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Distribution of SiC particles in semisolid
electromagnetic-mechanical stir-casting Al-SiC
composite
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Abstract: The distribution of SiC particles in Al-SiC composite can greatly influence the mechanical
performances of Al-SiC composite. To realize the homogeneous distribution of SiC particles in stir-casting Al-SiC
composite, semisolid stir casting of Al-4.25vol.%SiC composite was conducted using a special electromagnetic-
mechanical stirring equipment made by our team, in which there are three uniformly-distributed blades with a
horizontal tilt angle of 25 ° to mechanically raise the SiC particles by creating an upward movement of slurry under
electromagnetic stirring. The microstructure of the as-cast Al-SiC composites was observed by Scanning Electron
Mcroscopy (SEM). The volume fraction of SiC particles was measured by image analysis using the Quantimet 520
Image Processing and Analysis System. The tensile strength of the Al-4.25vol.%SiC composites was measured by
tensile testing. Results show that the Al-4.25v0l.%SiC composites with the homogeneous distrbutin of SiC particles
can be obtained by the electromagnetic-mechanical stirring casting with the speed of 300 and 600 r-min™" at
620 °C. The differences between the volume fraction of SiC particles at the top of ingot and that at the bottom
are both ~0.04vol.% with the stirring speed of 300 and 600 r-min~', which are so small that the distribution of SiC
particles can be seen as the homogeneous. The tensile strength of the Al matrix is enhanced by 51.2% due to the
uniformly distributed SiC particles. The porosity of the composite mainly results from the solidification shrinkage
of slurry and it is less than 0.04vol.%.
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1-SiC composite is made up of Al matrix and SiC
Aparticles Al matrix includes pure Al and Al
alloys. SiC particle is a kind of brittle and hard phase and
is used to improve the mechanical property of Al matrix.
Therefore, Al-SiC composites possess performance
qualities both metals and ceramics such as excellent
specific strength, large specific stiffness, high thermal
conductivity, low coefficient of thermal expansion,
outstanding damping property, superior abradability,
good fatigue resistance, etc., and the Al-SiC composites
are widely used in automotive, aerospace, optical and
electronic packaging fields “~,
Among the processing technologies of Al-SiC
composite =, stir casting, which mainly involves the
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stirring of Al-SiC slurry and the casting of composite,
is considered as one of the most economical and
simplest processing technologies for Al-SiC composites.
Nevertheless, there is a vital problem in the stir-casting
of Al-SiC composite, i.e. the uneven distribution of SiC
particles, which can greatly degrade the mechanical
properties of composite"*™"",

Many studies have been conducted on ameliorating
the distribution of SiC particles in Al-SiC composites
by improving the wettability of SiC particle to Al matrix
and restraining the settling of SiC particles during
casting"* *~'%, Urefia et al. enhanced the wettability of

SiC particles via oxidation treatment of SiC particles ">\

Singh ", Ledn " and Vanarotti""* et al. ameliorated the
wettability of SiC particles using MgO and MgAl,O,
coatings, nickel coating and copper coating on SiC
particles, respectively. Naher " and Hashim!"® et al.
hampered the settling of SiC particles by means of semi-
solid technique and quick solidification process.

It can be inferred that the advanced Al-SiC composite
with a good performance would be obtained if the

homogeneous distribution of SiC particles could be
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realized during the stirring process, and the settling of SiC
particles could be restrained during the casting process. In this
work, a special electromagnetic-mechanical stirring equipment
made by our team was used to stir the Al-SiC slurry, and the Al-
SiC ingot was cast by the semisolid permanent mold casting.
Moreover, the tensile properties of the homogeneous Al-SiC
composite were measured.

2 Experimental
2.1 Materials

Al-1.5wt.%Si aluminum alloy with a solid-liquid temperature
range of 580—650 °C, which is fit for semi-solid casting, was
used as the Al matrix. The 625-mesh black SiC particles with
an average size of 20 um, which did not undergo any additional
treatment, were used as the reinforced particles, and the volume
fraction of SiC particles was 4.25vol.%.

