Available online at www.sciencedirect.com
= 4

“»_“ ScienceDirect

Trans. Nonferrous Met. Soc. China 25(2015) 24902498

Transactions of
Nonferrous Metals
Society of China  Z%3

www.tnmsc.cn

Comparison of microstructure and wear resistance of A356—S1C, composites
processed via compocasting and vibrating cooling slope

H. KHOSRAVI, F. AKHLAGHI

School of Metallurgy and Materials Engineering, College of Engineering,
University of Tehran, P. O. Box 11155-4563, Tehran, Iran

Received 9 October 2014; accepted 2 February 2015

Abstract: The influences of SiC content on the microstructure, porosity, hardness and wear resistance of A356—SiC, composites
processed via two different methods of compocasting and vibrating cooling slope (VCS) were compared with each other. In the
as-cast condition, the matrix of VCS and compocast processed composites exhibited globular and dendritric structures, respectively.
While a more uniform distribution of SiC particulates in the matrix alloy as well as higher hardness values were obtained for the VCS
processed samples, the composites produced via compocasting exhibited less porosity. The increased SiC content (up to 20% in
volume fraction) resulted in a more uniform distribution of SiC particles within the matrix alloy and improved wear resistance for
both the composite series. However, for the VCS processed composites, the increased SiC content, resulted in the decreased size and
shape factor of globules as well as better tribological properties when compared with compocast composites. It was concluded that
the improved properties of the VCS processed composites when compared with their compocast counterparts was a consequence of a
more uniform distribution of SiC particulates in the matrix alloy as well as the globular microstructure generated during the VCS
process.
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1 Introduction

AV/SiC, composites, due to their low density, low
coefficient of thermal expansion, high specific strength
and stiffness and good wear resistance, have recently
gained applications in automotive and aerospace
industries [1—4]. These composites can be fabricated via
numerous processes such as powder metallurgy [5,6],
infiltration [7], spray deposition [8], and compocasting
[9—-11]. Compocasting is a semi-solid processing route in

which the ceramic reinforcing particulates are
incorporated to the semi-solid matrix alloy via
mechanical  stirring, resulting in a  globular

structure [10,11]. Some other semi-solid processes for
obtaining globular structures in aluminum alloys include
mechanical vibration [12,13], mechanical stirring [14],
twin screw reheomolding [15], new reheocasting [16]
and cooling slope techniques [17-20]. Recently, an
innovative process termed as vibrating cooling slope
(VCS) method was developed to create globular
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structures in Al alloys. This technique is a combination
of two semi-solid processes, namely cooling slope and
mechanical vibration. In this method, molten metal is
poured on an inclined plate and mechanical vibration is
applied to it simultaneously. The VCS technique has a
number of advantages over conventional semi-solid
casting processes, such as simplicity, lower cost, refined
microstructure and improved mechanical properties.
Also, in contrast to the stationary cooling slope method
in which the globular structure can only be achieved after
re-heating the samples, the VCS is a single-step process
that generates a globular structure in the as-cast
condition [21—24].

There exist some conflicting reports in the literature
about the effect of SiC particles on the microstructure of
the matrix alloy in the cast Al-SiC composites. Our
previous studies revealed the refinement of grain size in
the A356—SiC, composites as compared with the matrix
alloy [11]. This effect was intensified for increased
SiC content. However, ROHATGI et al [25] reported
an increase in the dendrite arm spacing (DAS) in A356
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aluminum alloys as a result of SiC addition. On the other
hand, the results of some studies indicate the negligible
effect of SiC particles on the microstructure of cast
A356—SiC, composites [26,27].

