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Addition of nano particles, even in quantities as small as 2 weight percent can enhance the hardness or yield strength by a factor
as high as 2. There are several methods for the production of metal matrix nanocomposites including mechanical alloying, vertex
process, and spray deposition and so forth. However, the above processes are expensive. Solidification processing is a relatively
cheaper route. During solidification processing, nano particulates tend to agglomerate as a result of van der Waals forces and thus
proper dispersion of the nano particulate in metal matrix is a challenge. In the present study a noncontact method, where the
ultrasonic probe is not in direct contact with the liquid metal, was attempted to disperse nanosized SiC particulates in aluminum
matrix. In this method, the mold was subjected to ultrasonic vibration. Hardness measurements and microstructural studies using
HRTEM were carried out on samples taken from different locations of the nanocomposite ingot cast by this method.

1. Introduction

The mechanical properties of nanoparticle dispersion
strengthened MMCs are far superior to those of micromet-
ric dispersion strengthened MMCs with a similar volume
composition of particulate. For example, the tensile strength
of an Al-1 vol.% Si3N4 (10 nm) composite has been found
to be comparable to that of an Al-15 vol.% SiCp (3.5 μm)
composite, the yield stress of the nanometric MMC being
significantly higher than that of the micrometric MMC [1–
7]. Particles larger than 1.5 μm tend to act as microcon-
centrators and are susceptible to cleavage [1]. On the other
hand, particles in the range of 200–1500 nm have been found
to cause the formation of cavities and pits caused by poor
interphase cohesion [1]. Particles smaller than 200 nm gen-
erally bond well with the matrix, which is key to the excellent
mechanical properties of nanoscale particulate MMCs [1].

There are several methods for the production of metal
matrix nanocomposites including mechanical alloying, ver-
tex process, and spray deposition [8, 9]. But the above proc-
esses are expensive. Solidification processing is a relatively
cheaper route. However, when the nanoparticles are mixed
with liquid metal during the casting, they agglomerate due
to interparticle van der Waals force. Dispersion of the

nanoparticles in the liquid media will require large amount
of force to break the bonds in between the particles. The me-
chanical means used in the conventional methods to cast
MMCs will not be sufficient to deagglomerate the nanopar-
ticles. Also, when the nanopowder is added into the melt the
viscosity of the melt increases significantly. This hinders the
mixing process. The lower the particle size is the higher will
be the viscosity of the melt [10], and the higher is the volume
fraction of particulate, the higher will be the viscosity [10].
Therefore, it is very difficult to uniformly disperse nano-
particles in metal matrix.

Yang et al. [8] overcame the problem of agglomeration by
using ultrasonic waves. The ultrasonic wave generates non-
linear effects in the liquid-like transient acoustic cavitation
and acoustic streaming, which are responsible for refining
microstructures, degassing of liquid metal, and dispersing
the nanoparticles [8]. Acoustic cavitation refers to the forma-
tion, growth, and implosive collapse of bubbles in the liquid.
Cavitation collapse can locally raise the temperature to as
high as ∼20000 K [11]. It raises the pressure adjacent to the
collapse to as high as 1000 atm. The heating and cooling rate
of ∼109 K/s and liquid jet streams of ∼400 km/h have been
reported during the cavitation [12–15].
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Figure 1: Schematic diagram for experimental setup.

Table 1: Compositions commercially pure Aluminium.

Element Fe Mg Si Al

Wt% 0.96 0.43 0.26 Balance

When sound wave propagates through the liquid, alter-
nating high-pressure (compression) and low-pressure (rar-
efaction) cycles are generated. During the low-pressure cycle,
small bubbles or voids are nucleated. After the bubbles reach
the critical size, they collapse violently during the high-pres-
sure cycle. During the collapse of bubbles, high-pressure
shock waves are generated. They propagate through the liq-
uid at velocities above the speed of sound and break up the
agglomerations, thus breaking the interparticle van der
Waals forces [8]. Eskin et el. [14] fabricated both Al-SiC and
Mg-SiC nanocomposites using ultrasonic wave of 20 kHz
frequency and 600 W power. In the method adopted by Yang
et al. the source of the ultrasonic wave or the probe was
dipped into the liquid metal [2, 10].

However, the above technique has several drawbacks such
as the oscillating probe may dissolve in liquid metal thus
contaminating the liquid [16]. Moreover, the intensity of
cavitation is not uniform. It is maximum near the probe, and
it gradually decreases as one moves away from the probe.
Further, the direct contact of probe with liquid metal is not
possible for continuous casting.

To overcome the above difficulties, a noncontact method
was attempted to mix up nanosized particulates in alumi-
num matrix. A simple setup was made to carry out the pre-
liminary study for nanoparticle distribution by the non-
contact method. In this method, the mold is subjected
to ultrasonic vibration. A simple setup was made to cast
MMNCs weighing up to 305 gm. The method was successful
in uniformly dispersing the nanosized particulates of SiC in
Al matrix.

