaned and dried, then sprayed with 
a mould release agent; 2) The mould was then sealed and 
preheated at 250 ± 10 °C; 3) Squeeze-casting parameters were 
set, the mould was opened, and semi-solid slurry was poured 
into the barrel and the mould was closed; 4) To complete 
the squeeze-casting process, the pressure was maintained 
for 10 s, then the mould was re-opened and the cast part 
removed. Process parameters are listed in Table 2.

2.3 Microstructural analysis
For microstructural analysis, sections of the cylindrical 

samples (Figure 2c) were cut along the axial direction, and 
the upper, middle, and lower sections of the cylinder were 
etched in 0.5% HF solution and observed under a Leica 
optical metallographic microscope.

Criteria for evaluating the degree hard phases refinement 
and distribution were based on the equivalent diameter (ED) 
and the volume fraction (VF). Image pro-plus 2D image 
analysis software was used to analyze the microstructure 
of samples produced using different process parameters. 
The ED of hard phases was calculated20:

	 /N
ii 1 4A

ED
N

π== ∑  	 (1)

where N is the total number of particles, Ai is the area of 
the particle i.

3. Results and Discussion

3.1 Defects of semi-solid squeeze-cast parts
Figure 3 illustrates images of high-Si Al-Si alloy squeeze-

cast parts produced using different process parameters. 
Shrinkage porosity can be observed at the bottom section 
(the final solidification position) of samples produced at a 
squeezing speed of 8 mm/s and applied pressure of 100 MPa 
(Figure 3a). A large amount of gas porosity can be observed 
in the middle sections of samples formed at a squeezing 
speed of 24 mm/s and squeezing pressure of 100 MPa, as a 
result of increasing falling speed of the punch and a large 
amount of gas in the slurry (Figure 3c).

Process changes lead in large differences in porosity from 
Figure 3f, several tiny holes can be observed in the cast part 
formed at a squeeze rate of 24 mm/s and final pressure of 
130 MPa. The interior of rheoformed samples is relatively 

Table 1. Chemical compositions of the experimental alloys (wt. %).

Sample Si/% Fe/% Mn/% Al/%
Al-25Si-2Fe-1.4Mn 24.6 1.9 1.4 Balance

Figure 1. Schematic diagram of pulping device of rotating-rod 
induced nucleation method.
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Figure 2. Semi-solid squeeze casting mold with bottom filling: (a) Schematic of mold; (b) Image of mold; (c) Image of the cylindrical simple.

Figure 3. Section sketch of high Si Al alloy by different process parameter of rheological squeeze casting (a) 8 mm/s, 100 MPa; (b) 16 mm/s, 
100 MPa;(c) 24 mm/s, 100 MPa;(d) 8 mm/s, 130 MPa;(e) 16 mm/s, 130 MPa;(f) 24 mm/s, 130 MPa; (g) 8 mm/s, 160 MPa;(h) 16 mm/s, 
160 MPa;(i) 24 mm/s, 160 MPa.
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compact, particularly in specimens obtained using a final 
pressure of 160 MPa. In conventional liquid squeeze-casting, 
alloy melts are fed under a sufficiently large forming pressure 
during the solidification process. To eliminate defects in 
cast parts, resistance of the solidified shell and nucleation 
solid phase structures of the slurry must be offset during the 
semi-solid filling process.

3.2 Effect of forming pressure on microstructural 
characteristics of hard phases

Figure 4 shows microstructures of rheoformed samples 
produced using three different applied pressures with squeezing 
speed of 16 mm/s. With a squeezing pressure of 160 MPa, hard 
phase particles appear a granular with the smallest equivalent 

diameter and highest roundness. Meanwhile, the ED of hard 
phases is higher in upper sections of the parts compared to 
the middle and bottom of the longitudinal sections. It is worth 
noting that the number of hard phase particles per unit area 
increases as the forming pressure is increased.

As the applied pressure was increased, the average ED 
of hard phase particles in the microstructure decreased, 
the shape factor gradually increased, and particles become 
rounder and more uniform (Figure 4). During the semi-solid 
squeeze-casting process, the relationship between the alloy 
melt pressure and nucleation energy is given by21:

	 ( )  / ²LS m m mG 32 T L T K T pσ ξ+∆∆ =  	 (2)

where ΔG is the critical nucleation energy, σLS represents the 
liquid-solid surface tension, Tm is the melting temperature 
of the alloy, Lm is the latent heat, and ΔT is the degree of 
undercooling.

According to Equation 2, increasing applied pressure 
reduces the critical nucleation energy, which is equivalent 
to increasing the nucleation of Si phases.

