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Abstract
In the present work, a newly developed gas injection bottom pouring vacuum stir casting technique has been envisaged for the fabrication of Aluminium MMCs which is a fully
automated and one of its kind. Aluminium 6063-T6 alloy is used as the matrix, and the aluminium oxide (Al2 O3 ) particles are taken as reinforcement. Diﬀerent experiments have been
performed on the fabricated MMCs to ascertain its mechanical and morphological properties.
The presence of various elements and grain morphology of the fabricated MMCs are conﬁrmed
by Energy Dispersive Spectroscopy (EDS), Scanning Electron Microscope (SEM) and mapping. The experimental results revealed that the hardness of Al/Al2 O3 MMC had increased by
1.71 times and maximum tensile strength had increased by 1.27 times in comparison to the
monolithic aluminium alloy. The results establish that the proposed methodology of MMC
fabrication can be eﬀectively utilized for fabrication of homogeneously reinforced MMCs for
various engineering and industrial applications.
K e y w o r d s : metal matrix composite, aluminium alloy, Al2 O3 , bottom pouring stir casting,
multi-step stirring, characterization

1. Introduction
Composite materials are those materials which
consist of two or more physically and chemically dissimilar phased materials. The continuous phase of this
material is termed as matrix while the discrete phase
is termed as reinforcement. When the matrix in the
composite material is metal, then it is termed a Metal
Matrix Composite (MMC). In MMCs, the reinforcement generally is in the form of particles, whiskers and
short or continuous ﬁbres [1]. These MMCs oﬀer far
superior characteristics, e.g. higher speciﬁc strength,
better structural eﬃciency, reliability, wear resistance
and control over its physical properties such as coeﬃcient of thermal expansion and density which in turn
provides better technical performance when compared
with the monolithic materials [2–8].
In recent times aluminium and its alloy based
MMCs have gained a lot of popularity and are being
utilized in all the emerging ﬁelds of engineering and
technology, e.g. aerospace, defence, automotive and
thermal management areas, in sports, recreation, etc.

owing to its lower creep rate, better fatigue resistance
and better speciﬁc strength as compared to monolithic
materials [9]. The viscoelastic response of these aluminium MMCs shows the most stable behaviour and
a rapid decrease in its stiﬀness is seen only at very
high temperature. Aluminium MMCs also show higher
stiﬀness and higher mechanical damping/internal friction when compared to pure aluminium [10].
The MMCs are usually processed with liquid metal
routes such as stir casting and inﬁltration. Powder
metallurgy route is also sometimes used which incorporates sintering & extrusion. This route has the potential for speciﬁcally weight-critical engineering applications [11]. Nowadays, 3D printing is under extensive exploration and is being used to fabricate aluminium MMCs. The experimental results have proved
the eﬃcacy of laser 3D printing technology to fabricate Al composites [12]. Friction stir processing has
been demonstrated in creating Local Metal Matrix
Composites (LMMCs) in light alloys matrix. The
LMMCs are produced contextually to the weld using friction stir welding. The results have revealed an
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increase in the maximum load capacity under shear
test concerning the reference conditions [13]. Multilayer MMCs were prepared by the hot rolling process
of matrix foils. These composites were found compact
and sound with good strength and modulus of elasticity but have low ductility [14]. Some of the lowcost MMC fabrication techniques developed in the
past few decades include stir casting, squeeze casting, compo-casting and continuous casting. However,
the stir casting technique is the most commonly used
process by industries and accounts for one of the most
extensive primary production of the MMCs [8]. The
properties of the fabricated composite by stir casting
process are mainly dependent on its process parameters such as furnace temperature, stirring speed, stirring time, holding and solidiﬁcation behaviour [15].
The assistance of ultrasonic vibrations in stir casting is a prominent feature that enhances the properties of the fabricated MMCs. This was found an
amenable process for medium to large-scale production [16]. The presence of an inert environment also
plays a signiﬁcant role in the improvement of the properties of the fabricated MMCs by preventing losses in
its molten material when compared to conventional
stir casting technique. An inert environment inside
the furnace can be created by supplying inert gases
gas like helium, argon, etc. [17, 18]. Besides the fabrication techniques, the reinforcement type plays another important role to achieve the desired physical
and microstructural properties of the composites. In
standard MMCs, ceramics like alumina, silicon carbide, silicon nitride, boron, boron nitride, boron carbide, titanium carbide, etc. are being used extensively
as reinforcement particulates [19–23]. Diﬀerent metal
oxides can also be injected in the molten matrix melt
to produce in-situ matrix composites. The chemical
reaction between these oxides produced nanoparticles
which acted as the reinforcing agent [24]. Diﬀerent
salts can also be used in in-situ MMCs fabrication for
the formation and growth of reinforcements in the matrix melt. The chemical reactions of these salts with
matrix melt have resulted in the production of reinforcement particulates [25]. Although the addition
of these reinforcement particles to matrix enhances
some of its mechanical properties, their poor wetting
property generally results in weak interfacial bonding and tends to form voids. It also leads to the agglomeration of these particles and forms clusters. This
property adversely aﬀects the corrosion behaviour &
ductility of the cast MMCs [23, 26]. The load transfer eﬃciency of the soft matrix decreases after reinforcement of the hard ceramic particles which reduces the strength of the MMCs [23, 26–28]. The size
of the reinforced particulates also aﬀects the overall
properties of the MMCs. Large size reinforced particles generally reduce the fatigue life of the fabricated composite [29]. Thus, a major problem associ-

