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Highlights
* The spark plasma sintering technique is used to produce the aluminum hybrid composite materials.
« A comparative study of composite material and hybrid composite material.
- Analysis of the material characterization and mechanical properties of hybrid composite materials.

Article Info Abstract

Nowadays, aluminum hybrid composite material usage is increasing as a result of a wide range
Received: 24 Aug 2023 of industrial applications. In the current study, the microstructure and mechanical properties of
Accepted: 07 Feb 2024 the Al/SiC/ZrO2 hybrid composite are analyzed using the spark plasma sintering process. In this

paper, the weight percentages of primary and secondary reinforcement of SiC and ZrO2 were
taken as 5% and 5%, 10% and 15% respectively, for fabrication purposes. The aluminum

Keywords composite material reinforced with 5% w/w of SiC particles was compared with the aluminum
Spark plasma sintering hybrid composite material reinforced with SiC and ZrO2 nanoparticles. The test results show a
Silicon carbide uniform distribution of the reinforcements due to the fine densification of all the samples. The
Zirconium dioxide yield strength, elongation, hardness and compressive strength were decreased by 38%, 1.1% and
Microstructure increased by 32%, 12% respectively in the S4 hybrid composite material when reinforcement
Mechanical properties particles are added to the composite material, resulting in it being distinctive from the S1 sample.

Ultimately, the presence of ZrO: reinforcements improves the microstructure, microhardness,
yield strength, elongation, and compression strength of the aluminum hybrid composite.

1. INTRODUCTION

Structural materials are required to be hard, lightweight and significant influence in the automotive and
aerospace sectors. Aluminum is a soft material that is unsuitable for many automotive and aerospace
structural components due to its lack of strength and hardness [1,2]. The mechanical, electrical and other
gualities of monolithic aluminum structures are currently being improved through research and
development based on aluminum composite materials [3,4]. Ramnath et al. [5] compared to conventional
construction material, the wear, creep, specific strength, stiffness, and fatigue characteristics are enhanced
by the addition of reinforcement to the metal matrix. Aluminum and its alloys serve primarily as matrix
materials during the fabrication of composites. The performance of hybrid materials is significantly
influenced by their decision of reinforcing materials and the reinforcing particles are associated to the
processing parameters. A few distinct reinforcing particle combinations have been taken into consideration
while designing aluminum hybrid composites. A comprehensive overview of the production process uses
various combinations of reinforcing materials for aluminum matrix hybrid composites and their effects,
such as mechanical, corrosion, and wear resistance [6,7]. Combining an aluminum matrix with primary and
secondary reinforcing particles to produces the hybrid composites. The incorporation of reinforcement will
enhance the material's thermal, chemical, tribological, structural, and other qualities [8,9]. Muley et al. [10]
examined the advancements in metal matrix composites based on aluminum, both hybrid and nanoscale.
They concluded that hybrid aluminum matrix composites have superior characteristics to single-reinforced
aluminum composites. Materials with increased strength, improved wear resistance, and reduced weight
are now required by the automobile industry. In this regard, Chandel et al. [11] studied and concluded that
the hybrid composite has a high potential to replace aluminum alloy with primary reinforcing composite
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material in an automotive industry. To maximize the material attributes, the primary and secondary hybrid
composite material reinforcements properties can be changed.

