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Abstract
The present work elucidates a novel way of processing Al–Si–Al2O3 bulk nanocomposites. The novel approach includes
synergetic effect of non-contact ultrasonication andmushy state rolling for achieving appreciable uniformity in the distribution
of nanoparticles in the metal matrix. A systematic study on the distribution of particles, the resultant microstructure, and also
the resultant hardness in the nanocomposite has been presented. It is shown that the current methodology has resulted in
enhanced distribution of nanoparticles in the metal matrix as compared to the earlier versions in the field. The structure of
the nanocomposites has been explained on the basis of cavitation phenomena and particle pushing during solidification. The
work also includes simulation using the Fluent platform to estimate the time available before the initiation of solidification to
carry out effective deagglomeration and distribution of nanoparticles in the liquid melt using ultrasonic cavitation. Although
the non-contact ultrasonic casting has resulted in a nearly uniform deagglomeration of nanoparticle clusters, a small number
of agglomerates were present at the grain boundaries. Hence, the as-cast nanocomposites were deformed in the mushy state
condition. An attempt has been made to explore the feasibility of enhancing the distribution of nanoparticles in the Al–Si
matrix through semisolid state rolling. The synergetic effect has resulted in enhancement of the hardness of the material by
37%.
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1 Introduction

The advent of newer materials consisting of tailored prop-
erties is in great demand in recent decades [1]. The
thirst for high strength-to-weight ratio materials intended
for applications in the automobile industry and aerospace
industry is unabated [2]. Metal matrix nanocomposites
(MMNCs) developed with tailored mechanical properties
perform excellently [3]. Aluminium-alloy based composites
are always a lucrative option in this regard. The micro- and
nano-sized particles of various oxides, carbides, and nitrides
viz., CNT, B4C, SiO2, Al2O3, TiB2, TiC, SiC, Si3N4, etc. are
dispersed in Al and Al alloys to produce high performance
yet low-density materials [4–6]. However, the processing of
MMNCs is a greater challenge owing to the inherent large
surface area of nanoparticles resulting in agglomeration [7].
There have been various attempts from researchers around
the globe in addressing the tedious challenge of process-
ing MMNCs using techniques based on powder metallurgy,
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liquid metallurgy, additive manufacturing, hot deformation,
friction stir processing, etc. [8–12]. Broadly the techniques
can be grouped as solid-state processing and liquid state
processing [13, 14]. As compared to solid state process-
ing, liquid metallurgy based techniques are more beneficial
for high volume processing capabilities as it is economical.
Thus processing techniques for MMNCs should be based on
the aspects of liquid metallurgy. Hence techniques like stir
casting and ultrasonic-assisted casting are the most widely
used processes for processing MMNCs [15, 16]. However, a
few drawbacks are also associated with liquid metallurgy
based techniques, viz., heterogeneity in a chemical com-
position having dendritic microstructure and other casting
defects. Although stir casting is simpler and economical for
bulk processing, the technique suffers from vortex formation
leading to the nominal degree of uniformity in the distribu-
tion of nanoparticles. Nanoparticles are strongly bonded and
require high energy that can circumvent the forces between
particles to deagglomerate [17]. In this regard, the attempt
from Yang et al. [18] in processing metal matrix composites
by considering ultrasonic energy for deagglomeration was
better as compared to the stir casting [18, 19]. The ultrasonic-
assisted casting consists of an ultrasonic source capable of
generating high-intensity waves that can break the clusters of
nanoparticles in themelt [20–22]. However, in the absence of
ultrasonic energy, the particles tend to re-agglomerate lead-
ing to non-uniformity in the distribution of particles in the
metal matrix [23–26]. The resultant mechanical properties
are better than those processed by other techniques hav-
ing the same material composition [27–30]. In recent times
several research groups have attempted to process MMNC
using contact type ultrasonic-assisted casting effectively,
yet the challenge of distribution of nanoparticles homoge-
neously in the metal matrix persists [31–34]. Hence, in the
present work, an attempt has been made for processing the
Al–Si–Al2O3 nanocomposite by non-contact ultrasonic cast-
ing.