ated with liquid metallurgy manufacturing route is the
non-uniform distribution of the particulate mainly due
to its poor wettability and gravity regulated segregation.
Available literature revealed that no casting process had been explored in which the vacuum was created in the mould during the pouring of the molten
material. This may play a signiﬁcant role in enhancing
the mechanical properties of the fabricated MMC and
its microstructure. Keeping in view the above facts, a
newly developed gas injection bottom pouring vacuum
stir casting technique has been envisaged for fabrication of the MMCs which is fully automated and one
of its kind. Diﬀerent tests have been conducted on
the fabricated Al-MMC samples to investigate their
physical and mechanical properties. The presence of
elements, grain morphology and microstructure in the
fabricated composites are investigated by using Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) techniques. From the
characterization of the MMCs, it is concluded that
the envisaged method fabricated homogeneously reinforced MMCs with excellent engineering properties.

2. Gas injection bottom pouring vacuum stir
casting process
Stir casting process is considered as a low-cost
manufacturing technique to fabricate MMCs. However, this method of fabrication consists of many steps
viz. separate pre-heating of reinforcement particles,
manual stirring, separate pre-heating of mould, manual pouring, etc. which induces various defects in
the fabricated MMCs. With an objective to minimize
these casting defects, a new gas injection bottom pouring vacuum stir casting process is proposed for the
fabrication of the Al/Al2 O3 MMC. Figure 1(a) shows
a schematic representation of the process setup, its
various components as well as its inside mechanism.
Figure 1(b) shows the actual image of the setup, and
in the insets, the mould and the fabricated Al-MMC
are shown. The casting setup mainly consists of the
following components:
– induction resistance furnace having temperature
regulation system and display indicator,
– two reinforcement particulate chambers,
– automatic stirring mechanism with steel impeller,
– vacuum chamber,
– mould pre-heater,
– temperature sensors,
– inert gas supply system.
The setup consists of an induction resistance furnace having a temperature regulation system and display indicator. The furnace has a capacity of 1500 ◦C
with an accuracy of ± 2 ◦C and temperature regulator
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Fig. 1. (a) Schematic diagram of gas injection bottom pouring vacuum stir casting setup and (b) actual image of casting
setup used for fabrication of Al/(Al2 O3 )-MMC inset showing the mould used for along with the fabricated casting.