3.3 Effect of rheological squeeze rate on axial 
distribution of hard phases

Microstructures of rheoformed samples produced at a 
casting pressure of 160 MPa and squeeze rates of 8 mm/s, 
16 mm/s or 24 mm/s are demonstrated in Figure 5.

Figure 4. Microstructure of high Si Al alloy cylinder liner at different squeeze pressure (a, d, g) 16 mm/s, 100 MPa;(b, e, h) 16 mm/s, 
130 MPa;(c, f, i) 16 mm/s, 160 MPa.

Table 2. The technological parameters of rheological squeeze casting.

No. squeeze pressure (MPa) squeeze speed (mm/s)
1 100 8
2 100 16
3 100 24
4 130 8
5 130 16
6 130 24
7 160 8
8 160 16
9 160 24
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VFs of hard phases in the upper, middle, and bottom 
sections of the samples were significantly different when 
the falling speed of the punch was 8 mm/s (Figure 5a, d, g). 
The lowest VF was found in the hard phase at the upper 
section of the samples (fluid level filling front) and the 
densest distribution of hard phases was observed in the 
bottom. In addition, the ED of hard phase particles in the 
upper section of the samples was smaller than that in the 
middle and bottom sections. At a squeeze rate of 16 mm/s 
(Figure 5b, e, h), differences in the VF of hard phase observed 
in the longitudinal sections at each position decreased. Based 
on this trend, the difference in VF was lowest at a squeeze 
rate of 24 mm/s (Figure 5c, f, i), and the distribution of the 
hard phase was more uniform in the axial direction.

Figure 6 shows the axial (filling direction) distribution of 
hard phase (primary Si particles and blocky Fe-rich phase) 
of rheological squeeze-cast high-Si Al alloy samples with 
different rheoforming parameters. The axial distributions of 
the hard phase of high-Si Al alloy samples produced using 
different casting pressures at an extrusion rate of 16 mm/s 
are depicted in Figure 6a. Similarly, the axial distributions 
under different squeeze rates at a casting pressure of 160 MPa 
are illustrated in Figure 6b. In general, the axial distribution 
of VF of the hard phases increases from small to large from 
the upper to middle to bottom of the sections.

From Figure 6a, the influence of casting pressure on 
the VF of hard phases is clearly observed in the same 
positions. The resulting semi-solid slurry has a low solid 
fraction (about 20%) and mainly consists of hard phases 
suspended in a liquid phase, however, the hard phase is 
discontinuous, therefore, the strength of the skeleton formed 
by the of solid phase is low. Under low pressures, the liquid 
phase is concentrated in the top of the part, causing the 
VF of hard phases to remain unchanged with increasing 
squeezing pressure.

Combined with metallographic and statistical data 
presented in Figure 5 and Figure 6b, it is concluded that the 
squeezing speed exeited little influence on the VF of hard 
phases in the bottom of the part, but significantly influenced 
the VF of hard phases in the middle and upper sections of 
the part. At a lower squeezing speed (8 mm/s), differences 
between the VF of hard phases in the upper versus the 
middle and bottom were 3% and 18%, respectively. As the 
squeezing speed was increased to 16 mm/s, the differences 
were 5% and 11%, respectively. At 24 mm/s, the difference 
between the VF of hard phases in the middle and bottom 
sections was reduced to 6%, and increased to 10% between 
the upper and middle sections.

In this study, the VF of solid phases in the semi-solid 
alloy slurry is about 20%, which is a quasi-liquid slurry. 
In multiphase systems, solid phases suspended in a flowing 

Figure 5. Microstructure of high Si Al alloy cylinder samples at different squeeze rate (a, d, g) 8 mm/s, 160 MPa (b, e, h) 16 mm/s, 
160 MPa (c, f, i) 24 mm/s, 160 MPa.
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liquid phase are subjected to drag forces and solid particles flow 
within the liquid phase and are subjected to drag force FD

22:

	 2

D D
AF C
2

ρ ϑ
=  	 (3)

Based on Equation 3 (Evett et al.22), the hard phase can 
be approximately regarded as spherical and the velocity 
component can be ignored. Coefficient CD is related to the 
shape of solid phase, and was assumed to be constant in the 
present study; therefore, the drag force acting on the hard 
phase was proportional only to the liquid velocity. Therefore, 
as the punch speed increased, the drag force on the hard phase 
increased, causing particles with larger diameters to move. 
Moreover, as the difference between the drag force acting 
on the hard phase and the force due to gravity decreased, the 
hard phase was driven in the direction of negative pressure.