2.2 Electromagnetic-mechanical stirring
equipment

The electromagnetic-mechanical stirring equipment of

Al1-4.25v01.%SiC slurry is shown in Fig. 1. A 25 kW

electromagnetic stirrer with an encloser was used to stir the

slurry. The @100 mm stainless steel crucible was fixed on the

shelf. On the inner wall of crucible, a screw thread (Fig. 2) was
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Fig. 1: Electromagnetic-mechanical stirring equipment
in present work
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lathed, by which the threaded cover is screwed into the crucible.
Three blades with the size of 45 mm X 30 mm and a horizontal
tilt angle of 25 °, which can create an upward movement
of slurry to mechanically raise the SiC particles under
electromagnetic stirring (Fig. 3), were uniformly distributed
on the inner wall of crucible. The sealing plug on the threaded
cover was used to separate the slurry from the atmosphere.
Three cooling pipes and three heating rods, arranging evenly
and alternately on the crucible wall, were respectively controlled
by the external power and coolant supply system to make sure
the temperature of slurry was stable at a certain temperature. The
thermocouple was sealed on the stainless steel threaded cover to
monitor the slurry temperature. The blockage was adopted to pour
out the slurry. Motor 1, transmission gear 1 and sliding plate 1,
installed on the mounting plate, were employed to realize the
up-and-down movement of the threaded cover along the sliding
groove. Torque motor 2 and

Bla Screw thread

transmission gear 2, mounted
on the sliding plate 2, were
applied to actualize the rotary
movement of the threaded
cover. The elastic connector
was utilized to achieve the
flexible contact between
the threaded cover and the

crucible.
Fig. 2: Crucible with screw
thread and blades
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Fig. 3: Influence of horizontal tilt angle 25° on movement
of slurry: (a) change of slurry movement; (b)
decomposition of movement along blade surface

2.3 Procedures

The procedures and the conditions to prepare the Al-4.25vol.%
SiC composite were as follows:

(1) Preparing Al-1.5wt%Si liquid, the temperature of which
was held at 700 °C after degassing.

(2) Pouring the above liquid on the 625-mesh black SiC
particles wrapped in Al foil at the bottom of the crucible which
was preheated to the temperature of 600 °C by the heating rods
in the wall of the crucible.

(3) Switching on the motor 1 to lower the threaded cover to
the screw thread on the inner wall of the crucible top. Switching
off the motor 1 and switching on the torque motor 2 to screw the
threaded cover into the crucible to force out the air.

(4) Switching off the torque motor 2 as soon as the liquid
coming out of the vent and screwing down the screw tightener
to seal the vent by the sealing plug.

(5) Switching on the electromagnetic stirrer and adjusting the
temperature of the liquid to 620 °C by controlling the cooling
pipes and the heating rods with the monitoring of thermocouple.



Meanwhile, switching on the torque motor 2 to ceaselessly
screw the threaded cover into the crucible in agreement with
the cooling shrinkage of the melt with a constant torque. The
electromagnetic stirring speed was 300, 600 and 900 r'min ' and
the temperature precision was +1 °C. In addition, the stirring
temperature of 635 °C and the sirring speed of 600 r-min”'
were carried out for preparing the refernce ingot to compare
the effects of the differnt volume fraction of primary solid Al
particles on the distribution of SiC particles.