cum digital recorder to maintain proper temperature
inside the furnace. Matrix is melted in a graphite crucible which is ﬁxed inside the furnace. The crucible
has a bottom opening for pouring purpose which is
controlled by a switch provided on the control panel.
The setup consists of two reinforcement particulate chambers which facilitate the fabrication of hybrid
MMCs having more than one reinforcement. These reinforcement particulate chambers are installed with
induction heating mechanism (heating capacity 800 ◦C
with an accuracy of ± 2 ◦C) for preheating of particles
to remove its moisture, hydroxides and other gases.
These chambers are connected to the matrix melting furnace with a tube having a valve mechanism to
control the ﬂow rate of the reinforcements. The setup
facilitates both melting of the metal matrix and preheating of the hard reinforcement particulates simultaneously during casting of the composites.
The molten matrix and the reinforcement particulates are mixed by steel impeller through an automatic
steering mechanism. The stirrer has a speed regulator
and tachometer to control the stirring speed. It has
an automatic downward and upward movement con-

troller. The automatic stirring mechanism plays an
important role in the homogenized distribution of the
hard reinforcement particles in the matrix by agitating the mixture intensely during the stirring process.
The vacuum chamber of the setup is used to create
the desired vacuum in the mould with the help of a
vacuum pump. The mould is specially designed to ﬁt
in the chamber as it requires a proper adjustment for
creating the desired vacuum. The vacuum is created
before pouring of the molten material. A heating arrangement for baking and pre-heating of the mould is
also provided in the setup to heat it up to 400 ◦C.
Three temperature sensors are used to measure the
temperatures of the furnace, the particulate chambers
and the mould simultaneously. These sensors are movable and can be placed where-ever required. The setup
has an inert gas supply system which removes oxygen from the furnace resulting in an oxygen-free surrounding, which is very much necessary to prevent the
molten matrix oxidation. This system can also be utilized for those castings which are very sensitive under
an oxidized condition in their molten state (e.g. magnesium).
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T a b l e 1. The composition of aluminium AA6063 T6 alloy (wt.%)
Si

Fe

Cu

Mn

Cr

Mg

Zn

Ti

Al

0.2–0.6

0.35

0.1

0.1

0.1

0.45–0.9

0.1

0.1

97.5

T a b l e 2. Properties of aluminium 6063 T6 alloy
Sl. No.
1.
2.
3.
4.
5.
6.

Properties

Values

Density
Melting point
Young’s modulus (max.)
Elongation
Max. tensile strength
Yield strength

2.7 g/cc
660 ◦C
68.3 GPa
10 %
180 MPa
160 MPa

T a b l e 3. Properties of alumina (Al2 O3 )
Sl. No.

Properties

1.
2.
3.
4.
5.

Chemical formula
Density
Molar mass
Melting point
Shear strength

Al2 O3
3.95 g/cc
101.96 g mol−1
2072 ◦C
330 MPa

T a b l e 4. Comparison of properties of experimental with theoretical aluminium 6063 T6 alloy
Sl. No.
1.
2.
3.
4.
5.

Properties

Theoretical

Experimental

Density
Melting point
Elongation
Maximum tensile strength
Yield strength

2.7 g/cc
660 ◦C
10 %
180 MPa
160 MPa

2.59 g/cc
657 ◦C
8.2 %
172 MPa
148 MPa

3. Al/Al2 O3 MMC fabrication
In the present work, aluminium alloy, AA6063 T6
(its composition is shown in Table 1) is used as the
base material, i.e. matrix phase. Alumina (Al2 O3 )
is used as ceramic reinforcement phase with a maximum particle size ≤ 10 µm. The properties of the
AA6063 aluminium alloy are shown in Table 2 while
Table 3 shows the properties of reinforced alumina
(Al2 O3 ) particulates. Composite samples were prepared by varying the alumina from 6 to 14 % by weight
in a step of 2 %. A sample without reinforcement was
also cast and characterized for conﬁrming its theoretical available properties. Table 4 shows the comparison of the experimental properties with the theoretical
ones. The table proves a close agreement of the experimental results with the theoretical values. Figure 2a
shows the SEM image of the cast AA6063 alloy with-

out reinforcement while Fig. 2b shows its mapping.
As green colour has been assigned to aluminium, it is
clear from Fig. 2b that the major component of the
AA6063 alloy is the aluminium.
The aluminium alloy, AA6063, is ﬁrst preheated to
a temperature of 500 ◦C for 2 h. The graphite crucible
of the furnace, the stirrer impeller and the mould is
coated with zirconia paste and is baked for 3 to 4 h.
This is carried out at least one day before the casting. This process makes the setup components nonsticky with the molten material. Preheating of hard
reinforced particulate is essential before adding to the
molten matrix. The hard reinforced particulate alumina (Al2 O3 ) is preheated in the particulate reinforcement chamber at 650 ◦C for 2 h to remove its moisture, hydroxides and other gases to improve its wettability with the Al matrix. The melting temperature
of aluminium is observed to be 657 ◦C. The tempe-
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Fig. 3. Variation in density concerning percentage weight
of Al2 O3 p in the fabricated MMCs.