By strengthening the aluminum matrix with a variety of ceramic particles and volume ranges, a large
number of materials science and engineering researchers are working on to enhance the mechanical
characteristics of composites. Inegbenebor et al. [12] Using the stir casting method, SiC was used to
strengthen the aluminum matrix at different weight ranges of 2.5%, 5.0%, 7.5%, and 10%. In comparison
to (29 um) silicon carbide, the authors reported that a 7.5% volume fraction of (3 um) silicon carbide
produced higher values for Young's modulus (E) and hardness, with values of 1517.6 MPa and 26.1 Hyv,
respectively. Liu Zhang et al. [13] investigated the impact of different B4,C volume contents (5%, 10%,
15%, 20%, and 25%) reinforced by matrix composites made using the vacuum heating-press sintering
process. The study focuses on the microstructure, phase composition and mechanical characteristics of the
Al/B4C composition. The researchers additionally reported a maximum of 99.22% and 54.63+7.43%,
respectively, for 5 vol% B4C/Al composites. The researchers concluded that ductility and relative density
consistently increased as the volume of aluminum increased. The mechanical and tribological
characteristics of the AMMCs (2-10 wt%) of TiC were investigated under both heat-treated and cast
conditions. The authors [14,15] observed that, in comparison to the cast condition, the mechanical and
tribological characteristics of the Ts, matrix, and composite were better under the under-heat-treated
conditions. Similarly [16,17], using a hot extrusion technique with microwave-assisted powder metallurgy,
Al,O3 composites reinforced with volume percentages of 5, 10, and 15% Al.Os were created. In comparison
to the Al matrix, the further extruded state shows greater tensile strength at high temperatures. This Al-15
vol.% Al,Os composite yields ultimate tensile and yield strength.

Aktas et al. [18] produced the AIZrO, nanocomposites using nanopowders of aluminum and ZrO,
reinforced particles through the hot pressing method combined with a mechanical milling process, further
evaluating the microstructure, physical and mechanical properties of unreinforced aluminum and AlZrO;
nanoparticles. The authors found that the AlZrO, nanoparticles have better compressive strength, hardness
and increased porosity, but at the same time the compressive strength of AlZrO, was decreased due to the
clustering of nano ZrO; reinforced particles and the reduced densification of the powder particles. Abdo et
al. [19] examined the developments of Al-ZrC nanocomposites produced by adjusting the weight
percentage of reinforcement using the spark plasma sintering technique and the obtained results exhibit
better load-carrying ability due to the thermal mismatch between Al and ZrC, which causes a reduction in
grain size, homogeneous dispersion of reinforcing particles, and dislocation. Al-based hybrid composites
wear and microhardness characteristics were investigated by [20] as a function of TiO; concentration at
0%, 4%, 8% and 12% mass fractions using the powder metallurgy (P/M) method and the results obtained
indicated that when the TiO, concentration increased, wear resistance and microhardness also increased.

Chen et al. [21] formed the in situ composites (Al-matrix, TiB particles of 10-50 pm size and 10 vol%)
made by the stir casting process without secondary processing such as extrusion. The authors have noticed
that Ts heat treatment exhibited a modulus of 91 GPa, an excellent tensile strength of 270 MPa, and 8%
ductility. Meena et al. [22] used the melt-stirring technique to determine the mechanical properties of Al-
6063 metal matrix composites along by silicon carbide reinforcements. They varied the weight percentage
of the reinforced particles, which varied from 5%, 10%, 15%, and 20%, with different sizes of mesh (220,
300, and 400). The study revealed that the tensile strength, hardness, and impact strength exhibited a
positive correlation with the increase in the reinforced weight fraction. Karvanis et al. [23] studied the
mechanical characteristics such as hardness, tensile, compressive and drop-weight impact strength of Al-
SiC with varying amounts of carbide using a centrifugal casting machine. The authors found that the Al-
SiC composites enhanced both tensile and compressive strength by increasing the percentage (3, 6, 9, 12
and 15%) of silicon carbide. Surya et al. [24] concentrated on using powder metallurgy to create
functionally graded materials and studying their mechanical properties. Due to its brittle nature, SiC makes
composites difficult to machine; nevertheless, the inclusion of metal oxides alters SiC's brittleness and
expands its range of engineering uses. Raghuvaran et al. [25] Researchers looked at the mechanical
characteristics of the Al7075-SiC composite material and found that adding 6% of SiC made the tensile
strength and hardness values go up. However, adding more than 6% of SiC made the wear rate go down
and the tensile strength and hardness values go down.
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Rajasekaran et al. [26] investigated the mechanical properties characterized before and after the
thermomechanical treatment of the silicon carbide particles with AlI7075. The test result shows that: (i) 5%
of the SiC hardness value was improved by more than 20% (ii) 7.5% and 10% of SiC the hardness value
was 10%. Simsek et al. [27] conducted the studies on AMC material with different amount of ZrO, to the
AIGr matrix. The authors concluded that, increases the ZrO- in the matrix, has increasing the order of
hardness and density. Using the stir casting process, A356 aluminum alloy composites reinforced with ZrO,
have been produced by adjusting the casting temperature to 750°C, 850°C and 950°C. [28] observed that
adding 15% ZrO; particles to the A356 matrix alloy increased its ultimate strength and hardness. The
aluminum extrusion AA6063 experiment was carried out by Dhandapani [29]. Metal matrix composites
(MMC) reinforced with 5, 10, and 15% vol% ZrO, were made at three different casting temperatures (750,
850, and 950°C) using the stir casting process. Adding ZrO- particles made the Al matrix extrusion 70 BHN
tougher and increased its ultimate tensile strength by 232 MPa. Thus, the specimen that included 15% ZrO,
and was created at 750°C had the best mechanical properties.