In general, the as-cast products lack desired shape, size,
finish, andproperties andhencedonot fall into the categoryof
the final products. Similarly, the as-cast MMNCs and hence
the as-cast bulk MMNCs are processed further through sev-
eral secondary manufacturing processes to make the final
product. The generally followed secondary manufacturing
process includes several types of joining and deformation
processes [35, 36]. The secondary processing of the as-cast
MMNCs results in the elimination of any casting defects,
desired shape, size, and tailored mechanical properties in the
final product. Rolling is the most widely secondary manu-
facturing process for processing Al alloys. Often Al alloys
are rolled to sheets, plates, and foils. The sheet is used exten-
sively in making the outer body of vehicles, in roofing and
sidings of buildings, boat hulls, and in other applications
in marine industries. The plate is used for aircraft, civil

Table 1 Chemical composition of Al–Si alloy

Element Fe Mg Si Al

Wt% 0.62 0.3 3.3 Balance

constructions, military vehicles, oil, refinery, etc. In recent
times mushy-state metal forming and MMNC forming pro-
cesses have been explored on a larger scale as an alternative
to conventional rolling processes and also opportunities for
innovating metal forming technologies [37, 38]. Mushy state
processing involves heating the as-cast product to a state
of the two-phased region containing the desired amount of
solid–liquid fraction of material and subjecting the material
to forming technique [39]. The semisolid state rolling is car-
ried out at smaller flow stresses which is an added advantage
to the economics of the secondary processing. Such mushy
state rolled products are found to possess refined equiaxed
grain structures leading to enhanced mechanical properties
[40]. Recent work on semisolid (10–30 vol% liquid) rolling
of as-cast Al–4.5Cu based MMC has reported the transfor-
mation of rosette-shaped grain structures to equiaxed grains
resulting in enhancement of wear and mechanical properties
[41–43]. Similar works have also observed improvement in
the mechanical performance of the MMC and the enhance-
ment is attributed to work hardening of the matrix [44, 45].
However, limited literature is available on the semisolid pro-
cessing of Al–Si alloy-based composites. Amongst the other
alloys, the hypoeutectic Al–Si alloys are widely used in
aerospace, domestic, marine, and automotive applications
[46]. The hypoeutectic Al–Si alloys offer good castabil-
ity and a high strength-to-weight ratio which is a vital
property of a material to be considered in making com-
posites. Thus an attempt has been made in the present
work to study the synergetic effect of non-contact ultrasonic
casting followed by mushy state rolling on the distribu-
tion of nanoparticles in the metal matrix and the resultant
mechanical properties in the Al–3.3Si–Al2O3 nanocompos-
ites.

2 Materials andmethodology

In the present investigation, Al–3.3%Si alloy was used as a
matrix. The chemical composition of the alloy is given in
Table 1. Into the Al–Si matrix, Al2O3 nanoparticles (Sigma
Aldrich, Product Number: 718475) were dispersed via a non-
contact ultrasonic casting technique. The average particle
size of the alumina powder was around 13 nm, as shown
in Fig. 1.
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Fig.1 TEM image of Al2O3 nanoparticles

2.1 Non-contact ultrasonic casting
of nanocomposite

The non-contact ultrasonic casting setup used in the current
work is different than that used by other research groups
[33, 34]. As compared to the earlier setup, the present setup
was modified and was designed to achieve a controlled
flow of powder and melt, a continuous flow of liquid melt
without a drop in the melt temperature till it reaches the
mould, dynamic mixing of melt and powder before the con-
tent reaches the mould, enhanced reproducibility, and an
automated system. The schematic of the experimental setup
for synthesizing Al–3.3%Si–1wt% Al2O3 nanocomposite is
shown in Fig. 2. The setup consists of a bottom pouring resis-
tance furnace, a runner attached at the bottom of the furnace
is placed inside a heating coiled pipe, a vibrator setup con-
nected with a pipe at the bottom, an ultrasonic bath, and a
steel mould. The runner connects the vertical pipe and the
contents inside mix mechanically as they flow together until
they fall into the mould. The nanocomposite was cast in the
steel mould surrounded by hot water and placed in the ultra-
sonic chamber (Bandelin, RK100H, 35 kHz) that sonicates
at 35 kHz during processing. The vibrator upon activation
will vibrate the sieve that contains the reinforcement mix-
ture. The above-designed setup ensures controlled feed of
the reinforcement powder due to motor controlled sieving
system, continuous flow of the liquidmelt without any appre-
ciable loss of the melt temperature due to the heating coil
surrounding the runner, the dynamic mixing of powder in
the melt resulting in macro-scale dispersion of nanoparticle
agglomerates, enhanced reproducibility and decreased man-
power. Initially, the time required for melt to fill the mould
and powder particles to fall in to mould were optimized and
matched for achieving better dynamicmixing of the contents.
The flow rates of melt and the powder were finalized after
several iterations of the flow of the contents. For achieving
better dispersion in the liquid melt, a carrier powder-based
feeding of nanoparticleswas introduced. Al powderwas used
as a carrier powder. The two powders were mixed using