the reinforcement particles and molten metal. The furnace temperature is now increased to 670 ◦C during the
pouring to increase the ﬂuidity of the slurry. Besides
the above, 1.0 % magnesium by weight is also added
to enhance the wettability of reinforcement particles.

4. Results and discussion
Fig. 2. (a) SEM image of cast AA6063 aluminium alloy
without reinforcement and (b) mapping of the SEM image
showing aluminium as its major element in the casting.

rature of the furnace is then increased beyond the
liquidus temperature of the aluminium (710 ◦C) and
maintained there for 30 min for complete melting of
the matrix. The furnace temperature is now lowered
(at 630 ◦C) below the liquidus temperature of the aluminium so that the slurry be converted into a semisolid state. At this point, the pre-heated Al2 O3 particulate is added slowly and stirred with the zirconia
coated steel impeller. The stirring is carried out at
350 rpm for 10 min to ensure uniform scattering of
the alumina particles in the aluminium alloy matrix.
The slurry is heated above its melting temperature
to get an entirely liquid state and again stirred thoroughly. The stirring process is repeated thrice which
results in a more homogeneous distribution of alumina
particulate and better microstructure when compared
with the conventional casting process. The eﬀect of the
multi-step mixing process is the breakage of the interfacial gas layer which is present around the particle
surfaces. It happens because of the abrasive action of
the stirring which otherwise hinders wetting between

The bottom pouring vacuum stir casting setup is
used for the fabrication of Al-MMC samples. Rectangular cross-section bars of Al-MMCs were cast with a
diﬀerent weight percentage of the alumina. Various experimental investigations are carried out on these samples to study the distribution of alumina reinforced
particulates and mechanical properties. These are described below in detail.
4.1. The density of fabricated Al/Al2 O3 p
MMCs
The density of the fabricated Al/Al2 O3 -MMC
samples is determined using Archimedes’s principle. To measure it, a cuboidal piece sample of size
6 cm × 3 cm × 3 cm was used. The density of the fabricated Al-MMC samples (ρs ) is then determined by
utilizing the following relation:
ρs =

wa (ρw )
,
wa − ww

(1)

where ρw is the density of water, wa is the weight
of the sample in air, ww is the weight of the sample in water. Figure 3 shows the density variation of
Al-MMCs concerning the weight percentage of Al2 O3 p
reinforcement. From this ﬁgure, it can be stated that
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Fig. 4. (a) Microhardness tester HUAY IN HV-1000B and
inset shows indentation mark at 500 magniﬁcation and (b)
error bar graphs showing the repeatability of experiments
for microhardness.

the mass density of the composite increases with an
increase in the percentage of Al2 O3 p. The density
of Al/(6 % Al2 O3 )-MMC sample is found to be 4 %
higher than that of the cast Al-matrix, and it goes up
by 11 % for Al/(14 % Al2 O3 )-MMC sample. Hence,
Al2 O3 ceramic reinforcement has aﬀected the density
of fabricated MMC. It is due to uniform distribution of Al2 O3 particulates in the Al matrix which was
achieved by multi-step stirring of the proposed casting process. Besides the above factor, suction created
in the vacuum chamber and higher density of Al2 O3
particles has also resulted in the higher density of the
cast MMC.
4.2. Microhardness investigation
Hardness is the property of a material that enables