Naveen Kumar et al. [30] examined the aluminum alloy's tribological and mechanical properties with the
effect of nanosized monometallic zirconium dioxide particles. James et al. [31] invented the hybrid matrix
composite comabining both ZrO, and Al.Os as reinforcement for AI6061 matrix and the authors conluded
that Al6061 has higher tensile strenght than base alloy Al6061. The mechanical and tribological properties
of hybrid composites material enhanced with ZrO, nanoparticles and SiC microparticles based on
aluminum were prepared by powder metallurgy and then investigated by [32], and the authors reported that
the Al-5%SiC-9%ZrO- hybrid composite was preferred for high wear resistance applications. Khan et al.
[33] studied the mechanical properties of Al-SiC-ZrO, nanocomposites with varying ZrO, concentrations
(3, 6, and 9 wt.%) and a constant amount of SiC (5 wt.%). When compared to Al and other composites, the
results show that Al-SiC-ZrO; nanocomposites with 9 wt.% ZrO, nanoparticles have excellent yield,
compressive strength, and hardness. The research findings of novel materials synthesized using spark
plasma sintering (SPS) process with plasma spark mechanisms. Moreover, the authors [34] emphasized the
characteristics of the product, which include materials that are difficult to sinter, materials that include
corban, materials that are nanocrystalline, materials that are not in equilibrium, gradient materials, materials
that link, materials with complicated shapes, and advanced functional materials.

Aluminum hybrid composite materials are prepared by different processes, such as liquid, solid, powder
and other processes. The powder state process of spark plasma sintering has been widely used among the
other processes. There is a very limited work on using the spark plasma sintering process for aluminum
hybrid composites. The objective of this study was to conduct a comparison of the mechanical properties
and synthesis of aluminum hybrid composites made with the spark plasma sintering technique to the Al/5
w/w.% SiC composite material. The study also examined the effects of varying the concentrations of ZrO,
(5%, 10%, and 15% w/w.%).

2. EXPERIMENTAL METHODS
2.1. Material Preparation

In this work, hybrid nanocomposites were created with various ZrO, particle reinforcements using pure
aluminum as the foundation material for the spark plasma sintering technique. Table 1. shows the chemical
element composition of pure aluminum. It acquired the pure aluminum, SiC, and ZrO, from M/s Ultra
Nanotech, located in Bangalore, India, with particle sizes of 30 - 50 um, 30 - 50 nm and 30 - 50 nm
respectively. The required samples denoted as S1, S2, S3 and S4 were taken with the desired weight
percentage of reinforcement particles. At room temperature, the powder mixtures were blended using a
planetary mono mill pulverisette 6 classic line tester shown in Figure 1, where used for a period of one hour
at a milling speed equal to 150 rpm. This was done to make sure that the ceramic particles were distributed
evenly throughout the mixtures. Five 5mm-diameter tungsten carbide balls were used to assist combine the
particles. After the removal of the ground powder from the ball mill process, green compaction was
performed at a pressure of 40 MPa using an SPS graphite mould that had the right form. Table 2. displays
the samples composition ratio.
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Figure 1. Shows planetary mono mill pulverisette 6 classic line

Table 1. Chemical element composition of pure aluminum
Elements Si Fe Cu Mn Zn Sn Ti Cr Al

