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Abstract

The 3% of pure aluminium and % of magnesium metal particles are fixed as a matrix and developed with different weight
percentages of alumina (Al,O5) and silicon carbide nanoparticles through liquid state electromagnetic stir cast process
found good interfacial bonding was proved by scanning electron microscope (SEM) and X-ray diffraction (XRD) technique.
Influences of electromagnetic stir action for Al,O; and SiC presence on hardness, tensile, and impact strength of developed
composites are studied. Similarly, the composite's thermal adsorption behaviour was estimated using Differential-Thermo-
Analysis (DTA) with a temperature span of 23°C to 600°C at a 24°C/min heat rate. The composite consists of Owt% Al,O5
and Swt% SiC and facilitates superior mechanical properties such as Vickers hardness, tensile and impact strength was
143.91+0.92HYV, 230.91 +1.10 MPa, and 11.98 +0.25 J respectively. The material loss of composite during thermal analysis

was found to be negligible.

Keywords Electromagnetic stir cast - Hybrid nanocomposite - Microstructure, Mechanical and Thermal properties

1 Introduction

Hybrid composite materials contain more than two constitu-
tions of material phase in a single matrix chemically bonded
with a conventional casting process to attain superior mechan-
ical, tribological, and thermal properties compared to conven-
tional materials. Advanced hybrid composite materials are
finding various automotive, airspace, marine, structural, and
electronic applications due to their enhanced characteristics
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[1]. The properties of the composite are decided or varied
by the effective interfacial behaviour between the matrix and
reinforcements. Two phases make it: solid (physical) and lig-
uid (chemical). In the physical phase interactions, find the
wettability of material via nonreactive liquids like organic
and water. At the same time, the chemical phase interactions
find wettability via reactive domains like inorganic substances
[2]. The solid interfacial action between matrix and reinforce-
ments authorizes indentation to high load distribution from
matrix to reinforcement, increasing advanced composite
strength and elastic modulus [3, 4].

Howeyver, the selection of the matrix material, reinforce-
ment (organic/inorganic), and process techniques (solid,
liquid, and vapour) to ensure wetting condition, adhesion
properties, and chemical reaction rate during the mixing of
matrix and reinforcements at desired temperature reached
above recrystallization stage [5—7]. Aluminium and mag-
nesium materials are widely utilized as a matrix with major
constitutions due to their low density, good thermal stability,
better mechanical properties, easy-to-form desired shape,
and economy [8, 9]. The aluminium-based alloy matrix
materials can bond with inorganic substances like silicon
carbide, alumina, whiskers, and graphite fiber [10]. The
various weight percentages of silicon carbide reinforced alu-
minium alloy (A17075) composite developed by squeeze die
casting process. The results were that the sample containing
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higher silicon carbide showed a good hardness value [11].
Aluminium alloy (A17075) hybrid composite was prepared
with different weight percentages of Si;N,, TiB,, and B,C
ceramic powder via the powder metallurgy route. The result
revealed that the composite with 5wt% of Si;N,, TiB,, and
B,C ceramic powder found zero porosity with increased
mechanical strength. Further additions of ceramic showed
decreased plastic deformation [12]. The various volume per-
centages of silicon carbide (SiC) reinforced aluminium alloy
(AA7075) were synthesized by stir casting. It was found that
the incorporation of SiC in AA7075 alloy showed higher
calorimetric heat capacity [13]. The liquid stir cast process
produced the Al,O; particle-reinforced aluminium alloy
(A17075) composite. 140VHN increased microhardness of
composite at 425°C temperature [14]. SEM and XRD analy-
sis evaluated the stir cast developed AA7075/SiC composite
microstructure.