The optimum properties in the metal matrix
composites (MMCs) can be achieved when the
reinforcing particles are distributed uniformly within the
matrix alloy. A non-homogeneous particle distribution in
the cast MMCs often arises as a result of agglomeration,
settling and segregation of ceramic particles during
casting [28—30] that are influenced by several factors
such as the wettability of the particles with the molten
alloy, proper mixing, reinforcement size and content,
mold temperature and solidification rate [10,31]. It has
been reported that particle clustering can be minimized
by increasing the solidification rate [32,33]. Particle
clusters act as crack nucleation sites at stresses lower
than the matrix yield strength, causing the material to fail
at unpredictable low stress levels [34].

The porosity in the cast particulate MMCs is
another problem and has been related to the particle size
and content, mold temperature, and processing
route [10,35,36].

Al/SiC, composites have generally exhibited
improved wear resistance over the base alloy. The wear
behavior of MMCs has been found to be a function of
different factors such as reinforcement volume fraction,
particle size, and applied load [10,11,31,37,38]. The
nature and properties of the interface between the
reinforcing phase and the matrix are affected by
composite fabrication method and can influence the wear
properties of the material. For example, our previous
study on the wear behavior of A356—SiC, composites
produced via two different versions of compocasting
processes revealed that the composites with a globular
structure exhibited the improved wear properties [10].

The aim of the present study is to compare the
microstructural characteristics, porosity, hardness and
wear resistance of A356—SiC, composites processed via
compocasting and VCS routes.

2 Experimental

Al-Si casting alloy (A356) with nominal
compositions (mass fraction, %) of balance Al, 6.93 Si,
0.23 Mn, 0.26 Zn, 0.38 Mg, 0.25 Cu and 0.11 Fe was
used as the matrix material. The relatively large freezing
range of this alloy (32 °C) makes it suitable for
semi-solid processing. Silicon carbide (SiC) particles in
the size range of 63—90 um (average size 76 um) were
used as the reinforcing material.

The VCS apparatus, as shown schematically in
Fig. 1, consists of a cooling slope made of copper plate
(1000 mm x 120 mm x 10 mm) mounted on a steel

frame. This assembly was fixed on a steel plate and
could vibrate at different frequencies by means of a 3HP,
2840 r/min electrical motor. More details about this
apparatus can be found in Ref. [21].

Coppe{ plate

Fig. 1 Schematic representation of VCS apparatus used in this
study

Al-SiC,, composites with various contents of SiC
particles (5%, 10%, 15% and 20%, volume fraction)
were fabricated by both the compocasting and VCS
methods. The SiC particles were initially oxidized in air
at 1000 °C for a period of 120 min. This process resulted
in formation of a layer of SiO, on the surface of particles
and improved their wettability with molten aluminum.

The matrix alloy was melted and then its
temperature was decreased to about 590 °C while stirred
at 800 r/min using a graphite impeller attached to a
motor. At this stage, specific amounts of oxidized SiC
particles were added to the alloy at a rate of 50 g/min and
the semi-solid slurry was stirred for 20 min to obtain a
uniform distribution of the SiC particles in the matrix. In
order to facilitate the casting of slurry, it was heated to
670 °C and stirred at this temperature for another 5 min.
For producing the compocasting samples, the resultant
slurry was poured into a cast-iron die with the internal
diameter of 80 mm and a height of 60 mm. The VCS
samples were made by pouring the Al/SiC slurry onto the
surface of the cooling slope set at 45° inclined angle
while it was vibrated at 65 Hz of frequency and 680 pm
of amplitude. After travelling the distance of 400 mm on
the cooling slope, the melt was poured into the same
cast-iron die as mentioned before. Our previous
investigations revealed that this set of processing
condition for A356 aluminum alloy resulted in formation
of the most spherically shaped a-Al globules [21].

The samples for metallographic investigations were
cut from the geometrical center of the produced
composite ingots, as shown in Fig. 2. These samples
were subjected to standard metallographic procedures,
etched in 0.5% HF acid solution for 13 s and examined
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10 mm

Fig. 2 Position of metallographic samples in cast ingot

via an Olympus-BX60M light microscope.

The equivalent diameter (D.) and shape factor (Fs)
of the globules were calculated using Egs. (1) and (2),
respectively [39].