it to resist localized plastic deformation induced by either mechanical indentation or abrasion. It is considered to be a function of the stress required to produce
some speciﬁc types of surface deformation. Hardness
is an important parameter for the composites materials. The fabricated MMC samples are investigated
for Vickers microhardness as the microhardness data
for a speciﬁc material provide information regarding
its wear, polishability and abrasive eﬀect on the antagonist. For the hardness investigation, samples of
desired sizes are machined and then polished to mirror
ﬁnish level on a double disc polishing machine using
diﬀerent grades of emery papers (i.e. 600, 800, 1000,
1200, 1500, and 2000 mesh), alumina polishing ﬂuid
and velvet cloth. For this testing, microhardness tester
HUAY-IN HV-1000B is used (Fig. 4a). Inset of this
ﬁgure shows the residual indentation on Al/(10 % by
weight of Al2 O3 p)-MMC sample after its testing at a
magniﬁcation level of 500. During the test, a load of
200 g was applied with a dwelling time of 15 s. The
microhardness is determined by measuring the diagonals of the indentation. The hardness of each sample is measured ﬁve times for getting the precise and
accurate results and also to eliminate the human &
other errors. Figure 4b shows the error bar graph for
the repeatability of the experimental data of microhardness for all the MMC samples. The height of the
I-symbol shown above each bar represents the standard deviation for the corresponding MMC sample
and the numeric value above each bar represents the
corresponding mean microhardness value. The dotted
line in Fig. 4b shows the trend for Vickers microhardness with diﬀerent weight percentage of Al2 O3 p. From
Fig. 4b, it can be stated that the hardness shows an increasing trend with an increase in the weight percentage of alumina. The hardness was found to vary from
50.5 HV (at 0.0 % by weight of Al2 O3 p) to 86.7 HV (at
14 % by weight of Al2 O3 p) thus increasing by 71 %.
The increase in the hardness with an increase in the
weight % of Al2 O3 p reinforcement is attributed to the
hardness of the particulates which act as a barrier to
the dislocations within the matrix. The presence of
reinforcement particulates in the melt provides additional surface or layer for the solidiﬁcation of the
construct, thereby increasing the nucleation rate and
decreasing the grain size.
4.3. Maximum tensile strength investigation
The eﬀect of weight percentage of Al2 O3 p in
Al-MMC on maximum tensile strength is investigated. The test specimens are prepared as per
ASTM-B-557M standard (Fig. 5a). The experiments
are conducted on universal testing machine model
UTE 40 from M s−1 Fuel Instruments and Engineers
Pvt. Ltd. Figures 5b,c show the prepared samples
for the tensile strength testing and fractured sam-

M. Kataria, S. K. Mangal / Kovove Mater. 56 2018 231–243

237

Fig. 6. SEM images of the fabricated MMC samples showing fracture mechanisms.

Fig. 5. (a) Geometry of the tensile test specimen as per the
ASTM-B-557-M standards, (b) tensile test specimens of
cast Al/Al2 O3 p-MMC samples having a diﬀerent weight %
of Al2 O3 p reinforcement, and (c) the fractured specimens
after tensile testing.

ples after testing, respectively. The maximum tensile strength of each component of the MMC was
tested three times to ensure precise, accurate results and also to eliminate the human & other errors. It has been found from this investigation that
the maximum tensile strength of the fabricated MMC
increases and ductility decreases substantially with
an increase in the weight percentage of Al2 O3 p
reinforcement. This increase in the maximum tensile
strength is due to the increase in the hardness of
the fabricated MMCs which is caused by the presence of Al2 O3 p in the matrix. These particles provide more strength to the matrix by oﬀering more re-

Fig. 7. Error bar graph showing the repeatability of experiments for maximum tensile strength testing.
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Fig. 8. SEM images of fabricated Al/(10 % by weight of Al2 O3 p)-MMC sample at diﬀerent magniﬁcations; (a) at 40 µm,
× 1200 magniﬁcation; (b) at 200 µm, × 250 magniﬁcation; (c) at 100 µm, × 500 magniﬁcation; (d) at 40 µm, × 1300
magniﬁcation; (e) Al/(14 % by weight of Al2 O3 p) at 50 µm, × 800 magniﬁcation; (f) Al/(12 % by weight of Al2 O3 p) at
50 µm, × 700 magniﬁcation.