The results showed that the uniform distribution of SiC
particles in the AA7075 matrix enhances the characteris-
tics of the composite [15]. Aluminium alloy (AA6061/glass
fiber/Al,0,/SiC/B,C) hybrid composite was prepared by
stir casting technique. 5% of glass fiber with SiC/B,C found
superior mechanical strength compared to unreinforced
alloy [16]. The various weight fractions of SiC reinforced
Al alloy composite fabricated by the stir casting. The results
proved that the hardness and impact strength of the compos-
ite increased with increased SiC content [17]. The stir cast
developed boron carbide (B,C) and rice husk ash reinforced
aluminium alloy (AA7075) hybrid composite was studied its
microstructure and mechanical characteristics. It was found
that the composite containing Swt% of boron and Swt% of
RHA showed the highest hardness, tensile, and compressive
strength of 121Hv, 260 MPa, and 563 MPa, respectively.
However, the hybrid composite contains multi-reinforcement
results in higher mechanical, wear, and thermal properties
than the conventional alloy materials [18]. Recently, Al/Mg/
Si/T6 SiC hybrid nanocomposite was developed by stir cast-
ing for high-strength applications. The applied uniform stir
speed enhances particle distribution with the limited void.
It offered the excellent mechanical properties of compos-
ites compared to unreinforced Al/Mg/Si alloy [19]. Chandla
et al. [20] developed an aluminium alloy (A16061) hybrid
composite bonded with Al,O5 and bagasse ash via vacuum
stir casting. They revealed that the composites' hardness
increased with the bagasse ash content of 6%. Similarly, the
tensile strength of the composite was improved, but the duc-
tility and impact strength of the composite was decreased
because of microvoids and dislocations of the particle during
high-impact load.

Moreover, the hardness of the composite is influenced
by the additions of Al,O; nanoparticles in the soft matrix
[21, 22]. The mechanical properties of the composite are
significant by the additions of carbide particles [23], and
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a higher quantity of carbide damages the composite under
static load [24]. The optimized stir-casting parameters
are reported by Krishnan et al. [25]. Among the various
reinforcements, the ceramic-based (boron, nitrides, car-
bide, and oxide) particles performed enhanced mechani-
cal and wear characteristics [26]. The aluminium hybrid
nanocomposite was recently synthesized by alumina and
graphene oxide through spark plasma sintering technique
to find good compression strength with low thermal co-
efficiency [27]. The wear performance of silicon carbide
and hexagonal boron nitride reinforced aluminium alloy
hybrid nanocomposite was studied by different loading
conditions, and it reported that the composite contained
1.5wt% SiC and h-BN offered excellent wear resistance
[28]. The thermal characteristics were analyzed using a
computational fluid dynamics platform [29]. Moreover,
metal coating gathers significance in engineering material
application [30, 31]. The effect of SiC and Al,O; on the
mechanical and microstructural properties of aluminium
alloy hybrid nanocomposite was investigated by ASTM
standards. They reported that the additions of reinforce-
ments improved compressive strength and hardness [32].
Moreover, the magnesium combination was found to have
superior machining performance [33]. The Al/Mg hybrid
nanocomposite was developed with SiC and Al,O; via vac-
uum die-cast and studied the effect of stir speed on SEM
and mechanical behaviour of aluminium alloy hybrid nano-
composites. They reported that 700 rpm facilitates good
mechanical properties compared to others. [34]. Conven-
tional stir cast technique developed aluminium alloy com-
posite found good mechanical and thermal properties [35].

The novelty of the present Investigation is to enhance the
mechanical and thermal behaviour of Al/Mg alloy composite
by incorporating Al,O; and SiC nanoparticles through an
electromagnetic stir cast process. The presence of a ceramic
particle in the Al/Mg matrix is proven with surface morphol-
ogy studies, and its peak points were found with the help
of XRD. The mechanical properties like Vickers hardness,
tensile and impact strength of the developed composite were
estimated by ASTM test standards. The quality of interfa-
cial action of hybrid nanocomposite on thermal adsorption
properties was studied via differential-thermo-analysis under
the heat rate of 24°C/min with a temperature span of 23°C
to 600°C.