N 44
R

D, v (1
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where 4 and P are the area and perimeter of globules,
respectively and N is the total number of randomly
selected globules for each sample. 4 and P for 100
globules (N=100) were calculated using microstructural
image processing (MIP) software. Fg is a number
indicating the degree of sphericity of globules and varies
in the range of 0—1.

The distribution of the SiC particles within the
matrix alloy was quantified by considering a factor
termed as distribution factor (Fp) calculated using the
following equation [40]:

F=— 3
b= 3)
where A; is the mean value of the area fraction of the SiC
particles measured on 100 fields of a sample and o is its
standard deviation. The smaller Fp, indicates the more
uniform distribution of SiC particles in the matrix alloy.
The density of the samples was measured using the
Archimedes’ principle. The measured density was
compared with that obtained using rule-of-mixtures so as
to determine the volume fraction of porosity. The
samples were precisely weighed in an electronic balance
to an accuracy of 0.1 mg. Hardness measurements were
carried out on a Brinell hardness testing machine using a
load of 300 N. The mean values of at least five
measurements conducted on different areas of each
sample were considered.
Pin-on-disk dry sliding wear tests were carried out
at ambient laboratory conditions using a steel pin (1.5Cr,
1C, 0.35Mn, 0.25Si) with the hardness of HRC 64,

diameter of 5 mm and height of 20 mm. The applied load
on the pin was 20 N resulting in 1 MPa pressure and the
sliding velocity was 0.5 m/s. The tests were interrupted
at sliding distance of 1000 m and the incremental mass
loss of the sample was recorded. After each increment
(and before weighing), the pin and disk were cleaned in
an ultrasonic bath with acetone and hot-wind dried below
100 °C. The worn surfaces were examined using a
Camscan MV2300 scanning electron microscope (SEM).

3 Results and discussion

Figure 3 shows typical optical micrographs of the
base alloy and the A356—20%SiC, (volume fraction)
composite prepared via the compocasting process. The
dendritic structure of the base alloy is preserved in the
matrix of the composite and the SiC particles are pushed
to the interdendritic regions.

The optical micrographs of the base alloy and the
A356—20%SiC, composite both processed via the VCS
process are compared with each other in Fig. 4. In
agreement with our previous studies for monolithic
aluminum alloy [21], the well defined a-Al globules are
dispersed in the eutectic phase as shown in Fig. 4(a).
According to Fig. 4(b) at the presence of 20% SiC
particles, the globular structure has been preserved.
However, less spherical shaped globules are generated in
the composite sample. The formation of the globular
structure in the VCS-processed samples is attributed to
the generation of numerous nuclei during flow of the
slurry over the vibrating cooling plate. These nuclei are
detached from the surface of the cooling slope as a result
of simultaneous applying mechanical vibration and melt
flow. The presence of these nucleation sites in the
solidifying melt results in generation of a globular
microstructure in the as-cast ingot.

Figure 5(a) shows the decreased average sizes (D,)
of the globules with increased SiC content. These results
are in agreement with other reports [11,41] and can be
explained as follows: The increased content of SiC
particles in the solidifying slurry can alter the matrix
microstructure due to the decreased latent heat released
during solidification resulting in decreased solidification
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Fig. 4 Typical optical micrographs of base alloy (a) and A356—20%SiC, composite (b) via VCS process
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Fig. 5 Variation of average size (D.) (a) and shape factor (Fs) (b) of globules with SiC content for samples processed via VCS

method

time and increased solidification rate, the increased
surface area of SiC particles resulting in increased
barriers for the growth of a-Al phase, and the increased
shear forces applied to the semi-solid alloy intensifying
fragmentation of dendrites resulting in generation of
more nucleation sites. Figure 5(b) shows the decreased
shape factor, indicating the formation of less spherically
shaped globules, with increased SiC content. These

