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A novel approach to produce Al-2 vol.% graphite nanocomposites using micron-sized graphite particles has
been reported using conventional stir casting technique combined with ultrasonic treatment. Microstruc-
tural observations indicate that the visible agglomerations and porosities are significantly reduced after
ultrasonic treatment. Transmission electron microscopy studies of ultrasonic-treated composites reveal that
the size of the graphite particles is reduced substantially and its morphology is transformed into flake type
structures. The width of the graphite flakes is reduced markedly with the increase in ultrasonic processing
time and it is found to be in the range of 100-120 nm with an aspect ratio of 8.83 after 5 min of ultra-
sonication. Added to that, considerable improvement in the hardness values are noted for ultrasonic-treated
Al-2 vol.% graphite composites when compared to conventional untreated composites. The mechanism
behind the significant reduction in graphite particle size and porosity, uniform distribution of graphite
particles and hardness increments are discussed.
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1. Introduction

Metal matrix composites (MMCs) combine the properties of
ceramics (high strength, highmodulus, and wear resistance) with
those of metals or alloys (ductility and toughness) to produce
significant improvements in the mechanical properties of the
composite over those of the monolithic metal or alloys (Ref 1).
Currently, several ceramic reinforcement particles such as SiC,
B4C, AlN, Al2O3, SiO2, TiC, TiB2, and graphite are used to
fabricate MMCs (Ref 1, 2). Among these, graphite has been
recognized as a high strength and low density material, thus
providing engineers with cost-effective Al-Graphite composites
used in automotive components like bushes and bearings (Ref 3).
However, most of the available Al-Graphite MMCs have
reinforcement particles with size ranging from tens to hundreds
of microns (Ref 4, 5) which result in substantial reduction in
ductility and toughness (Ref 6). The poor ductility of MMCs
limits their application in areas where good ductility and
formability are required (Ref 5, 6). Recent studies emphasize
that incorporation of nanosized particles in the metal matrix

significantly improves the strength without an appreciable
decrease in ductility and toughness, which leads to the fabrication
of metal matrix nanocomposites (MMNCs) (Ref 7).

Currently, several methods are available for the production of
MMNCs including mechanical alloying (Ref 2), severe plastic
deformation (Ref 8), spray deposition (Ref 9, 10), and solidifi-
cation processing (Ref 11). Among thesemethods, solidification-
processing (e.g., casting) is the cost-effective approach for large-
scale processing of metals; hence, there is a significant interest
toward casting-based approach to fabricate MMNCs (Ref 11).
However, the fabrication of MMNCs based on solidification-
processing method causes the nanoparticle agglomeration due to
high surface energy and results in non-uniform distribution of
particles in the metal matrix (Ref 12). Recently, ultrasonic
treatment (Ref 11, 13-15) has been reported to overcome the
above cited problems through non-linear effects giving rise to
cavitation and acoustic streaming mechanisms.

Li et al. (Ref 16-24) extensively investigated the effects of
ultrasonic treatment in the fabrication of bothAl andMgmatrix ex
situ nanocomposites and reported that the strength of the materials
can be improved without much loss in ductility. Effective
dispersion and breakage of agglomerates of SiC nanoparticles in
A356matrix has been reported due to ultrasonic treatment (Ref 11,
16, 17). Similar studies in Mg/SiC nanocomposites showed a
better yield and tensile properties with the assistance of ultrasonic
treatment (Ref 18-22). Other than SiC, Al2O3 (Ref 23) and TiB2-
reinforced nanocomposites (Ref 24) were also reported to have
improved mechanical properties. In addition to that, the porosity
levels are also suggested to decrease because of the degassing
effect of ultrasonic treatment (Ref 16, 17).

The effects of ultrasound are prominently explored in chemical
engineering and applied chemistry not only for dispersing the
nanoparticles (Ref 25) but also to generate nanoparticles from
micron-sized particles (Ref 26). Especially, it is reported that
ultrasonication aids in exfoliation of graphite to form thin flakes of
graphite nanosheets (Ref 27). Similarly, graphite has been
exfoliated with different agents like Sodium dodecyl benzene
sulfonate (Ref 28, 29), formic acid (Ref 30), and silicate (Ref 31)
with the aid of ultrasonic treatment. It is reported that graphite
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particles can be tailored into different forms under ultrasonic
treatment confined to medium characteristics (Ref 27-31).There-
fore, the present work is focused to investigate the influence of
ultrasonic melt treatment during synthesis of Al-2 vol.% graphite
composites. The role of ultrasonic treatment time on dispersion of
graphite particles and porosity has been examined. Mechanism of
ultrasonic treatment on microstructural evolution of graphite
nanoparticles in Al-Grp composites has been discussed.