2 Materials and Methods
2.1 Matrix and Reinforcements Details
Pure aluminium and magnesium metal particles with

3 to 5 mm are chosen as matrix material ratios of 75:25.
Both materials are widely used in various engineering
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Table 1 Characteristics of matrix and reinforcements

Descriptions Materials/Properties Density Hardness Modulus of Melting point Thermal Size of particles
Elasticity conductivity
glcc VHN GPa °C W/mK -
Matrix Pure Al 2.6989 15 68 660 210 3-5mm
Pure Mg 1.74 30 44 650 159
Reinforcements Al O4 3.96 1365 370 2054 30 50 nm
SiC 3.1 1440 410 2797 71.5 50 nm

Table 2 Interfacial phase

; o . Samples / Constitutions ratio
formation on constitutions ratio

Materials in Wt%
Al/Mg ALO, SiC

H1 100 0 0
H2 94 5 1
H3 90 7 3
H4 86 9 5

applications due to their enhanced mechanical properties,
low density, distinct solidification, and recycling ease [8, 9].
The ceramic-based alumina (Al,05) and silicon carbide
(SiC) nanoparticles (50 nm) were utilized as reinforcement.
Both ceramic particles are good thermal stability, high hard-
ness, and low thermal coefficient [9]. It has been extensively
applied in recent research [21-23]. Table 1 represents the
characteristics of matrix /reinforcements and their composi-
tions for the fabrication of composite is shown in Table 2

Fig. 1 Hybrid nanocomposite
fabrication a) Actual experi-
mental setup b) Muffle furnace
¢) rectangular casting die and d)
hybrid nanocomposite samples

2.2 Preparation of Hybrid Nanocomposite

The actual metal (aluminium/magnesium) melting furnace
equipped with an electromagnetic stirrer is shown in Fig. 1(a).
According to Table 2, the compositions of AI/Mg (matrix)
metal particles were kept in a graphite-made crucible and pre-
heated via an electrical resistance muffle furnace at 300°C.
Meantime, externally preheated (300°C) Al,O; and SiC nano-
particles (Fig. 1b) followed the constitution ratio (Table 2).
The preheated reinforcement's moisture content and gasses
desorption were minimized and increased wettability [25].
Based on the past literature reported by Chandradass et al.
[9] and Chandla et al. [20], the stir casting parameters were
followed to obtain a good composite casting. Table 3 shows
liquid-state electromagnetic stir cast process parameters.
The temperature of matrix material was increased to
800°C for 15 min under an inert (Sulphur hexafluoride
SF6) atmosphere. Next stage, the temperature of the molten
metal was reduced to 750°C and added the preheated

Electromagnetic

stirrer

Electrical resistance
muffle furnace

Casting die
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Table 3 Liquid state-electromagnetic stir cast process parameters [9, 20, 34]

Process parameter Stir speed Stirrer temperature

Stirrer time

Stage of Impeller No. of blade Blade angle Feed

Unit 700 rpm 750°C 10 min

1 2 29° 0.8 g/sec

reinforcement via a feeder unit. The inert atmosphere helps
reduce oxidation during stirrer action. The molten Al/Mg
alloy and reinforcements were stirred at 700 rpm for 10 min
via an electromagnetic stirrer rotor. The electromagnetic
stirrer reduced porous and increased wettability and inter-
facial bonding strength. After solidification of the matrix/
reinforcement phase, transferred into preheated die size of
300mmX100mmX20mm is shown in Fig. 1(c). The cast
samples were cooled at elevated temperatures. The devel-
oped hybrid nanocomposites are shown in Fig. 1(d).

2.3 Characterization Study of Developed
Composites

The developed composite specimen for each sample is
shaped as 10mmX10mmX10mm cubic through wire cut
electrical discharge machining technique. Different grade
emery sheets polish the cubic test samples continued
that fine polish via a rotating disc configured with velvet
cloth. After polishing, test specimens are cleaned with a
chemical solvent containing 1.5% hydrofluoric acid, 2.6%
nitric acid, and distilled water as balance. The cleaned
test specimen is placed on the ZESIS SEM apparatus
[8]. The Vickers hardness of the developed composite
is evaluated by ASTM E92 standard via S.E. make V3
model Vickers hardness tester configured with diamond
tip indenter followed an applied load of 500 g at 30-s
duration [9, 33]. The impact toughness of the composite
was tested by an S.E. model IT 30 mode impact tester
configured with 300 J capacity. Each composite tested
three test samples, and an average value was noted. Based
on the ASTM E23 standard [22], the impact strength of
composites was noted in Table 4. ASTM E8 examines the
tensile strength of composite via a P.C. 2000 model tensi-
ometer configured with an electronic plotter [9, 20]. The
thermal adsorption of composite is studied via Differen-
tial-Thermo-Analysis (DTA-404) [13] with a temperature
span of 23°C to 600°C at a 24°C/min heat rate.