2. Noncontact Ultrasonic Method of Casting
Metal Matrix Nanocomposites

The experimental setup is shown in Figure 1. The setup con-
sists of an ultrasonic generator which generates ultrasonic
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Figure 2: X-ray diffraction of both milled (12 hrs) and unmilled
SiC powders.

waves at a frequency of 35 kHz (Bandelin-Germany Make—
Model: RK-100H), an ultrasonic chamber, steel die, and
hanging heating filament. Sufficient water was kept around
the die for effective transmission of ultrasonic waves from
the sides of the chamber. Mold was preheated to avoid
thermal cracking. The preheated mold was kept in the ultra-
sonic chamber, and the chamber was subjected to vibration
at a frequency of 35 kHz. Liquid aluminum and SiC particu-
late (2-3 wt%) having average size of 12.3 nm were simulta-
neously poured into the vibrating mold. After the simultane-
ous pouring, the heating element was immediately brought
down above the liquid metal in order to delay the solidi-
fication. The vibration was carried out for a period of five
minute to ensure complete mixing. The castings were cut
in both longitudinal and transverse section and polished for
microstructural evaluation.

2.1. Starting Material

2.1.1. Commercially Pure Aluminum. The composition of
commercially pure aluminum used for casting Al matrix
nanocomposites is shown is Table 1.

2.1.2. Ceramic Particulate. SiC nanoparticles were used as
reinforcements. These were prepared by ball milling. SiC
powder was milled for 12 hours. The nanopowders were
characterized using high-resolution X-ray diffractometer
(PHILLIPS, X-PERT-PRO) and high-resolution transmis-
sion electron microscope (JEOL, JEM-2100). Figure 2 shows
the X-Ray diffractograms of milled and unmilled SiC pow-
ders. Based on Scherrer’s equation, the X-ray diffractograms
were analysed for estimating the crystallite size of SiC. Using
this method, the estimated crystallite size for SiC was ∼
12.3 nm. Figure 3 shows the HRTEM photograph of SiC. It
can be seen from Figure 3 that the particle size of SiC varied
from ∼10 nm to ∼20 nm.
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Figure 3: HRTEM photograph of SiC Powders.
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Figure 4: Schematic diagram of stainless steel mold.

2.1.3. Experimental Setup. The descriptions of the ultrasonic
vibrator, mold, and the heating system are as follows.

(a) Ultrasonic vibrator: Ultrasonic Bath (Bandelin-Ger-
many Make—Model: RK-100H) was used to generate
the ultrasonic wave of 35 kHz frequency. At the base
of the chamber was a mesh on which the mold was
fixed. The mold was surrounded by sufficient water
so that effective transmission of ultrasonic waves to
liquid metal could take place. The time period of vi-
bration could be varied from 1 minute to 30 minute.

(b) Mold: the mold was made of stainless steel and its
geometry is shown in Figure 4.

(c) Heating system: Figures 5 and 6 show the heating
system. It consisted of a ceramic cylinder with a cen-
tral hole surrounded by another six holes, all parallel
to the axis of the cylinder. Through these holes, heat-
ing coil (1000 W) was passed. The heating system was
lowered and lifted using a pulley system.

Figure 5: Schematic diagram of heater.

Figure 6: Cross sectional view of heater.

3. Procedure for Characterization of Cast Ingot

3.1. Specimen Preparation for Microstructural Study. The
specimens were cut with low-speed abrasive cutter for
microstructural analysis. Three different grades (60, 400, and
600 grits) of emery papers were used to polish the specimen
surface. Then, using alumina fine powder cloth polishing for
about 20 minute was carried out. The surface was cleaned
with alcohol solution. Finally, diamond polishing was done
and the specimen surface was cleaned with acetone. The
specimens were etched with Keller’s reagent. The etching was
done for 30 seconds. Etched specimens were cleaned in ace-
tone using an ultrasonic vibrator and dry hot air. The spec-
imens were cold mounted in order to achieve a uniform
flatness of specimen surface and the cold mount base.

3.2. Preparation of Specimens for TEM Study. Thin slice of
specimen was cut out using low-speed diamond cutter. The
first stage of thinning was done by placing the specimen over
a belt grinder. The slice was then attached to a block using
suitable adhesive and subjected to thinning using emery
paper (6 grit). The thickness of the specimen was reduced
below 100 μm. Finally, discs of 3 mm diameter were punched
out of the specimen using mechanical punch (Gaton Model
642). Then, prethinning of the discs was carried out using a
dimple grinder (Gaton Model-656). By dimpling, the centre
regions of the discs were thinned to∼20 μm from a thickness
of ∼100 μm. The prethinned discs were finally subjected to
ion milling (Gaton Precision Polishing System Model 691).
The difference between the top and bottom gun angles of
the ion milling machine was 3.5◦. The vacuum inside the ion
beam milling chamber was 10−6 Torr. A beam of 5 KeV was
used for ion milling. As a result of ion milling, a hole was
formed in the centre and the region around the hole was thin
enough to be examined under a TEM.