Wt.% 0.02 0.03 0.006 0.001 0.025 0.030 0.004 0.003 99.88

Table 2. The composition ratio of samples Al/SiC/ZrO; hybrid composite

S.No. Samples Name Compositions References
1 S1 Al - 5 w/w.% SiC [19,20]
2 S2 Al -5 w/w.% SiC - 5 w/iw.% ZrO- [25]
3 S3 Al - 5 w/w.% SiC - 10 w/w.% ZrO, [26]
4 S4 Al - 5 w/w.% SiC - 15 w/w.% ZrO, [23, 25, 26]

The SPS process was used to introduce each green compaction sample, as shown in Figure 2. Utilize a
vacuum technique to extract gases from the punches, mould, and spark plasma chamber. Following that,
apply a pressure of 30 MPa, and then perform the execution of the resistance heating vacuum process.
During the sintering process, the different polarity of the pulsed direct current (DC) was supplied through
the punches and the plasma spark was generated between the powder particles. The melted regions are
fusing, creating connections between the powder particles through use of electron current (during the ON
time) and vacuum generation (during the OFF time). Based on Figure 3. the spark plasma process generated
heat in the mould and punch, leading to a temperature rise to 600°C at a pressure of 30 MPa. Using
compressive force in the SPS method improved the bonding between particles in the samples, which made
the powder particles stick together better. Samples of hybrid composite materials with different ranges of
reinforcement compositions, labeled S1, S2, S3, and S4, were obtained. These samples had dimensions of
100 mm in length and 25 mm in diameter.
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Figure 3. Shows the spark plasma process time Vs pressure, temperature
2.2. Material Characterization
2.2.1. X-Ray diffraction

An X-ray diffraction analysis was performed on the aluminum hybrid composites of samples (S1, S2, S3,
and S4) using the PANalytical X-Pert Pro MRD with a resolution of 0.0001°/0.36 arcsec, The Netherland.
The range of 20° to 80° in 20 was used to record the analytical peak intensities.

2.2.2. Density

Using an electronic weighing equipment with a density calculation function, the Archimedes principle may
be used to quantitatively calculate a composite's experimental density (pExp) with the ASTM: D 792-66
test procedure [35]. The density was determined to all the samples S1, S2, S3 and S4. For explaining the
testing procedure was followed in the sample S4 mass of 150g was determined through the process of
weighting the aluminum hybrid composite using a digital scale. Volume was determined for the sample
using a graduated glass vessel filled with water after obtaining the mass. A reading of 300 ml was initially
recorded. Following this, the hybrid composite was submerged in the vessel filled with water, and the
resulting rise in water level was measured to be 354 ml, which corresponds to the final water level. In
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centimetres, the volume of the hybrid composite sample S4 is obtained by subtracting the initial water level
from it. The result was 54 ml, using the mass and volume values specified in Equation (1), the density of
the sample S4 of the hybrid composite was determined to be 2.78 g/cm?

mass (g) . (1)

Experimental density (pExp) = otume )

Equation (2) [36], express the theoritical density (p1;) of the hybrid composite. The mass fraction of pure
aluminum (m, ), silicon carbide (mg;c) and zirconium dioxide (mz,¢,) respectively. Also, the density of

aluminum (p,, = 2.7g/cm?), silicon carbide (pg, =3.21g/cm®) and zirconium dioxide (erozz
5.68g/cm?) respectively

Theoritial density (prn) = (Mg % X par) + (Msic% X psic) + (Mzr0,% X Pzro,)- 2

In order to determine the porosity of samples S1, S2, S3, and S4 by using the Archimedes method of
procedure as followed by the Equation (3)

Porosity (%) = (1- ‘;ﬂ) x 100. ©)

Th

2.2.3. Microhardness

The microhardness test measures the hardness of small sample parts (S1, S2, S3 and S4) using a Shimadzu
brand HMV-2 model Vicker hardness testing machine (ASTM E384) at room temperature [35,37]. The test
was performed by the pressing a standard indenter with a particular shape into the test material surface at a
test load of 500 gf (4.90 N) and the hold time is 10 seconds. Then optically measuring the indentation of
diagonals (d1 and d>) and as on three indentation test conducted for each samples. The micro hardness value
is calculated by the Equations (4) and (5) [38]. Where HVN is vicker hardness number (Vicker unit), d is
the average diagonal length (mm) value, and F is the test load (gf)