2. Experimental Procedure

Pure aluminum (99.7% commercial purity) and graphite
powders with average particle size of 20.89± 3.89 lm (Fig. 1)
were used to synthesize Al-2 vol.% graphite microcomposite by
conventional stir casting technique. After adequate stirring of
the melt, the preheated ultrasonic probe was dipped into the
melt and sonicated for 1, 3, and 5 min. A high power ultrasonic
probe (Hangzhou Success, China), made of Ti-6Al-4V, was
used to generate a 20 kHz and 2.5 kW power input for
ultrasonic treatment process. The composite melt was then
poured into cast iron mold. For comparison, the composite
sample without ultrasonic treatment was also cast.

The samples for microstructure analysis were sectioned at
20 mm from the bottom of the casting and electro-polished
using 2% HBF4 solution. The polished samples were charac-
terized using polarized light optical microscope (Carl Zeiss
Axio Scope A1). The size and morphology of reinforcement
particles after ultrasonic treatment were analyzed using JEOL
JEM 2100 transmission electron microscopy (TEM) operating
at 200 kV. For the TEM analysis, the samples were prepared by
Ar-ion milling preceded by dimpling. Hardness of the untreated
and ultrasonic-treated Al-2 vol.% graphite composite was
measured with Kuang Microhardness tester using a load of
200 g and a dwell time of 10 s. Twenty readings were taken for
each sample, and the average value has been reported.

3. Results and Discussion

Optical microscope images of the untreated sample and
ultrasonic-treated Al-2 vol.% graphite samples are shown in

Fig. 2. Microstructure of untreated stir cast composite shows a
significant amount of porosity along with the agglomeration of
graphite particles (Fig. 2a). During the processing of Al MMCs
using stir cast technique, the molten aluminum is mechanically
stirred to create a vortex, which draws the reinforcement
together with the ambient gases into the liquid medium. Suction
of gases/air along with the particles has been observed by
Ramani et al. (Ref 32) while performing experiments with
transparent media. When solid reinforcement particles are
introduced into the melt along with gas phase, the reinforce-
ment prefers to be attached to the gas phase rather than molten
metal, since the interface energy for reinforcement/gas interface
is lower than the reinforcement/metal interface. This concept
has been widely accepted in the area of metallic foam wherein
stabilization of gas phase in the molten metal found to be
largely improved in the presence reinforcement particles (Ref
33). The aforementioned discussion clearly explains the
microstructural observation of agglomerated graphite particle
in the vicinity of porosity (Fig. 2a). However, after 1-minute
ultrasonic treatment, the porosities are significantly reduced and
the particle clusters have been broken considerably (Fig. 2b).
Further increase in ultrasonic treatment time has very less effect
on microstructure (Fig. 2c and d). In order to ensure the
microstructural observation of a porosity reduction in ultrason-
ic-treated composites, density measurements are made using
Archimede�s principle. Figure 3 shows the density of untreated
and ultrasonic-treated Al-2 vol.% graphite composites. It is
clear that the density of Al-2 vol.% graphite composite is
significantly increased within 1 min of ultrasonic treatment. A
marginal change in density is observed upon 3 and 5 min of
ultrasonic treatment. The maximum density measured after
ultrasonic treatment is around 2.68 g/cm3 which is near to the
theoretical density of Al-2 vol.% graphite composite, 2.69 g/
cm3. These results substantiate the microstructurally observed
reduction in porosity of ultrasonic-treated Al-2 vol.% graphite
composites.

In general, when ultrasound is passed through the liquid
melt, it imparts significant energy to the molecules in the melt
(Ref 11, 16-22). The ultrasound comprises of compression
phase, which exerts a positive pressure for pulling the
molecule together and rarefaction phase, which exerts
negative pressure for pushing the molecules away from each
other. During rarefaction phase, small vapor filled voids called
cavitation bubbles are formed when the pressure amplitude
exceeds the tensile strength of the liquid melt (Ref 34). The
formed cavity grows in a few cycles of sound waves and
reaches an unstable state that causes the bubble to collapse.
The formation, growth, and implosive collapse of bubbles in
liquids treated with high frequency sound are called acoustic
cavitation. These cavitation effects are found in diverse
applications in material and chemical synthesis (Ref 16-22,
34). For such a cavitation-aided implosion to occur in light
metals, minimum ultrasonic intensity should lie within 80-
100 W cm�2 (Ref 11, 16-24). Assuming that the emitter
surface is completely wetted by the melt with negligible
attenuation, the intensity is given by

I ¼ 1

2
qLcLð2pfA0Þ2 ðEq 1Þ

where f is the frequency, qL = 2.333 g/cm3 is the density of
liquid aluminum, cL = 1330 m/s is the velocity of sound
waves through liquid aluminum, and A is the cross section
area of sonotrode. Under the operating conditions of 20 kHz

Fig. 1 Scanning electron microscope (SEM) images of as-received
graphite particles
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frequency and 6 lm amplitude, the intensity of the radiating
surface is calculated as 89.13 W cm�2. It suggests that the
occurrences of cavitation related effects are reasonable.