results are in agreement with Fig. 4(b) and can be
partially attributed to the increased solidification rate for
the increased SiC content. This in turn shortens the
available time for the a-Al phase to gain a spherical
shape before the end of solidification. In addition,
sticking of SiC particles to the solidifying a-Al globules
restricts their free spherodization under the surface

tension forces.
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Figure 6 reveals the effect of SiC content on the
distribution of particles within the matrix alloy for both
the compocast and VCS-processed composite series. It
can be seen that the increased SiC content resulted in a
more homogeneous distribution of these particles within
the matrix alloy for both the sample series as indicated
by smaller Fgs values. These results can be attributed to

the increased solidification rate and refined
microstructure with increased SiC content.
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Fig. 6 Effect of SiC content on distribution factor in
compocasting and VCS-processed samples

According to Fig. 6, in the VCS-processed samples,
the SiC particles were more uniformly distributed as
compared with their compocast counterparts at any SiC
particle content. These results are confirmed by
comparing the optical micrographs of A356—10% SiC
composites in Fig. 7 and can be attributed to the
decreased solidification time and retarded segregation of
the SiC particles in the VCS-processed samples.

The increased porosity with the increase of SiC
content in compocasting and VCS-processed samples is
shown in Fig. 8. These results are in agreement with
other reports [10,31,35,36] and can be attributed to a
number of reasons as follows: 1) the increased amount
of gas entering the melt via gas layers on the surface of
SiC particles; 2) the increased effective viscosity of the
slurry resulting in a higher gas entrapment; 3) the
increased SiC particle clustering and air trapping in the
cluster of particles as well as the hindered liquid metal
flow inside them; and 4) the increased sites for
heterogeneous pore nucleation. Figure 8§ also reveals that
at any SiC particle content, the VCS-processed samples
are always more porous than their compocast
counterparts. Again, the shorter solidification time in the
VCS process reduced the available time for gas escape
and resulted in increased porosity level. In addition, the
turbulent flow of slurry on the cooling slope intensified
the entrance of air in the melt and part of this air bubbles
remained in the composite as porosity.

Fig. 7 Optical micrographs of A356—10% SiC composites
processed via compocasting (a) and VCS (b) methods
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Fig. 8 WVariation of porosity level with SiC content in
compocasting and VCS-processed samples

The increased hardness with SiC content in both
composite series is shown in Fig. 9 (a). These results are
in agreement with other studies [31,42,43] and can be
attributed to the increased content of a hard phase (SiC)
in the composites. In addition, the presence of SiC
particles alters the matrix microstructure via several
mechanisms. As shown in Fig. 9(b), the increased SiC
content resulted in decreased aspect ratio of eutectic Si
phase for both composite series. This effect can be
explained by the increased shear forces applied to the
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semi-solid alloy resulting in generation of more
nucleation sites as well as the increased solidification
rate. Also, the increased SiC content results in increased
dislocation density within the matrix alloy due to the
mismatch in the coefficients of thermal expansion of SiC
and aluminum alloy. The combination of these effects
improves the yield strength and hardness of composites.

These results are consistent with some related
studies [11,38].
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Fig. 9 Variation of hardness (a) and aspect ratio of eutectic Si
particles (b) with SiC content for compocasting and VCS-
processed samples

Figure 9(a) reveals higher hardness values of the
VCS-processed samples as compared with their
compocast counterparts at any SiC particle content.
These results can be attributed to the different
microstructures of these two composite series as
explained before and smaller aspect ratio of eutectic Si
particles in VCS-processed samples (Fig. 9(b)).