sistance to the tensile stress but also prone to localized crack initiation and increased eﬀect of brittleness
due to the formation of the local stress concentration
site at the matrix-reinforcement interface. The maximum tensile strength of the cast Al/(10 % by weight of
Al2 O3 p)-MMC sample is found to be 220 MPa (at the
maximum load of 22 kN with the corresponding displacement of 10.8 mm). This is the maximum tensile
strength found among all the fabricated MMC sam-

ples which is 27 % higher than the cast aluminium
alloy 6063.
The maximum tensile strength of the fabricated
MMCs was found to have a decreasing trend after
increasing the weight % of Al2 O3 p beyond 10 %. For
example, the maximum tensile strength of the fabricated Al/(14 % by weight of Al2 O3 p)-MMC sample is
215 MPa which is lesser by 5 MPa as compared to the
highest obtained value of maximum tensile strength
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among all the cast MMC samples. This is due to the
reason that cast sample is becoming more brittle beyond the 10 % by weight of reinforced Al2 O3 p. Figure 6 shows the SEM images of the fractured specimen of Al/(10 % by weight of Al2 O3 p)-MMC sample.
Analysis of the fractured surface of the MMC sample
by SEM reveals that the cracked Al2 O3 particles have
ductile tear ridges which indicates both brittle and
ductile fracture mechanism. This is due to a decrease
in the ductility of the matrix when the Al2 O3 p reinforced in it. Figure 7 shows the error bar graph for the
repeatability of experimental data of maximum tensile
strength for all the MMC samples. The height of the
I-symbol above each bar represents the standard deviation for the corresponding MMC sample and the
numeric value above each bar corresponds to respective mean maximum tensile strength. The dotted line
in Fig. 7 shows the trend for maximum tensile strength
varying with the weight percentage of Al2 O3 p.
4.5. Microstructure analysis
In this research work, a multi-step stirring is used
to ensure the uniform distribution of the reinforcement (Al2 O3 p) in the aluminium matrix and also to
increase wettability. An adequate melt circulation is
a must to break down the aggregation of bulk cohesive Al2 O3 p to achieve better wettability and particulate distribution, for which multi-step mixing has
played a crucial role. Figure 8 shows SEM images illustrating the microstructure of diﬀerent fabricated
MMC samples. Figures 8a,b show the dispersion of
Al2 O3 p in MMC. It is clear from these ﬁgures that
reinforcement particulate distribution is homogeneous
in the fabricated composite samples. Figures 8c,d show
the microstructural characteristics and grain morphology of Al/(10 % by weight of Al2 O3 p)-MMC sample.
The analysis of grain boundaries from these ﬁgures
clearly shows equiaxed type of grains exists in the fabricated MMC samples. Figures 8e,f show the SEM image of Al/(14 % by weight of Al2 O3 p) and Al/(12 % by
weight of Al2 O3 p)-MMC samples, respectively. These
ﬁgures clearly show a higher concentration of Al2 O3 p
reinforcement in the aluminium matrix which has induced an unwanted brittleness to the MMC samples
hence reducing its ductility. This, in turn, has aﬀected
the maximum tensile strength of MMC samples.
4.6. EDS of Al/Al2 O3 p MMCs
Energy dispersive spectroscopy (EDS) is used
for analysing the elements present in the fabricated
Al/Al2 O3 -MMC samples. The EDS has been conducted on all the fabricated MMC samples, and the
results are presented in Fig. 9. In this ﬁgure, the
x-axis represents keV, and the y-axis represents
cps/eV. From this ﬁgure, the presence of aluminium,
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carbon, oxygen, silicon, magnesium as its major elements with their weight percentage can be observed
when all the elements are selected for the analysis
in EDS testing. From the EDS spectra, it has also
been observed that the weight % of the oxygen in the
MMC samples increased with an increased weight % of
Al2 O3 p reinforcement. When the EDS testing is done
for the elements as well as for their compounds, the
presence of metal oxides, i.e. Al2 O3 , MgO and SiO2
are observed in the MMC samples which are shown in
Fig. 9(e).
4.7. Mapping of Al/Al2 O3 p MMC
Mapping of the fabricated Al/Al2 O3 -MMC samples has been carried out to ﬁnd the distribution of the
inspected elements after EDS testing. Diﬀerent colours
have been assigned to each element, and their mapping
is shown in Fig. 10. Figure 10a shows the SEM image
for which the mapping has been carried out. Figure
10b shows the collective mapping of aluminium, oxygen, carbon and magnesium while Figs. 10c–f show
the mapping of its individual element, i.e. aluminium,
carbon, oxygen and magnesium, respectively. The intensity of the colours of each element depends upon
the number of times the surface has been scanned.
In Fig. 10b the surface is scanned only three times
whereas in Figs. 10c–f, the surface scanning is done
for ten times for each element.