Fig.2 Schematic of Non-contact ultrasonic casting

mechanical methods of mixing and as a result, the nanopar-
ticles will get attached with very weak Van der Waals forces
to the surface of the carrier powder particle. Such carrier
powder-based feeding of nanoparticles results in enhanced
micro range dispersion in the melt. During the processing of
nanocomposites, initially, pieces of Al-3.3%Si alloy weigh-
ing 500 gm were charged in the graphite crucible and placed
in the furnace. The temperature of the furnace was raised
to 900 °C. While the contents in the furnace were melting,
the carrier powder was heated in an oven at 200 °C. Upon
completion of the melting of the contents, the top slag layer
is removed manually and the preheated powder was loaded
into the sieve placed on the vibrator. The bottom pouring
was initiated and simultaneously the sieve vibrator and also
the ultrasonic bath was activated. As the melt flows through
the runner it meets the vertical pipe through the powder parti-
cles fall and flow. The powder and the melt mix dynamically
in the vertical pipe and the mixture eventually fall into the
mould placed at the end of the pipe. Themixture sonicated by
the ultrasonic waves is cast. This type of composite casting
is referred to as non-contact type ultrasonic casting.

2.2 Mushy state rolling of nanocomposite

A two-high rolling mill with rolls of 120 mm diameter and
125 mm barrel width was used for the mushy state rolling
of the composite samples having dimensions of 90 mm×
50 mm×40 mm. A portable furnace was used to heat
the composite samples and feed them into the roller. The
schematic of the setupused formushy state rolling is shown in
Fig. 3. The portable furnace has a push rod, the end of which
has a pan for holding the composite sample. The furnace
has a thermocouple touching the sample surface directly that
results in precise temperature control. Selection of rolling
temperature plays a vital role in the successful rolling of the
samples as excessive heating will lead to higher temperatures
of the liquid phasewhich is undesirable and on the other hand
lesser heat will not lead to the formation of a mushy state
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Fig.3 Schematic of portable furnace setup for mushy state rolling of
nanocomposite

of the sample. The required temperature was selected based
on the Al–Si phase diagram. The selected temperature was
590–600 °C, a temperature corresponding to a 20% liquid
fraction. The composite samples were placed on the heating
pan of the portable furnace and once the required tempera-
ture was achieved, the samples were pushed in between the
rolls without any appreciable drop in the temperature. Final
rolling was done to 30% reduction in thickness in successive
passes and the samples were quenched in water at the end of
rolling.

2.3 Characterization and testing of samples

The as-cast Al–Si alloy, Al–Si–Al2O3 nanocomposites, and
mushy state rolled nanocomposites were characterized for
microstructure andmechanical properties. The samples were
ground, polished, and etched using standard metallographic
techniques. The microstructure of the etched samples was
analyzed under an Optical microscope and FESEM (Zeiss
Supra 40; Carl Zeiss) that had a provision for Elemental
analysis (EDS, Oxford Instruments). The phases present in
the samples were identified by XRD (Panalytical XPert3).
The surface of the sample was cleaned and XRD was car-
ried out at a scan speed of 2°/min, at a step size of 0.02.
The XRD pattern was analyzed using Xpert-High score soft-
ware. The hardness of the small samples from different parts
of the sample was tested on the Vickers Microhardness tester
(UHLVMHT hardness tester). A load of 100 gf was applied
on the samples and a dwell time of 15 s was provided dur-
ing the test. The measured hardness at different points was
averaged.

3 Results and discussion

3.1 Phases identification

The XRD analysis was also carried out on both alloy and
nanocomposite. The XRD graphs are shown in Fig. 4. The
XRD of the Al–Si–Al2O3 composite shows peaks matching
the Al2O3 phase confirming the presence of Al2O3 nanopar-
ticles in the Al–Si matrix.