(6) Switching off the electromagnetic stirrer 10 minutes later
and unscrewing the screw tightener. Pulling out the blockage
and pouring the slurry into a permanent mold to cast the
@50 mm x100 mm ingot of Al-SiC composite. The cooling rate
of the permanent mold was 100 °C-min ™",

2.4 Microstructure characterization

In order to determine the distribution of SiC particles in Al-SiC
composite, the microstructural characterization was conducted
by means of a JEOL JSM-5600 scanning electron microscope
(SEM, operated at 20 kV) in secondary electron mode.
The samples with a dimension of 10 mm x 10 mm X 5 mm
were sectioned from the ingots using a Buehler Isomet 1000
precision saw equipped with a diamond wafering blade. The
cross section of the sample was ground by a grinding machine
using a grinding disc with 30 um diamond suspended in water
lubricant, polished with 9, 6, 3 and 1 pm diamond suspended in
water lubricant and etched in 0.5% HF acid solution for 13 s. To

SiC particle

Matrix

Primary solid Al phase
50 pm

identify the microstructure of Al-SiC composite, two samples
were sectioned from the bottom and the top of each @50 mm x
100 mm ingot. The volume fraction of SiC particles and primary
solid Al particles was measured from 3 randomly-selected fields
of view by image analysis using the Quantimet 520 Image
Processing and Analysis System.

2.5 Performance testing

The @6 mm x 40 mm dog-bone-shaped tensile specimens were
subjected to tensile tests at a constant strain rate of 5x10™ s on
an Instron 8802 testing machine at room temperature. Six tests
were conducted for each ingot and the average value was taken
for analysis. The fractured surfaces were observed by SEM to
understand the fracture behavior and mechanism.

3 Results and discussion

3.1 Distribution of SiC particles

Figures 4—6 show the microstructures of the Al-4.25vol.%SiC
ingots cast from the Al-SiC slurry at stirring speeds of 300, 600
and 900 r-min . The phases circled by the oval dash lines are
primary solid Al phase, and the nubbly phase is SiC particle,
which shows an island ditribution in the matrix. It can be seen
that the distribution of the SiC particles at the top is similar
with that at the bottom of the Al-4.25vo0l.%SiC ingot with the
stirring speed of 300 and 600 r-min ' (Figs. 4 and 5). While the

SiC particle
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Fig. 4: Microstructures of ingot prepared with strring speed of 300 r-min™": (a) at bottom; (b) at top
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Fig. 5: Microstructures of ingot prepared with strring speed of 600 r-min™": (a) at bottom; (b) at top
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Fig. 6: SEM microstructures of ingot prepared with strring speed of 900 r-min™": (a) at bottom; (b) at top

distribution of the SiC particles at the bottom (Fig. 6a) is sparser
than that at the top (Fig. 6b) of the Al-4.25vo0l.%SiC ingot under
the stirring speed of 900 r-min .

Figure 7 displays the SiC volume fractions in the top
and bottom cross sections of ingots under different stirring
speeds. When the stirring speeds are 300 and 600 r-min ',
the differences between the SiC volume fraction in the top
cross section and that in the bottom cross section of the Al-
4.25v0l.%SiC ingot are both ~0.04vol.%, and those are so small
that the distributions of SiC particles can be considered as the
homogeneous. When the stirring speed is 900 r-min "', the SiC
volume fraction (5.44vol.%) in the top cross section is much
greater than that in the bottom cross section (3.06vol.%) of the
Al-4.25v01.%SiC ingot. This reveals that the distribution of SiC
particles is uneven.

The distribution of SiC particles in the Al-4.25vo0l.%SiC
ingot is predominantly determined by the distribution of SiC
particles in the slurry during stirring and the settling of SiC
particles during casting. In this work, the density of the Al foil
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Fig. 7: SiC volume fraction in cross section of ingots
versus stirring speed
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are greater than that of the Al matrix liquid and the SiC particles
wrapped in it tend to settle at the bottom of the crucible under
the interfacial tension of Al matrix liquid after the melting of
Al foil. In the electromagnetic-mechanical stirring, the blade
on the inner wall of crucible has a horizontal tilt angle of 25°.
It can change the horizontally circumferential movement of
slurry to a movement along the blade surface and generate
a suitable upward movement of slurry (Fig. 3). This upward
movement can continuously drive the SiC particles to move
upwardly. However, the horizontally circumferential movement
of slurry in the stirring can also drive the SiC particles to move
from the center to the periphery of the crucible under the action
of centrifugal force. When the stirring speed is high (such as
900 r-min '), too many SiC particles cluster at the periphery
of crucible, this can results in a uneven distribution. As for the
stirring speeds of 300 and 600 r-min "', the turbulent action at
the edges of blade can eliminate the clustering of SiC particles
at the periphery of the crucible. Therefore, the SiC particles can
disperse evenly. The uniform distribution of SiC particles in
AL-SiC slurry under the stirring speed of 600 r-min ' also can
be certified by the simulation using FLUENT software. It can
be seen that the volume fraction of SiC particles is very near
4.25v01% within the whole crucible (Fig. 8).