3.3. TEM Characterization. For TEM analysis, High-
resolution TEM (JEOL, JEM-2100) was used. The TEM
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Figure 7: EDAS of Al-SiC nanocomposites.

operated at an accelerating voltage of 200 kV. Bright field
images of nanoparticulates spread in the Al matrix were
taken and selected area diffraction patterns were recorded.
EDAX was also carried out.

4. Results of Characterization of Cast Metal
Matrix Nanocomposites

4.1. Commercially Pure Al. Commercially pure Al was cast by
the noncontact ultrasonic method, without addition of any
particulate. The microhardness was ∼51 Hv, which is much
higher than the commercially pure Al used in the present
study.

4.2. SiC Nanocomposite. MMNCs with two different volume
fractions of SiC namely. 0.0263 and 0.016, were cast. The
total weight of the ingot having 2.63 volume percentage
(3 wt%) of SiC was 310 gm and that of the ingot having
1.6 volume percentage (2 wt%) of SiC was 205 gm. The cast
ingots were longitudinally cut for the hardness and micro-
structural characterization of the ingot.

4.3. Results of TEM Studies. Figure 7 shows EDAS of Al-
SiC nanocomposites confirming the SiC nanoparticles in
the composites. TEM samples were made from different
regions of the cast. From the qualitative observation, it can
be inferred that the SiC nanoparticles have got dispersed
uniformly within the ingot. However within a length scale
of 1 μm, one can observe segregation of the nanoparticles. It
is possible that the nanoparticles have segregated in the grain
boundary region. Figure 8 shows the TEM micrographs of
Al-2 wt% SiC nanocomposite taken at different magnifica-
tions. Figure 8(a) shows the SiC nanoparticles spread uni-
formly. They are possibly surrounded by subgrains. Figure
8(b) shows the SiC nanoparticles segregated along a line,
which is possibly a grain boundary.

5. Discussions

5.1. Distribution of Nanoparticles in Al matrix. From the
microhardness values taken from different locations of the
ingot, it is clear that the distribution of nanoparticles is
uniform across the ingot. It appears that, in the liquidmetal
nanoparticles were uniformly dispersed and the segregation
of the particles near the grain boundaries is due to pushing
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Figure 8: TEM micrographs of Al-SiC nanocomposites.

of the nanoparticles during the growth of the grains. As
the grains grew, the nanoparticles were pushed into the re-
maining liquid regions. In majority of metal-ceramic combi-
nations [17] gives the critical velocity for engulfment of par-
ticulate in solidified metal:

Vcr = 0.157
η

Δσ2/3σsl

(
a

R

)4/3

, (1)

where Vcr is the critical solidification front velocity, Δσ =
2σcs−σcl−σsl, σi j being the interfacial energy between phases
i and j (l = liquid, g = gas, c = ceramic, and s = solidified
metal), η is the dynamic viscosity of liquid metal, a is the
diameter of the atom in liquid metal, and R is the particle
radius.

As evident from the equation, the critical velocity re-
quired for engulfment of nanoparticles will be very high and
thus a large fraction of nanoparticles will be pushed near the
grain boundaries. The mechanism of uniform distribution
of nanoparticle within liquid metal subjected to ultrasonic
vibration is well understood. Nanoparticles have a tendency
to agglomerate due to van der Waals forces. Thus, during
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casting of nanocomposites, high-intensity ultrasound has
been used for mixing, dispersing, and deagglomeration the
nanoparticles [10]. When sound wave propagates into the
liquid, alternating high-pressure (compression) and low-
pressure (rarefaction) cycles are generated. During the low-
pressure cycle, small bubbles or voids get nucleated in the
liquid. When the bubble reaches a critical size at which it can
no longer absorb energy, they collapse violently during the
high-pressure cycle. The process of bubble formation and
collapse is called cavitation. During the collapse of bubbles,
high-pressure shock waves are generated and propagate
through the liquid at velocities above the speed of sound,
which keep the nanoparticles uniformly dispersed.

6. Conclusions

(1) In certain locations, we achieved uniform distribu-
tions of SiC nanoparticles in the aluminium matrix.

(2) TEM studies reveal segregation of particles near the
grain boundaries suggesting pushing of nanoparticles
during grain growth.

(3) More number of experiments are required to find out
the degree of uniform distributions of nano particles.
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