During stir casting of the composites, more number of
cavitation sites is introduced into the melt. Particles that are
improperly wetted or associated with gas pockets can readily
act as cavitation sites during ultrasonic treatment (Ref 35). The
explosion of cavitation bubbles attached to the particle surfaces
can cause the breakage of particles agglomeration, and series

occurrence of such cavitation events can significantly promote
the dispersion of the particles (Ref 34). It is also reported that
under the influence of fully developed cavitation, degassing
effects are accelerated dramatically (Ref 35, 36). In Al melts,
the main source of porosity is due to the dissolved hydrogen
(Ref 36) and during the processing of the composite using stir
casting technique the melt has been subjected to more
absorption of these gases. During the compression and
rarefaction cycle, part of the bubbles grow in size and floats
to the surface (Ref 35, 36). The efficiency of degassing
increases from 30 to 60% under cavitation conditions compared
to non-developed cavitation ultrasonic treatment (Ref 37, 38).
These are the possible reasons for the reduction in porosities
and agglomerations observed after ultrasonic treatment of Al-2
vol.% graphite composite.

In order to study the influence of ultrasonic treatment on the
size and morphology of graphite, TEM analysis has been
carried out on Al-2 vol.% graphite composite. After 1 min of
ultrasonic treatment the width of the graphite particles ranges
from 250 to 350 nm with an aspect ratio of 7.46 which is a
significant reduction from the initial size of as received graphite
particles, 20.89± 3.89 lm. A gradual reduction is observed in
the width of graphite particles from 120-180 to 100-130 nm is
observed upon 3 and 5 min of UST as shown in Fig. 4(c) and
(d), respectively.

The TEM observations indicate that the size of graphite
particles is modified extensively under the influence of physical
and mechanical effects imposed by the ultrasonic treatment.
Compared to the as-received graphite particles, the ultrasonic-
treated composite shows an elongated flake-type morphology.

Fig. 3 Density of Al-2vol.% graphite nanocomposites as a function
of ultrasonic treatment time

Fig. 2 Optical microscope images of Al-2vol.% graphite nanocomposite in (a) untreated and ultrasonic treated for (b) 1 (c) 3 and (d) 5 min
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Traditional methods of producing or formation of such graphite
flakes are reported in organic solvents or ionic liquids via
sonication by either chemical or mechanical method (Ref 39,
40). These methods rely on the physical effects of ultrasound to
break the 3D structures of graphite to graphene (Ref 39). It is
well known that the carbon atoms in graphite are covalently
bonded to each other in hexagonal planar structure with sp2

hybridization and each planar layer is stacked together along
[0001] direction with Vander Waal bond. The Young�s modulus
of the crystal parallel to the basal plane is 100 times greater
than that of the hexagonal axis of [0001] direction. Hence,
under fully developed acoustic cavitation, conditions are
sufficient to break the Vander Waal interactions between each
graphite layer to form an elongated flake-type of structures
shown in the Fig. 4(a) and (b). Since the coefficient of thermal
expansion of the graphite parallel to the hexagonal axis is
259 10�6 K�1 and parallel to the basal plane is 1.59 10�6

K�1, therefore graphite particles may expand in the melt along
[0001] direction (Ref 41). This thermal expansion behavior of
graphite particle also can aid the above-mentioned Vander

Walls bond breaking process. As the sonication time increases,
the width of the flakes reduces significantly. The deformation of
graphite particle may also be caused due to the mechanical
shockwaves and shear forces created by the violent collapse of
bubbles during ultrasonic treatment (Ref 39, 40). As the
ultrasonication time is increased, the particle tends to break the
basal plane and cracks similar to Mrozowski cracks (Ref 41)
may be assumed to have formed in the basal plane (indicated by
arrows in Fig. 4d) which breaks the graphite sheets further to
form graphite nanoparticles.

Figure 5 shows the microhardness analysis of Al-2 vol.%
graphite composite as a function of ultrasonic treatment time.
The hardness of as cast composite material increases sig-
nificantly after 1 min of ultrasonic treatment from 270± 19 to
352± 11 MPa. Increasing ultrasonic treatment time to 3 and
5 min has shown only marginal increment in the hardness
measurements. The significant improvement in hardness ob-
served in the present work is possibly explained in terms of
synergistic effects of particle dispersion, size reduction, and
degassing caused by ultrasonic treatment. However, elaborate

Fig. 4 TEM bright field images of Al-2vol.% graphite nanocomposites ultrasonic treated for (a) 1 (b) 3 and (c) & (d) 5 min
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studies are still needed to understand the precise strengthening
mechanism associated with the ultrasonic treated Al-Graphite
nanocomposites.

4. Conclusion

The fabrication of Al-2 vol.% graphite nanocomposites has
been demonstrated using conventional stir casting method with
the aid of ultrasonic treatment. The agglomeration and porosity
problems associated with the conventional stir cast method has
been reduced significantly using ultrasonic treatment. Apart
from particle dispersion, ultrasonic cavitation also provides the
conversion of micron-sized graphite particles to nanosize
particles. Notable increase in the hardness of the material is
observed after ultrasonic treatment, which may be attributed to
the synergistic effects of particle dispersion, size reduction, and
degassing.
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