HVN = 1854.4 x % @)

di+d;
2

d = (5)

2.2.4. Yield strength

The yield strength test was conducted on the aluminum hybrid composite samples (S1, S2, S3 and S4) on
the computerized servo hydraulic universal testing machine (UTM) as per the ASTM E-8-04 standard show
in Figure 4 [35,39] at a room temperature 30°C. The gauge length of the specimen is set at 25 mm, while
the crosshead speed is maintained at 2.5 mm/min. These parameters have been carefully selected to
accurately determine the yield strength. All the original lengths of the test samples were measured and fixed
between the upper and lower jaws of the UTM machine. In the operation, the upper jaw moves in an upward
direction to increase the tension force at a specified crosshead speed. This force was applied up to the end
of the hybrid composite's elastic region, which is used to calculate the samples yield strength. the elastic
region of the hybrid composite to determine the yield strength of the samples. After completion of the yield
strength test, the samples were collected and the final elongation length of each sample measured. Every
sample final elongation length to original length difference was calculated to determine the percentage of
elongation for all samples.
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Figure 4. ASTM E-8-04 standard tensile test specimen
2.2.5. Compression strength

The aluminum hybrid composite was subjected to a tensile test sample (S1, S2, S3 and S4) on the
computerized servo hydraulic universal testing machine (UTM) as per the ASTM E9-09 standard [37,40]
at a room temperature of 30°C. The test samples were placed between two flat plates and tested for
compressive force in order to determine the maximal failure stress throughout the testing procedure. The
crosshead speed of 1 mm/min was utilised during the measurement. For the compressive test, the samples
was produced with a 20 mm diameter and a 40 mm length.

3. THE RESEARCH FINDINGS AND DISCUSSION
3.1. XRD Analysis

Figure 5 shows the XRD patterns of the hybrid Al/SiC/ZrO, composite. The sample S1 shows the
compositions of Al and 5w/w.%SiC concentration was enhanced in the intensities peak. The high intensities
peaks appeared on 26 = 34° and realted peaks are 26 = 42°, 60° and 70° respectively, the equivalent SiC
planes 111, 200, 220, and 311, in that order. The notable peak intensities appeared, further increasing the
reinforcement of ZrO; in the samples S2, S3 and S4 respectively. The main peaks observed at 26 = 31° and
the small peaks appeared at 20 = 51°, 64° and 75° respectively, corresponding to the 200, 202 and 220
planes of ZrO, respectively (JCPDS No. 89-9066) [41].

Figure 6 displays the X-ray diffraction (XRD) results for sample S4. The study of pure aluminum (Al)
shows that the peaks at miller indices 111, 200, 220, and 311 are in line with certain crystallographic planes
in aluminum face-centred cubic (FCC) structure. The peaks denoted as (111), (200), (220), and (311)
respectively, indicate reflections occurring from the lattice plane, the 200, 220, and 311 planes respectively
[37]. The discernible interplanar spacings between these planes within the FCC crystal lattice enhance the
characterization of the structural properties of the material.

The silicon carbide (SiC) exhibits characteristic peaks 111, 200, 220, and 311, indicative of its crystalline
structure.The reflectance from the 111 lattice plane is denoted by the (111) peak, the intensities of peak
(200), (220) and (311), all of which are associated with the hexagonal crystal lattice of SiC. The XRD
spectrum exhibits visible peaks that furnish critical insights into the atomic arrangement within the crystal
lattice of SiC (JCPDS 29-1129) [42].