3 Results and Discussions

3.1 Surface Morphology of Developed Composite
Samples

Figure 2(a-d) illustrates the surface morphology of cast Al/
Mg alloy and its hybrid nanocomposites. Figure 2(a) rep-
resented the SEM image of cast Al/Mg alloy and showed
the porosity-free structure with few slag. The interfacial
bonding peaks were represented in XRD. It is located on
the right side of Fig. 2(a). It showed the peak point of
aluminium, having more than 30,000 counts. The constitu-
tions of Al/Mg alloy are proved in an XRD pattern graph.
Based on the processing parameters, it was varied [14, 34].

Figure 2(b) shows the SEM image/XRD pattern of an
Al/Mg hybrid nanocomposite containing Swt% Al,O; and
1wt%SiC. It was observed from Fig. 2(b) that the Al,0; and
SiC were distributed uniformly in AI/Mg matrix. During
solidification, the parent material temperature was improved
above the slag formation's melting temperature. High stir
speed was one of the reasons for slag formation [25].

The XRD peak proved the matrix and reinforcement
phase, and one minor wave in the XRD pattern image found
a magnesium oxide layer due to the chemical reaction with
Al,O4 particles. It may have resulted in the microporosity
of the composite, which reduces the mechanical strength.

Figure 2(c, d) illustrates a micrograph of the various
weight percentages of Al,O; and SiC nanoparticle-rein-
forced Al/Mg alloy hybrid nanocomposite. It reveals that
the matrix shows a uniform distribution of nano Al,O4
and SiC particles. The white and dark field dot image in
Fig. 2(c, d) indicates the nano-size Al,O; and SiC parti-
cles. The average interface span between each reinforcement
was represented in the XRD pattern, and its particle was
shown in the SEM image. However, the electromagnetic
stirrer developed hybrid nanocomposite found good interfa-
cial bonding with appropriate interface span effect between
matrix, and reinforcement can withstand the maximum load.

Table 4 Mechanical

o Samples / Vickers Hardness Impact strength Tensile strength Elongation rate
characteristics of developed Properties
hybrid nanocomposites VHN y MPa %
H1 121.23 25.3 146.7 9.81
H2 134.21 22.13 187.8 8.78
H3 139.5 19.76 210.92 6.71
H4 143.91 11.98 230.91 5.81
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Fig.2 a) SEM /XRD pattern
illustrations of cast Al/Mg
alloy. b) SEM /XRD pattern
illustrations of A/Mg /5wt%
Al,0; /1wt%SiC composite. ¢)
SEM/XRD pattern illustrations
of Al/Mg/ Twt% Al,O5/3wt%
SiC composite. d) SEM /XRD
pattern illustrations of d) Al/
Mg/ 9wt% Al,03/5wt%SiC
composite
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Fig. 3 Density of cast Al/Mg
alloy and its hybrid nanocom-
posites
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3.2 The density of Developed Composite Samples

Figure 3 illustrates the density of cast A/Mg alloy and
its hybrid nanocomposite containing different weight
percentages of nano-sized Al,O5 and SiC particles. The
density of the composite is increased with an increase in
the content of hard ceramic particles. Based on density
and percentage, adding in matrix offered increased den-
sity [14].

The density of cast Al/Mg alloy is 2.06 +0.34 g/
cc, while adding the 5:1 wt% of alumina: SiC showed
2.09 +£0.45 g/cc. The maximum density of 2.15+0.12 g/
cc is found on the composite containing 9:5 wt% of Al,05
and SiC nanoparticle. The increased density is due to the
incorporation of hard ceramic nanoparticles in AI/Mg is
the prime reason. However, it was proven the matrix and
reinforcement presence.

3.3 Mechanical Performance of Developed
Composite Samples

The experimental test results of Al/Mg alloy and its hybrid
nanocomposite are mentioned in Table 4. It shows the Vick-
ers hardness, impact strength, tensile strength, and elonga-
tion rate of tested composites.

3.3.1 Vickers Hardness

Figure 4 represents the Vickers hardness of unreinforced
and reinforced Al/Mg alloy hybrid nanocomposite. It sig-
nificantly improved hardness compared to cast Al/Mg alloy.