The decreased wear rate with increased SiC content
for both composite series is presented in Fig. 10. These
results are consistent with the trends reported by other
authors [10,11,31,37,38] and can be partially attributed
to the increased hardness of the composites. According to
the Archard theory [44], wear resistance is proportional
to the hardness of material. It can be seen that despite the

higher porosity of VCS-processed samples (Fig. 8), they
exhibit higher hardness (Fig. 9(a)) and lower wear rate
(Fig. 10) as compared with their compocast counterparts,
at any SiC particle content. These results are in
agreement with our previous study [10] and can be
attributed to the different microstructures of these two
differently processed composite series, as mentioned
before, as well as a more uniform distribution of SiC
particles in the matrix of the VCS processed composites.
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Fig. 10 Variation of wear rate with SiC content for
compocasting and VCS-processed samples

The SEM micrographs of the worn surfaces of the
A356—10% SiC composite processed via compocasting
and VCS methods are shown in Fig. 11. According to
Fig. 11(a), plastic deformation occurred during wear test
of compocast-processed sample, indicating the adhesive
wear mechanism. This was accompanied with deep
groves observed on the worn surface of this sample
(Fig. 11(b)) interspersed by craters (Fig. 11(a)).
However, for the VCS-processed sample, abrasive wear
was the predominant wear mechanism (Fig. 11(c)) and
the worn surface of the composite was relatively smooth,
exhibiting some shallow grooves (Fig. 11(d)). This
behavior can be explained by the higher hardness of the
VCS-processed composite (Fig. 9) and its increased yield
strength that prevented plastic deformation during wear
test.

The decreased coefficients of friction with increased
SiC content for both composite series are shown in
Fig. 12. These results though consistent with the trend
reported in Refs. [45,46] are opposite to those observed
by SINGLA et al [47] and can be attributed to the
variations in the microstructure (Figs. 5, 6, 8 and 9(b)),
hardness (Fig. 9(a)), porosity (Fig. 8) and mechanical
properties of the composites with the SiC content. For
example, the increased hardness of composites with
increased SiC content can be partially responsible for the
observed decreased friction coefficient. Also, it has been
reported that the porosity content can be regarded as
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Fig. 11 Worn surfaces of A356—10%SiC, composites prepared by different methods: (a, b) Compocasting; (c, d) VCS
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Fig. 12 Variation in coefficient of friction with SiC content for
compocast and VCS processed samples

an important factor in decreasing the friction
coefficient [48]. Figure 12 also reveals a lower
coefficient of friction for VCS-processed samples at any
SiC particle content as compared with the compocast-
processed samples. Again, these results are consequences
of different microstructures and mechanical properties of
these two composite series that result in different wear
mechanisms and friction coefficient values. Particularly,
the tendency of compocast-processed samples for plastic

deformation during wear test as well as their lower
hardness values and lower porosity are responsible for
their higher friction coefficients.

4 Conclusions

1) The matrix of compocast-processed composites
exhibited a dendritic structure while the SiC particles
were pushed to the interdendritic regions. In the as-cast
VCS composites, the SiC particles were dispersed
uniformly between the globules of a-Al phase. The
increased SiC content resulted in decreased size at the
expense of decreased sphericity of globules. For both the
compocasting and VCS samples, the uniformity in the
SiC distribution improved with increasing the SiC
content. However, the SiC particles in the VCS samples
were more uniformly distributed as compared with their
compocast counterparts at any SiC particle loading.

2) The increased SiC content resulted in decreased
aspect ratio of eutectic silicon particles, increased
porosity level and increased hardness of both the
compocast and VCS samples. However, despite of the
higher porosity content of the VCS samples, they
exhibited higher hardness values at any SiC particle
content when compared with their compocast
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counterparts.

3) The increased SiC content resulted in decreased
wear rate and friction coefficient of both the compocast
and VCS samples. However, at any SiC particle loading,
the VCS-processed samples exhibited lower wear rates
and smaller friction coefficients as compared with their
compocast counterparts. These observations
attributed to the different microstructures of these two
differently processed composite series (i.e., smaller
aspect ratio of eutectic Si particles, higher porosity as
well as a more uniform distribution of SiC particles in
the matrix alloy in the VCS-processed samples) together
with a higher hardness that resulted in improved
tribological properties.

were
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