The distinct peaks 101, 200, 202, and 220 of the zirconium dioxide (ZrOy) provide significant information
on its crystallographic structure. Depending on the phase stability, the (101) peak corresponds to the
reflection from the lattice plane, (200) represents the plane, (202) is associated with the plane, and (220)
represents the plane in the cubic crystal lattice of ZrO..
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Figure 6. XRD pattern for sample S4

3.2. Microstructural Analysis

The misconstrue shows a homogeneous distribution of small pores for the samples S1, S2, S3 and S4. In
addition, with the increasing ZrO; content, the crystalline structure of the sintered composites becomes
finer, with refined grains observed in the composites containing ZrO, and SiC particles along the grain
boundaries. Additionally, it is observed that the presence of ZrO, reduces the number of pores [33]. The
characteristics of hybrid composite are determined by the weight percentage, the metal matrix, the particle
reinforcement arrangement, and the adhesion at the interface between the particles and the matrix.
Additionally, it is observed that the area fraction increases in proportion to the weight percentage of ZrO,
reinforcement [43]. The scanning electron microscopic image for spark plasma sintered hybrid composites
with different reinforcements is shown in Figure 7. The reinforcements of SiC and ZrO, are uniformly
dispersed throughout the Al base material with minimal agglomeration in the sample S3. Manvendra Yadav
et al. [44] The study found that the Al/10%ZrO, metal matrix composite showed micron-sized ZrO,
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agglomerated precipitates that were unevenly dispersed. The formation of the Al/ZrO, composite was
responsible for the whitish contrast region observed. The hybrid composites microstructure and mechanical
properties are significantly influenced by the uniformity and amount of ZrO within the aluminum matrix.
The SEM images of Al exhibit the bonding strength due to the presence of ZrO, and SiC which were

consistent in the presence of reinforcements.
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Figure 7. SEM Images of, (S1). Al — 5w/w.% SiC, (S2). Al — 5w/w.% SiC — 5w/w.% ZrOs,
(S3). Al — 5w/w.% SiC — 10w/w.% ZrO,, (S4). Al — 5w/w.% SiC — 15w/w.% ZrO-

3.3. Energy Dispersive X-Ray Spectroscopy (EDX)
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Figure 8. Shows that the energy dispersive X-ray spectroscopy (EDX) analysis result
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EDX is able to develop the most suitable approaches for micro- and nano-characterization and that is
necessary in cases where primary and secondary reinforcement of the structural features is needed. This
makes the analysis more precise and accessible. Figure 8 shows that the EDX analysis result proves the
reinforcement and unit percentage. Composites of the aluminum matrix may be seen in the EDX pattern as
particles of SiC and ZrO; are dispersed throughout the material. The elements Si and C indicate the presence
of SiC reinforcement on the S1 samples and the elements Zr and O indicate the presence of reinforcement
of ZrO; on the samples S2, S3 and S4. The primary reinforcement element of Si and C presence was
increased in the samples of S2, S3 and S4. On the other hand, when SiC reacts with aluminum and Si
elements bond with aluminum, the C element increases in all four samples. However, the secondary
reinforcement of ZrO; reacts with aluminum and the Zr element increases gradually with w/w.% and the O
element reacts with aluminum to form the oxide layer on the materials.

3.4. Density

The densities of Al, SiC and ZrO, are 2.7 g/cm?, 3.21 g/cm? and 5.68 g/cm? respectively. The relative
density and porosity of the hybrid composite with different reinforcements are shown in Figure 9.
Theoretical density and the experimental density of the composite were calculated using the mixing
procedure and the Archimedes principle [45]. The density was decreased with the addition of the
reinforcement w/w.% ZrO- for S2, S3 and S4 as compared with the S1 sample reinforced with Al/5% SiC
and the similar results were noticed by [46] for their aluminum Al7075 alloy reinforced with ZrO, particles,
The experimental density was comparatively low compared to the theoretical density among the samples
S1, S2, S3 and S4 respectively. Even though the sample S2 had two different reinforcement particles of
5wiw.% of SiC and 5w/w.% of ZrO, as compared to the sample S1, single reinforcement particles of
5wiw.% of SiC are also close to the same value in the experimental density value. The experimental density
of the sample S4 was decreaed by 0.1 g/cm?® with the reinforcement of Al/5w/w.%SiC/15w/w.%ZrO; as
compared with the sample S1 reinforced with Al/5w/w.%SiC.