Fig.4 XRD plots of Al–Si alloy and Al–Si–Al2O3 nanocomposite

3.2 Microstructure

The microstructure of the as-cast Al–Si alloy,
Al–Si–Al2O3 nanocomposites, and mushy state rolled
nanocomposite samples as observed under the optical
microscope is shown in Fig. 5. The microstructure of the
as-cast alloy taken at 200× magnification is shown in
Fig. 5a. The structure consists of primary aluminum having
a dendritic structure with large-sized grains. The large-sized
grains having dendritic microstructure are expected to melt
initially during heating the material above liquids temper-
ature. Figure 5b shows the microstructure of Al–Si–Al2O3

nanocomposite taken at the same magnification. It is
observed that grain refinement has occurred but the dendritic
structure persists in the as-cast nanocomposite. Although
the nanocomposites were synthesized at similar cooling
rates as that of Al–Si alloy, the average grain size in the
nanocomposite is less. The grain refinement has occurred
by the addition of Al2O3 nanoparticles. The presence of
nanoparticles resulted in an increased number of nucleation
sites. The nanoparticles act as pinning agents restricting the
grain growth resulting in small-sized grains. In addition,
non-contact ultrasonication is present at the beginning
of the solidification. The ultrasonic waves reaching the
liquid melt result in defragmentation of the dendrites that
decrease the grain size. The grain refinement has a con-
siderable effect on the hardness of the nanocomposite.
Figure 5c shows the microstructure of mushy state rolled
Al–Si–Al2O3 nanocomposite. An equiaxed grain structure
containing small and big-sized grains can be seen when the
composites were heated to mushy state temperature and
then rolled. The resultant microstructure in the mushy state
rolled nanocomposite is possibly due to rapid solidification,
dynamic recrystallization, and grain growth. At the begin-
ning of the rolling process, the material is in a mushy state
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Fig.5 Optical microstructure of a as-cast Al–Si alloy, b as-cast Al–Si–Al2O3 nanocomposite, and cmushy state rolled Al–Si–Al2O3 nanocomposite

Fig.6 a Particle distribution in as-cast Al–Si–Al2O3 nanocomposite, b Point chosen for EDX analysis, and c EDX analysis

condition consisting of a 20% liquid fraction. As the rolling
progresses, the liquid fraction of the material undergoes
rapid solidification followed by the nanoparticle-induced
dynamic recrystallization which leads to grain fragmentation
in the solid fraction. The un-melted solid fraction eventually
undergoes coarsening resulting in big-sized grains [41, 47].
In addition, the presence of a 20% liquid fraction allows
inter-grain sliding and reorientation.

For a better understanding of the distribution of nanopar-
ticles in the Al–Si matrix, the nanocomposite samples were
examined in FE-SEM. Figure 6a shows the microstructure
of as-cast Al–Si–Al2O3 nanocomposites synthesized via the
non-contact ultrasonic method. The non-contact ultrasonic
method has resulted in the appreciable distribution of Al2O3

nanoparticles in the Al–Si matrix. The presence of Al2O3

particles was also confirmed by EDAX analysis. Figure 6b,
c shows the EDAX analysis performed. The chosen point for
EDX analysis is shown in Fig. 6b and the EDX analysis is
shown in Fig. 6c. The EDX analysis confirms that the par-
ticle present there is Al2O3. Thus the distribution of Al2O3

particles in the Al–Si matrix is uniform to a greater extent.
The uniform distribution is attributed to non-contact ultra-
sonication resulting in cavitation and non-linear effects [17,
21]. The ultrasonic chamber consists of an ultrasonic soni-
cator emitting high-energy waves. As the pouring is initiated
in the furnace, the ultrasonication is activated. This confirms
that the liquidmelt experiences ultrasonic energy well before
reaching the mould and the ultrasonication is available until
the completion of solidification. The high-energy ultrasonic
waves reaching the liquid melt result in cavitation and acous-

tic streaming phenomenon. The cavitation process results in
non-linear effects wherein at a mesoscale, zones of powerful
circulations are formed those can result in the exchange of
heat at a rapid rate in the convective mode. Such non-linear
effects are capable of breaking agglomerates of nanoparticles
and dispersing them in the matrix. Hence the uniform distri-
bution of nanoparticles is observed in the nanocomposite.

3.3 Determination of solidification initiation time

To confirm the effect on sonication-induced cavitation in the
liquid melt, modeling and simulation of the system were
carried out. The simulation is aimed at estimating the solid-
ification start time of liquid melt. The time available before
the initiation of the solidification in the mould is predicted.
The start time is then compared with the time required for the
breaking of nanoparticle clusters. Padhi et al. [33] explained
the determination of the time required for breaking nanopar-
ticle agglomerates in the non-contact ultrasonic method.

The determination of solidification initiation timewas car-
ried out on the Fluent 6.2 platform. The time was determined
based on the liquid fraction contours generated by the sim-
ulation. The 2D transient solidification of pure liquid Al–Si
was simulated. Figure 7 shows the schematic 2D model of
the experimental setup consisting of liquid Al–Si alloy in the
steel mold and the boundary conditions.