5. Conclusions
In the present study, a gas injection bottom pouring vacuum stir casting process has been utilized for
the fabrication of Al matrix based composites which
is fully automated and one of its kind. The diﬀerent
weight fractions of Al2 O3 reinforcement particulates
are selected. Diﬀerent tests and investigations are conducted on the cast Al-MMC samples for recognizing
its various physical as well as mechanical properties.
The SEM images of the fabricated composite samples
have been undertaken for microstructural characterization and investigation of its grain morphology. Presence of various elements like Al, Mg, C, O, Mn, Fe,
etc. and compounds like Al2 O3 , SiO2 and MgO has
been detected through Energy dispersive spectroscopy
(EDS) analysis. Mapping has also been made to ﬁnd
the respective positions of the present elements. Based
on this research work, the following conclusions have
been drawn:
1. The proposed gas injection bottom pouring vacuum stir casting process for MMC casting has produced sound composites. The supply of argon gas in
the induction furnace is successful in controlling the
inside atmosphere during the fabrication of these composites.
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Fig. 9a,b,c. EDS spectra of (a) Al/(6 % by weight of Al2 O3 p), (b) Al/(8 % by weight of Al2 O3 p), (c) Al/(10 % by weight
Al2 O3 p), MMC samples.
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Fig. 9d,e. EDS spectra of (d) Al/(12 % by weight of Al2 O3 p) and (e) Al/(14 % by weight of Al2 O3 p) MMC samples.

2. Multi-step stirring has played a signiﬁcant role
in the homogeneous distribution of Al2 O3 p reinforcement by breaking the gas layer present around the
particles surfaces which otherwise hinders wetting between the reinforcement particles and molten metal.
3. The fully automated process to pour the molten
material from the bottom of the crucible and creation
of a vacuum in the mould during the pouring eliminated the porosity like a defect and improved the morphology of the cast MMC.
4. The density of Al-MMC increased with an increase in the weight fraction of Al2 O3 particulates.
The composite was found to possess higher density
in comparison to the aluminium matrix. The results
conclude that the density of the fabricated MMC with
6 % by weight of the Al2 O3 p is 4 % higher than that of
the pure Al-matrix. It further has gone up by 11 % for

a composite sample having 14 % by weight of Al2 O3 p
reinforcement.
5. The hardness of Al-MMC has an increasing
trend with an increase in the weight percentage of
hard reinforcement particles. The results reveal that
the hardness of Al/(14 % by weight of Al2 O3 )-MMC is
86.7 HV which is 71 % higher than the microhardness
of Al-matrix.
6. Maximum tensile strength was initially found to
have an increasing trend with an increase in weight
fraction of reinforcement Al2 O3 p in the composite.
Beyond 10 % weight of Al2 O3 p reinforcement, the
maximum tensile strength found a decreasing trend.
Maximum tensile strength for Al/(10 % by weight of
Al2 O3 p)-MMC sample was determined as 220 MPa at
maximum load of 22 kN and corresponding displacement of 10.8 mm. This is 27 % higher than the maxi-
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Fig. 10. Mapping of the fabricated Al/Al2 O3 -MMC samples showing (a) SEM images for which the mapping has carried
out, (b) distribution of Al, C, O and Mg elements, (c) distribution of Al, (d) distribution of C, (e) distribution of oxygen,
and (f) distribution of Mg.

mum tensile strength of Al-matrix.
This research work highlighted the successful application of the automated gas injection bottom pouring
vacuum multi-stir casting process for the fabrication
of sound MMC. The fabricated MMCs have a homogeneous distribution of reinforcement particulate, eliminated porosity and voids like defects with an improved
morphology which has given higher density, hardness
and tensile strength. The features and results obtained
from the proposed MMC fabrication technique can be

utilized for the fabrication of other types of MMCs for
varied and diﬀerent engineering applications.
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