2] Theoritical Density
» Experimental Density
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254 /
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Figure 9. Shows the variations of sintered density with different samples
3.5. Porosity

Figure 10 shows the porosity of the hybrid composite materials of the prepared samples. The minimum
porosity of the S1 sample seems to be low by 1.46% and the maximum porosity by 2.79% for S4 sample.
The SEM image of the S4 sample shows the very minimum porosity as compared to the S1 sample due to
increasing the ZrO, reinforcement particles, as its reflection in the porosity figure shows the S4 sample
decreased the porosity by 2.79% compared to the sample S3 porosity of 2.83%. The porosity of S4 sample
was increased by 1.33% when comparing the composite materials of the S1 sample, there are noticeable
differences. Porosity can be formed into aluminum hybrid composites through the powder metallurgy
procedure. Particle size, distribution, and sintering temperature are the primary determinants of the
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formation of pores in a material, which subsequently influence its microhardness and other mechanical
properties. The local stress concentration may occur in pores, resulting in a decrease in microhardness in
those specific areas. During the sintering process, an increase in temperature over a 15-minute period leads
to a corresponding increase in porosity. When the sintering temperature decreases from 15 to 35 minutes,
the porosity will decrease during the sintering process [47].
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Figure 10. Shows the variations of sintered porosity with different samples

3.6. Microhardness

The microhardness of the hybrid composite shows a clear improvement as ZrO-, particles are slowly added,
showing a significant improvement compared to the base S1 sample composite material, as shown in Figure
11. Specifically, adding reinforcements with 5%, 10%, and 15% w/w.% of ZrO, to samples S2, S3, and S4
makes them harder, as measured by HVN values of 65, 78, and 84 respectively. The findings indicate that
the reinforcing particles are of vital importance in strengthening the composite structure, thereby enhancing
its mechanical properties and resistance to indentation [48]. The corresponding increase in microhardness

is proof of the connection between the hybrid composite material hardness characteristics and the
incremental nature of the reinforcement.

100

s, R s2, Bl s3,. 02054
80 +
z
-
f==)
S 601 57
2
=
-
-
= 404
£
=2
=
20 H O
0 | N
S1 S2 S3

Material composition

Figure 11. Shows the microhardness of hybrid composite materials
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3.7. Yield Strength

Figure 12 shows the yield strength of the hybrid composite. The yield load was applied with an elastic limit
to measure the yield strength of the prepared samples. The experiment proves that when the weight
percentage of the ZrO; particles increase as it simultaneously increases the hardness of hybrid composite
materials, but at the same time, increasing the hardness decreases the yield property of hybrid composite
material. The hard ceramics of ZrO, nanoparticles and their capacity to prevent matrix deformation and
contributed towards the improvement of hardness. The yield strength of the S4 sample was reduced (70
MPa) when compared to the S1 sample (114 MPa).
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Figure 12. Shows the yield strength of the hybrid composite materials
3.8. Elongation

Figure 13 shows the percentage elongation of the hybrid composite. The results indicate that the elongation
of the material decreases as the weight percentages of zirconium dioxide are added. The samples indicate
as S2, S3, and S4 undergo a transformation from ductile to brittle on their addition of zirconium dioxide.
As a result of the addition of zirconium dioxide, the hybrid composite becomes brittle and loses its ductility.
The elongation of the S1 sample is decreased by 3.1% upon the addition of zirconium dioxide, a decrease
of 2.5%, 2.3%, and 2% respectively and the similar results were noticed by [35]. The sample S4 elongation
is reduced to 1.1% when compared to sample S1.

T T T pest EE— —
Yield strength
5] Elongation

Yield strength (MPa)
. Elongatio;l %o

S1 S2 S3 S4

Material composition

Figure 13. Shows the elongation of the hybrid composite materials
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3.9. Compressive Strength