The top of the liquid metal interface was taken as air and
the heat transfer coefficient at this interface was taken as
500 W/m2 K. No-slip was assumed at the inner wall of the
mold. The heat transfer coefficient at the outer wall of the
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Fig.7 Schematic of mold and liquid metal domain

Table 2 Governing equations and initial/boundary conditions

Item Equation/data

Governing equations Continuity equation, Momentum equation,
Energy equation (2-Dimensional and in
Cartesian coordinate)

Independent variables x, y, t

Dependent variables u, v, P, H or T

Momentum Equation

Computational domain BCHG (Fig. 7)

Initial condition u � 0, v � 0 in the region BCHG (Fig. 7)

Boundary condition u � 0, v � 0 along BC, u � 0, v � 0 along
CH, u � 0, v � 0 along HG, u � 0, v �
0 along GB

Energy Equation

Computational domain ADEF(Fig. 7)

Initial condition T � 333 K in the region ADEF
T � 1173 K liquid melt region (BCHG)

Boundary condition T � Tambient along AB, h � 500 Wm−2

K−1 along BC, h � 8 Wm−2 K−1 along
CD, h � 500 Wm−2 K−1 along DE, h �
250 Wm−2 K−1 along EF, h � 500
Wm−2 K−1 along FA

mold, surrounded by water, was also taken as 500 W/m2

K and was considered to be constant throughout the outer
surface of the mold. The initial temperature was 333 K
throughout the domain excluding molten metal, which was
at 1173 K. The governing equations, initial and boundary
conditions are given in Table 2. The physical properties of
the mould and the liquid Al–Si alloy are given in Tables 3
and 4.

The results of the simulation are shown in Fig. 8. The liq-
uid fractions captured at different time steps are shown in

Table 3 Properties of steel mold

Property Value(s)

Density (kg/m3) 8030

Specific Heat (J/kg K) 502.48

Thermal Conductivity (W/m K) 16.27

Table 4 Thermo-physical properties of Al

Property Parameters Value(s)

Density(kg/m3) Liquid ρl at 1173 K 2304

Solid ρs 2699

Specific Heat (J/kg K) 904

Thermal Conductivity (W/m K) ks at 500 K 236

Viscosity (Kg/m s) 1173 K 0.000174

1073 K 0.000177

934 K 0.000183

Molecular Weight(kg/mol) 26.98

Melting Heat (J/kg) 32,100

Fig. 8a–c. It can be observed that there is no initiation of
solidification till the first 10 s after pouring the liquid melt
into the mould. At the end of 10 s, a small fraction of solid
can be seen at the bottom corners of the mould as observed
in Fig. 8b and the appreciable solid fraction is seen at the end
of 20 s in Fig. 8c. Thus the time taken for initiation of an
appreciable amount of solidification for the given geometry
of mould and the given experimental conditions is approxi-
mately 20 s. Padhi et al. [33] had estimated the time required
for the deagglomeration of clusters of nanoparticles in the
liquid melt. The estimated time for initiation of solidifica-
tion in the current work is 20 s which is much higher than
the time required for deagglomeration. By this, it is ensured
that deagglomeration occurs much before the initiation of
solidification. Thus it is clear that the non-contact ultrasonic
casting has resulted in the deagglomeration of the cluster of
Al2O3 nanoparticles and in distributing them in the mould.

As the solidification begins and progresses, the solid
formed at the walls brings down the intensity of the ultra-
sonic waves, and hence the deagglomeration and dispersion
decrease with the progress in solidification. Although cavi-
tation is present during the pouring and until the initiation
of solidification, and the resultant deagglomeration and dis-
tribution of nanoparticles has occurred, some amount of
grain boundary segregation is observed. The segregation of
nanoparticles at grain boundaries is observed due to the
liquid-particle pushing effect [31, 32].At the beginning of the
solidification, the liquid is enrichedwith dispersed nanoparti-
cles. The uniformly dispersed nanoparticles in the liquidmelt
become the high probability heterogeneous nucleation sites.
Random nucleation takes place in all the supercooled regions
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Fig.8 Contours of liquid
fraction at a t � 0 s, b t � 10 s,
and c t � 10 s

Fig.9 a SEM image ofMushy state rolled & quenched Al–Si–Al2O3 nanocomposites taken at lower magnification, b Image at higher magnification,
and c higher magnification image showing breaking of clusters

with the release of latent heat between the new grains. Due
to the latent heat released, the cooling rates between the new
grains are lowandupcominggrains in suchdecreased cooling
rate zones possess a lower solidification front resulting in the
pushing effect. Eventually, some amount of grain boundary
segregation will be formed. The present work explores the
feasibility of mushy state rolling post solidification for the
re-distribution of nanoparticles in the nanocomposite formed
via non-contact ultrasonic casting.