The actual experimental test results of the Vickers hard-
ness number are mentioned in Table 4. It was revealed from
Fig. 4 that the hardness of the composite was increased with
an increase in the content of reinforcements. The unreinforced

Fig.4 Vickers hardness of cast
Al/Mg alloy and its hybrid
nanocomposites
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Fig.5 Impact strength of cast
Al/Mg alloy and its hybrid 30 1
nanocomposites
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Al/Mg alloy was found to be 121.1+0.87Hv; 134.21 +1.09Hv
was Swt% Al,0,/1wt% of the SiC nanoparticle reinforced
Al/Mg hybrid nanocomposite. The composite enclosed with
9wt% of Al,0,/5wt% SiC showed a maximum hardness value
of 143.91 +0.92Hv. It increased by 16% compared to unre-
inforced cast Al/Mg alloy. The hardness improvement was
due to hard ceramic particles in the Al/Mg matrix forming an
adequate interfacial bonding with fine grain structure (Fig. 2d)
facilities with good resistance against indentation. A similar
trend was reported by Velavan et al. [32]

3.3.2 Impact Strength

Figure 5 indicates the impact toughness of cast AI/Mg
alloy and its hybrid nanocomposite synthesized using vari-
ous weight percentages of Al,O; and SiC nanoparticles. It
showed a progressive decrement in impact toughness value

with increased reinforcement percentages. It was due to hard
ceramic particles leading to brittle fractures.

The unreinforced Al/Mg alloy was found to be 25.3 +1.23J.
In contrast, an increase in Al,O content from Swt% to 9wt%
and 1wt% to Swt% of SiC reduced impact strength by 12.5%,
21.8% and 52.6%, respectively. It was due to the increased con-
tent of hard ceramic particles in the Al/Mg matrix found brit-
tle. Some particles were de-bonded during high-impact load
is the prime reason for decreased impact toughness. However,
the impact of the composite was varied due to the selection
of matrix and reinforcements and processing technique [23].

3.3.3 Tensile Strength
It was observed from Fig. 6 that the tensile strength of the

composite was progressively increased with an increased con-
tent ratio of Al,O5 and SiC nanoparticles. The tensile strength

Fig. 6 Tensile strength of cast
Al/Mg alloy and its hybrid
nanocomposites
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of cast Al/Mg alloy was found to be 146.7+2.11 MPa. The
1wt% SiC reinforced Al/Mg/5wt%Al,05 hybrid nanocompos-
ite showed 187.8 +1.72 MPa. It was increased by 22% com-
pared to cast Al/Mg alloy.

The hybrid nanocomposite (Al/Mg/5wt%Al,0;) contain-
ing Swt% of SiC observed a 36.46% improvement compared
to cast Al/Mg alloy. Further increases in SiC content (3wt%,
Swt %) in Al/Mg matrix showed high tensile strength with a
reduced elongation rate of 6.71% and 5.81%, respectively. The
composite's tensile strength was improved due to the adequate
interfacial bonding leading to resisting particle dislocation
and providing good tensile strength. The adequate bonding
strength with uniform distribution of nanoparticles in the Al/
Mg matrix is shown in Fig. 2(b-d).

However, the homogenous particle distribution along the
matrix phase must increase the composite's tensile strength
[25]. The effect of the electromagnetic stirrer action on the
casted sample showed an even dispersion of reinforcement
[26]. According to a) Orowan Strengthening mechanism,
the strength composite increases with decreased grain size.
Orowan stresses equation.

a) 4
) 0 —— HI1 sample
35
v /\
L
25
H
= N
£ 20 \\
]
= 15
10
5
0
200 300 400 500 600 700
Temperature in*C
b) 120 -
) ——— H2 Sample
115
-
E 110
|
H
2
g 105
=
100
95
200 300 400 500 600 700

Temperature in°C

Fig.7 a) Differential-Thermal-Analysis pattern of cast Al/Mg
alloy. b) Differential-Thermal-Analysis pattern for Al/Mg/5wt%
AlLO,/1wt% SiC hybrid nanocomposite. ¢) Differential-Thermal-
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where the subscript p refers to 'particles’, G is the shear
modulus, b is the magnitude of the Burgers vector, y is Pois-
son's ratio, | is the spacing between the particles (i.e. particle
centre spacing L less the particle diameter d) and the inner
cut-off radius, 1°, is set equal to b.