The compression test was done by using a universal testing machine (UTM) with the maximum load of the
sample at the room temperature. The sample S2, S3 and S4 were gradually increased the maximum
compressive strength 354, 372 and 394 MPa respectively. Due to the reinforcements of ZrO; particles, it is
noticed that the sample S3 and S4 loses the ductility and the transition occurs ductile to brittle material [33].
The enhancement of the hardening function might be attributable to the elastic characteristics of ZrO;
particles and their ability to prevent matrix deformation. Therefore, when a suitable interface is present, the
ZrO; particles inhibit matrix deformation and enhance work hardening [49]. It is clear that the ZrO;
nanoparticles were improved the hybrid composites compressive strength when they were added to samples
S2, S3 and S4 due to the following reasons: (i) uniform distribution of hard ceramic ZrO nanoparticles;
and (ii) dispersion hardening effect (enrichment of the dislocation density) [50]. The effect of adding ZrO,
increases the physical hardness of the hybrid composite materials, but on the other hand, it also increases

the compressive resistance. The S4 sample has a high compressive strength of 394 MPa, as shown in Figure
14,
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Figure 14. Shows the compressive test of hybrid composite

The compressive test reveals that the strength of the aluminium-hybrid composite increases as the weight
percentage of the ZrO; particles ncreases. The compressive fracture was attained at the maximum load, as
shown in Figure 15. The initial compressive loads were applied to the samples and gradually increased,
while on the other hand, the grain-particle interface of the samples was dislocated due to the compressive
deformation. At the end of the deformation, fracture began on the top side of the samples and was extended
by a shear portion diagonally, and on the fracture surface appeared particles shear. The samples S2, S3 and
S4 attain brittle fractures with the addition of reinforcement ZrO; particles.



1474 Kalaimani MANIARASU, Shaafi TAJUDEEN / GU J Sci, 37(3): 1461-1478 (2024)

Figure 15. Shows the compressive test fracture

4. CONCLUSION

In this paper, the Al/SiC/ZrO; hybrid composite materials were prepared by the spark plasma sintering
technique with constant primary reinforcement of 5 w/w.% SiC varying with secondary reinforcements of
Zr0O; (5%, 10% and 15 w/w.%) compared between the hybrid composites of samples S2, S3 and S4 with
sample S1 composite material. The following conclusions were reached from the experimental analysis:

e The pore distribution in samples S1, S2, S3, and S4 is uniformly small in microstructure. Sintered
composites containing particulates on grain boundaries are refined by increasing ZrO content,
which reduces porosity. Reinforcements of SiC and ZrO, are dispersed uniformly throughout Al,
with minimal agglomeration in S3. The Al/10% ZrO, composite exhibits micron-sized ZrO;
agglomerates that are irregularly dispersed, resulting in a whitish contrast. The quantity and
uniformity of ZrO, have an important role in the influence of the microstructure as well as the
mechanical characteristics of hybrid composites in the Al matrix. The aluminum hybrid composite
exhibits consistent bonding strength in SEM images due to the reinforcements of ZrO, and SiC.

e The density of the hybrid composite sample S4 was increased by 2.78 gm/cm?® due to the related
properties of the microhardness of sample S4 which improved by 32% when compared to the
sample S1 composite material.

e A considerable increase in microhardness is observed in the hybrid composite as ZrO, particles are
incorporated gradually, in contrast to the base S1 sample. More precisely, the hardness of samples
S2, S3, and S4 is enhanced by the addition of 5%, 10%, and 15% w/w.% ZrO,, as indicated by
HVN values of 65, 78, and 84 respectively. The results of this study highlight the critical
significance of reinforcing particles in fortifying the composite structure, resulting in enhanced
mechanical characteristics and heightened resistance to indentation. The correlation between the
increase in microhardness observed in the hybrid composite material provides support for the
incremental nature of the reinforcement and its impact on hardness properties.

e In order to determine the yield strength of the prepared samples, a yield load was applied within
the elastic limit. Due to the experiment, the hardness of the hybrid composite materials increases
proportionally with the weight percentage of ZrO; particles. An examination of the S4 and S1
samples indicates that the yield strength of the S4 sample (70 MPa) is comparatively lower than
that of the S1 sample (114 MPa).
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The results of the compression test indicated that the maximal compressive strengths of samples
S2, S3, and S4 increased gradually to 394 MPa, 354, 372, and 374 MPa respectively. The
incorporation of ZrO, reinforcements resulted in a reduction in ductility for samples S3 and S4,
causing a transition in the material's behaviour from ductile to brittle. Significantly, the
compressive strength of the S4 sample was 394 MPa, which was considerably higher than the S1
sample 345 MPa.
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