3.4 Effect of rheological filling rate on radial 
distribution of hard phases

Figure  7 shows the radial microstructure of samples 
produced at a rheological forming pressure of 160 MPa and 
squeezing speeds of 8 mm/s, 16 mm/s, and 24 mm/s. Pores 
were dispersed in the radial direction and moved towards the 
outer cast surface as the squeeze rate increased. Only a few 
random pores could be observed on the outermost surface of 
cast samples when the filling rate reached 24 mm/s.

It was worth noting that an agglomeration zone appeared 
within the liquid phase parallel to the mould-filling direction, 
and increased in area as the squeeze rate increased resulting 
in the radial distribution of hard phases.

There are two possible internal flow states: laminar 
flow and turbulent flow23. Laminar flow can be thought of 

Figure 6. Distribution of hard phases in the axial of high Si Al 
alloy cylinder samples formed at different squeeze pressure (a) and 
different squeeze rate(b).

Figure 7. Hard phases distribution in radial of rheological squeeze casting high Si Al alloy cylinder samples at different process parameters 
(a) 8 mm/s, 160 MPa;(b) 16 mm/s, 160 MPa;(c) 24 mm/s, 160 MPa;(d) Volume fraction statistics of hard phases.
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as filaments of fluid moving smoothly along the main flow 
direction without mixing. In contrast, turbulent flow results 
in the exchange of material between fluid filaments in the 
direction perpendicular to the main direction of flow. Reynolds 
number, or Re, is used to determine the internal fluid flow 
state, defined as the ratio of inertial to viscous forces24:

	
( )

Re  
2 nnDρ ϑ

η

−
=  	 (4)

where ρ is the fluid density (kg m-3), D is the hydraulic 
diameter of the runner (m), n is the fluid power law index, 
ϑ represents the fluid flow rate (m s-1), and η is the fluid 
viscosity (kg m-1·s-1).

For a Newtonian fluid (n = 1, where n is the solid phase 
fraction), the internal flow state is considered laminar when 
Re is less than 2300, however, the criterion does not apply to 
non-Newtonian fluids25,26. The critical Re for transition from 
laminar flow to turbulent flow in a non-Newtonian fluid is 
a function of the power law index, therefore, the critical Re 
for a semi-solid metal (0 < n < 1) is influenced by the power 
law index, which mainly depends on the solid fraction25,27.

In present work, the solid phase fraction in the slurry 
is approximated as constant. At a squeeze rate of 24 mm/s 
(Figure 7c), a large agglomeration zone appeared in the liquid 
phase along the radial direction of casting with turbulence 
characteristics. Therefore, based on the elongational flow 
conditions considered in this study, the radial force inside 
semi-solid slurry will increase as the filling rate increases.

Hu et al.28 found that internal gases gradually move toward 
the free liquid surface as the filling rate of semi-solid A312 
alloy slurry increases. In the present study, it was therefore 
inferred that the free liquid level of slurry changed with as 
the filling rate, which caused gases in the slurry to flow to 
the outside of the pipe wall (Figure 8); however, the hard 
phase was not driven by the radial component of the drag 
force to outside the wall of the cast part due to the insufficient 
hard-phase content.

4. Conclusion
In this study, rheological squeeze casting of high-Si 

Al alloy slurries was performed with bottom-up filling and 
cylindrical samples were obtained. The influence of rheological 

casting parameters on microstructures of the upper, middle, 
and lower sections of cast parts was analyzed. Based on the 
results, the following conclusions can be drawn:

1.	 The rheological squeeze casting process influences 
the microstructure of high-Si Al alloy. When the 
squeeze casting process parameters are defined, the 
ED of hard phase particles generally conforms to the 
rule: ED upper < ED middle < ED bottom. Furthermore, hard 
phase particles in the upper section of samples have 
higher roundness. The size and shape (roundness) 
of hard phases are mainly affected by the casting 
pressure. The mould filling rate mainly influences 
the distribution of hard phases in the alloy slurry, 
in particular, differences between the VF of hard 
phase particles in the middle and upper sections 
of the cast part decrease as the mould filling rate 
increases.

2.	 Microstructural characteristics of rheological squeeze-
cast samples produced at a forming pressure of 
160 MPa and forming rates of 8, 16, and 24 mm/s 
were examined. Microstructures exhibited liquid 
flow zones with agglomeration zone and irregular 
distributions. Moreover, flow regimes of the semi-
solid alloy slurry transition from laminar to turbulent 
flow as the squeezing speed increases.

3.	 The distribution of shrinkage porosities in cast 
samples will depend on the shape of the free liquid 
surface of the slurry. More specifically, higher slurry 
filling speeds result in increased inclination of the 
free liquid surface, which intensifies radial flow 
of slurry and promotes radial movement of gases 
toward the outer walls of cast cylindrical samples.
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