The effect of mushy state rolling on the distribution of
nanoparticles in the Al–Si matrix is shown in Fig. 9a. It
appears that the distribution of particles had enhanced further
and grain coarsening is also observed. At lower magnifica-
tion it appears that grain boundary segregation is present.
Upon analysis of grain boundary at higher magnifications,
shown in Fig. 9(b, c) it is observed that the tiny agglomerates
along the grain boundaries are broken and are re-distributed
in the Al–Si matrix. Thus it is clear that the mushy state
rolling resulted in deagglomeration at grain boundaries seg-
regations. During mushy state rolling, the rapidly solidified
sample liquid fractionwill be formed at grain boundaries [39,
41, 47]. This liquidmelt having nanoparticle agglomerates in
it surrounds the un-melted grain boundaries and undergoes
plastic deformation when rolled at mushy state temperatures.

This causes the breaking of agglomerates and further parti-
cle re-distribution at grain boundaries. From FE-SEM study
it is evident that there is a significant amount of uniformity
in the dispersion of nanoparticles in Al–Si matrix. The seg-
regated particle agglomerates at the grain boundaries in the
nanocomposite were deagglomerated and re-distributed in
submicron scale during mushy state rolling. Thus it is clear
that mushy state rolling of the nanocomposite can enhance
the distribution of the nanoparticles in the matrix resulting in
enhanced uniformity in the dispersion of the nanoparticles in
the matrix.

3.4 Microhardness

The effect of the addition and distribution of nanoparticles
on the hardness property of the material was tested on the
Vickers microhardness tester. The microhardness was mea-
sured at several locations of the sample and was averaged.
The average microhardness of Al–Si alloy, Al–Si–Al2O3

nanocomposite, and mushy state rolled nanocomposite is
shown in Fig. 10. It is observed that the addition of nanopar-
ticles has enhanced the hardness of Al–Si alloy. The hardness
of the material has increased by 37%. The increase in hard-
ness is attributed to grain refinement induced by the addition
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Fig.10 a Variation of microhardness of Al–Si alloy, Al–Si–Al2O3 nanocomposite, and mushy state rolled nanocomposite and b distribution of
microhardness at different locations of the samples

of nanoparticles. As explained earlier that the addition of
nanoparticles via the non-contact ultrasonic method has
resulted in a nearly uniform distribution of nanoparticles in
the Al–Si matrix. The non-linear effects have resulted in the
effective deagglomeration of nanoparticle clusters. The deag-
glomerated particles become the increased heterogeneous
nucleation sites thereby increasing the number of grains and
also resulting in grain refinement. Further, the hardness of
the nanocomposite has enhanced by 10% upon subjecting to
mushy state rolling. Although no extra addition of nanopar-
ticles is carried out to the nanocomposite, an increase in
hardness is observed. The additional enhancement in hard-
ness of nanocomposite upon rolling is possibly a result of
two effects: (a) rolling induced work hardening and (b) re-
breaking of nanoparticle segregation and re-distribution of
deagglomerated particles during mushy state rolling.

4 Conclusions

The following conclusions are drawn out of the present work,

1. The non-contact ultrasonic casting technique can be suc-
cessfully applied to synthesize Al–Si–Al2O3 nanocom-
posites

2. The resultant microstructures depict appreciable amount
of deagglomeration of Al2O3 nanoparticle clusters and
also nearly uniform distribution in the Al–Si matrix

3. Although the distribution was nearly uniform and the
structure contained fine grains, few segregations due to
the pushing effect were observed

4. The resultant finer grains have enhanced the hardness of
Al–Si alloy by 37%

5. The mushy state rolling of the so-developed nanocom-
posites has yielded promising results in further breaking

of nanoparticle agglomerates thereby enhancing the uni-
formity in distribution of nanoparticles in the Al–Si
matrix

6. The hardness of the nanocompositewas further enhanced
after mushy state rolling which has been attributed to
work hardening and enhanced deagglomeration with
redistribution of nanoparticles

7. Synergetic effect of non-contact ultrasonic casting and
mushy state rolling can result in good distribution of
nanoparticles in the bulk metal matrix and enhanced
hardness of the nanocomposite
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