Figure 9 shows the microstructures of the ingot for
comparison (prepared at the stirring temperature of 635 °C and
the stirring speed of 600 r-min ") which forms about 5vol.%
volume fraction of primary solid Al particles according to
the image analysis. It can be seen that a large number of SiC
particles settle at the bottom of ingot. In the present work,
the stirring temperature is 620 °C and the volume fraction of
primary solid Al particles is about 20vol.% according to the
image analysis. Under this high viscosity of slurry, the primary
solid Al particles can entrap the SiC particles completely before
solidification of slurry in the permanent mold. Thus the settling
of SiC particles is avoided during casting and the uniform
distribution of SiC particles can be realized in the ingots (Fig. 5).

During casting, the settling of SiC particles is influenced
by the viscosity and solid particles according to the Stokes
equation'” """, As for the Al-SiC slurry with too small volume
fraction of primary solid Al particles, the viscosity of slurry is
too low and the limited primary solid Al particles cannot entrap
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Fig. 8: Distribution of SiC particles in slurry simulated by FLUENT software: (a) contour of SiC volume
fraction along axis of crucible; (b) contour of SiC volume fraction on top of crucible (the color
scale demonstrates the volume fraction of SiC particles).
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Fig. 9: Microstructures of ingot for comparison which from about 5 vol.% volume fraction of primary

solid Al particles: (a) at top; (b) at bottom

the SiC particles fully. Thus the settling of SiC particles cannot
be restricted during casting.

3.2 Performance

Figure 10 displays the typical stress-strain curves of the Al
matrix and the homogeneous Al-4.25vol.% SiC composite.
Table 1 exhibits the relative tensile strength improvements
[(Tensile strength of composite — Tensile strength of matrix)/
Tensile strength of matrix] of various stir-casting Al-SiC
composites with similar contents (4vol.% or 5vol.%) of SiC
particles prepared by other researchers '*'*'!. From Table 1, it
can be seen that the relative tensile strength improvement (51.2%)
of the resulting Al-SiC composite in the present work is much
greater than those of the other stir-casting Al-SiC composites
with a similar content of SiC particles (6.1%, 10.8%, 30.9 %).

In Al-SiC composite, the SiC particles is hard enough to
restrict the plastic flow of Al matrix and create a strengthening
effect on the Al matrix ", Especially, the homogeneous
distribution of SiC particles can avoid the weakening of particle
clustering *”". Thus the AI-SiC composite with the homogeneous
distrbution of SiC can possess an excellent tensile strength.

In addition, the porosity in the Al-SiC composite can cause
the early crack initiation by decreasing the effective load-
carrying area and inducing the local stress concentration under

300
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——— Al-4.25v0l.%SiC composite
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E 150+
ﬁ 100 /—'-"—-
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Fig. 10: Typical stress-strain curve of Al matrix and
homogeneous Al-4.25vol.% SiC composite

the action of tensile load . In the present work, the threaded
cover and the sealing plug keep the air standing out of the
crucible. Consequently, no air is entrapped in the ingots (Figs.
4-6). Table 2 shows the calculated porosity (P) of the ingots
from the following equation:

P 14
pP=]--L% — |- —— ta
P pAl(l_VSiC)+pSiCVSiC

where p,. (10° kg-m™) is the actual density of the composite

)
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measured by the Archimedian principle, p, (10’ kg:m™) is the
theoretical density of composite calculated using the mixture
rule, p,, (10° kg'm™) is the density of Al matrix alloy, pgc (10°
kg'm™) is the density of SiC and Vg is the volume fraction of
SiC particles. It can be seen that the porosity of the ingot mainly

Table 1: Tensile properties of Al matrix and Al-4.25vol.%SiC

composite
Processin Tensile Relative tensile
Sample 9 Component strength strength
method .
(MPa) improvement
Al-1.5Wt%Si
matrix e
1P Stir casting 51.2%
Al-4.25v0l.%SiC
composite R
A356 matrix 180
21 Stir casting 6.1%
Al-5wt.%SiC 191
composite
Commercial
pure Al matrix Y
3" Stir casting 10.8%
Al-5v0l.%SiC 75
composite
Al6061 matrix 123
4% Stir casting ; 30.9%
Al-4wt.%SiC 161
composite

Relative tensile strength improvement = (Tensile strength of
composite - Tensile strength of matrix) / Tensile strength of matrix

resulting from the residual solidification shrinkage of slurry is
rather small (< 0.04vol.%) ™. Therefore, the homogeneous
distrbution of SiC in the Al-SiC composite can enhance the
tensile strength of Al matrix greatly.

Figure 11 shows the typical SEM fractographs of the Al matrix
and Al-4.25vo0l.%SiC composite. In the fracture surface of Al
matrix (Fig. 11a), the typical ductile fracture is exhibited. The
dimples resulted from the void nucleation and the subsequent
coalescence by strong shear deformation are apparent *. In the
fracture surface of Al-4.25vol.% SiC composite (Fig. 11b), both
ductile and brittle natures of the fracture behavior are shown.
For SiC particles, brittle fracture as a result of work-hardening
and high stress concentration is predominant. This illustrates the
firm bonding between SiC particles and Al matrix and further
explains the reinforcing mechanism of the Al-4.25vol.% SiC
composite.

Table 2: Calculated porosity of ingots

(103ﬁa§-m'3) (1o3ﬁg-m's) '?33?53}3’
Boormm  toomn | 27048 L0006
Soormit  io000e 27048 £0.006
Boorminl L0006 27043 £0.006

F

- L. -
SiC particles/

Fig. 11: Typical SEM fractograph of Al matrix (a) and Al-4.25vo0l.%SiC composite (b)

4 Conclusions

In the semisolid stir casting of Al-4.25v0l.% SiC composite,
the homogeneous composite could be obtained in a permanent
mold using the Al-SiC slurry prepared by the electromagnetic-
mechanical stirring under 300-600 r'min ' in the crucible with
blades tilting 25 © horizontally at 620 °C.

The distribution of the SiC particles at the top is similar
with that at the bottom of the Al-4.25v0l.%SiC ingot with

the electromagnetic stirring speed of 300 and 600 r-min”'. In
1

b}

the differences between the SiC volume fraction in the top

addtion, when the stirring speeds are 300 and 600 r-min-

356

cross section and that in the bottom cross section of the Al-
4.25v0l.%SiC ingot are both ~0.04vol.%, and those are so
small that the distributions of SiC particles can be considered
as the homogeneous. This is because the horizontally tilting
blades could realize the upward movement of SiC particles and
could eliminate the clustering of SiC particles at the periphery
of the crucible at the stirring speed of 300—600 r-min"". The
high viscosity and the primary solid Al particles of the slurry
stirred at 620 °C could entrap the SiC particles completely
before solidification of the slurry in the permanent mold and the
settling of SiC particles was avoided during casting.

The tensile strength of the Al matrix could be enhanced by
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51.2% due to the uniformly distributed of SiC particles in the
resulting Al-4.25vol.% SiC composite.

The porosity of the composite mainly resulting from the
solidification shrinkage of slurry was less than 0.04vol.%
because the threaded cover screwed into the threaded crucible
and the sealing plug on the threaded cover could keep the air
standing out of the crucible.
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