3.4 Thermal Adsorption of Developed Composite
Samples

The effect of interfacial bonding quality on thermal adsorp-
tion behaviour on cast Al/Mg alloy and its hybrid nanocom-
posites was tested by Differential-Thermal-Analysis with
the temperature span of 23°C to 600°C at 24°C/min heat
rate as shown in Fig. 7(a-d). Figure 7(a) represents the mass
loss of Al/Mg alloy, and its hybrid nanocomposite showed a
downtrend pattern on the increased temperature range. The
steady-state heat flow rate (24°C/min) on cast Al/Mg alloy
showed a gradual mass loss from 26 to 7 mg at an increased

C) 130
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124 /\
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3 .
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114 .
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Analysis pattern for Al/Mg/7Twt% Al,O5/3wt% SiC hybrid nanocom-
posite. d) Differential-Thermal-Analysis pattern for Al/Mg/9wt%
Al,O,/5wt% SiC hybrid nanocomposite
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temperature of 600°C. Further, the rise in temperature 600°C
trend showed a stable line. It was due to the reaction between
matrix materials like dissociation.

It was noted from Fig. 7(b-d) that the weight loss on ther-
mal adsorption and behaviour of hybrid nanocomposite was
heated at 24°C/min with 250 ml/min airflow. The variations
of temperature in the matrix showed dehydration or decom-
position of layers. It was observed from Fig. 7(c) that the
weight loss of composite increased from 120 to 124 mg on
the temperature rise of 200°C to 300°C. It was due to their
higher adsorption capability of base matrix dilution.

However, the presence of hard ceramists limits the mass
loss at a higher temperature of 600°C. The weight loss of
the curve illustrates a downtrend with minor increases in
weight loss, shown in Fig. 7(d). It was due to the effect of
liquid dehydration on the matrix interlayer. Initially, the
mass loss of composite was maintained at 122 mg on the
temperature of 350°C to 417°C, and then the decomposition
rate was decreased with increased temperature. However,
hard ceramic particles can withstand higher temperatures.
Al,0; and SiC nanoparticles have good thermal stability and
high melting point compared to matrix materials [22, 23].
Moreover, the effective interfacial bonded structure is also
the prime reason for decreased mass loss of composite. The
hybrid nanocomposite contained 9wt% Al,O; and Swt% SiC
nanoparticle showed a limited weight loss and high thermal
stability compared to another hybrid nanocomposite. So the
weight loss of hybrid nanocomposite was limited by good
interfacial bonding of reinforcement in the matrix.

4 Conclusions

The Al/Mg alloy hybrid nanocomposite was successfully
synthesized with and without Al,O5 and SiC nanoparticles
through the liquid state electromagnetic stir cast process.
SEM and X-ray techniques observed its particle distribu-
tion. It revealed fine grains with few slags and agglomerated
particles due to oxidation. Homogenous particle distribu-
tion with void-free structure facilitates good mechanical
and thermal behaviour. In XRD, patterns for developed
composites were shown all the constitution's presence. The
various peaks on the pattern found that matrix, reinforce-
ment, and reactive phases. Some XRD patterns illustrate
reactive patterns like MgO and other oxides formed due
to the reaction against hard ceramics. The H4 composite
contained 9wt% Al,0,/5wt% of SiC and offered maximum
hardness and tensile strength. While compared to cast Al/
Mg alloy, It was improved by 16% and 36.46%, respectively,
and the impact strength of hybrid nanocomposite is lim-
ited by 52.6% compared to unreinforced Al/Mg alloy. The
effect of interfacial bonding quality on thermal adsorption
characteristics of Al/Mg alloy and its hybrid nanocomposite

was studied effectively by differential-thermo-analysis with
a temperature span of 23°C to 600°C at 24°C/min heat rate.
The results showed limited mass loss at a higher tempera-
ture. Both Al,O5 and SiC nanoparticles were stable at high
temperatures.
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