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Abstract

The development of Aluminum-based composite metallic matrices (AMMCSs) has become one of the main requirements
for engineering applications due to their low weight, high strength, and superior mechanical characteristics. In this work, the
effect of adding 1.25 wt% SiOz, 1.25 wt% Fe20s, or a mixture of 1.25 wt% SiOz and 1.25 wt% Fe20s3 hybrid particles on the
hardness and compressive strength of an aluminum matrix composite fabricated by stir casting will be studied. A scanning
electron microscope was utilized to investigate the microstructure of the specimens. Measurements of hardness and
compressive strength characteristics revealed an improvement with increasing reinforcement weight percentage. Results for
specimens of reinforced aluminum with 1.25 SiO2, 1.25 Fe20s, or a mixture of 1.25 SiOz and 1.25 Fe203 wt% particles
indicated that the increment percentage of Brinell hardness was, respectively, 25.5%, 6.8%, and 19.3%. Finally, with an
increasing percentage of iron or silicon oxide, the yield point and young modulus significantly decreased, even reaching the

minimum magnitude at the composite containing 1.25% Fe203 and 1.25% SiOx.
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1. Introduction

A "composite” is a material system that consists of a
distinct component (the reinforcement) dispersed in a
continuous phase (the matrix) [1]-[9]. A composite's
unique characteristics come from its components'
characteristics, the arrangement and structure of the
components, and the characteristics of the interfaces
between the various components [10], [11]. Composite
materials are often categorized based on the physical or
chemical characteristics of the matrix phase, such as
ceramic composites, metal-matrix, and polymer matrix
[12]-[14]. Furthermore, studies have suggested the
creation of Inter metallic-matrix and carbon-matrix
composites. The literature has extensively examined metal
matrix ~ composites, particularly aluminum  matrix
composites (AMCs). [15], [16]. One of the constituents of
AMC:s is aluminum or an aluminum alloy, which forms a
percolating network and is referred to as the matrix phase.
The second component is included in the

* Corresponding author e-mail: p123005@siswa.ukm.edu.my.

aluminum/aluminum  alloy structure and acts as
reinforcement, often non-metallic and ceramic, including
SiC and Al203[17]. The characteristics of AMCs may be
customized by changing the composition and volume
fraction of their components [18]-[20].Using aluminum
composite has proven to be increasingly efficient in
various sectors, including but not limited to construction
and automotive industries. Silicon carbide, alumina oxide,
tungsten carbide, and titanium carbide are widely
recognized as the most frequently utilized materials for
reinforcing aluminum composites[21]. In the past few
years, novel materials such as fullerene, graphene, and
carbon nanotubes have been employed as enhancers for
additives [22].Figure 1 illustrates the several matrix and
reinforcing materials that may be utilized to produce Metal
Matrix Composites (MMCs). The many inorganic
reinforcements, including borides (including titanium
boride and zirconium boride), nitrides (such as titanium
nitride), carbides (including silicon carbide and titanium
carbide), and oxides (including aluminum oxide, titanium
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oxides, and zirconium oxides) are widely utilized but come
with a somewhat high cost. The use of organic
reinforcements, including red mud and fly ash,
dramatically enhances the strength of the composite
material while maintaining a relatively cheap cost[23],
[24].

Composites, comprising a matrix and dispersed fibers,
exhibit superior mechanical properties. Fibers, such as
carbon or glass, act as the load-bearing phase, enhancing
tensile strength, stiffness, and toughness, while the matrix
ensures load transfer, structural cohesion, and
environmental  protection.  Fibers interrupt  crack
propagation, enabling anisotropic properties and high
strength-to-weight ratios critical in aerospace and
automotive applications. Their incorporation significantly
improves thermal stability, chemical resistance, and
durability, providing a cost-effective solution for advanced
material performance in demanding environments. The use
of particulates in producing AMMCs is of paramount
importance, as they are easily accessible, cost-effective,
and more readily dispersible within the matrix. The most
often utilized reinforcing particles in the micro to nano
size range are Al:03 BsC, and SiC. Adding these
strengthening particles enhances the elastic modulus and

hardness while improving wear resistance [26]. SiC is
included in the mixture for its exceptional thermal
characteristics, stiffness, specific strength, and hardness.
On the other hand, Al:Os demonstrates impressive
resistance to wear and compressive strength. Boron
carbide is an exceptionally durable element with a high
elastic modulus and resistance to fracture [27].

Using lron oxide (FesOs) as a reinforcement for
aluminum matrix composites has gained significant
attention in structural applications such as automotive and
aeronautical. The substance exhibits exceptional ratios of
strength-to-weight, stiffness-to-weight, and magnetic
permeability.  Furthermore, this material exhibits
outstanding wear resistance and a reduced thermal
expansion coefficient. Additionally, it exhibits superior
thermal conductivity. Moreover, the unique attributes of
this substance render it suitable for versatile applications
owing to its low weight [28]. Aluminium and its alloys
have better mechanical features and low densities and have
now become utilized effectively in several applications
[29]. A fundamental study has been undertaken on
aluminum alloys to enhance specific properties such as
mechanical, fatigue life, and corrosion resistance[30], [31].

Metal Matrix Composite (MMC)

Reinforcement

Organic Inorganic Aluminum
Red mud  Oxides Nitrides  Carbides  Borides Other Magnesium
Fly ash Al203 TiN Ti3SiC2 TiB2 WS2 Iron

TiO2 BN TiC ZrB2 Diamond Copper
Sio2 Si3N4
Zr0O2 CNT
ZnO MWCNT
Graphite
B4C

Figure 1. Various matrix and strengthening materials are utilized for MMC production[25].
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Malakar et al. [32] utilized hybrid AMC by powder
metallurgy. Varieties of reinforcement are incorporated
into the composite to enhance its properties. Fly ash is
mainly utilized as reinforcement. Approximately 10% of
the weight of fly ash is incorporated into each composite.
An additional 5% of the composite's total weight is
allocated as alumina particles or Al20s for fixed
reinforcement. The weight percentages of Fe20z(I11) Fe203
are altered by 1%, 2%, 3%, and 4% of the composite.
Suaad M Jiaad et al. [33] successfully utilized the powder
metallurgy method to make Ni hybrid Nano-composite +
Al/Fe30a4. At various amounts of iron oxide FesO4 from (2,
4, 6, 8, and 10) wt.% with Ni at a constant amount of 2
wt.% for preparation of the samples. The results indicated
that hybrid nano-composite at increasing FesOs weight
percentages increased the resistivity and the saturation
magnetization (Ms) magnitudes while the electrical
conductivity decreased. The Field Emission Scanning
Electron Microscopy analysis revealed a homogenous
distribution of FesO4 and Ni nanoparticles within the Al
matrix. X-ray diffraction (XRD) study illustrated that the
intensity of phase peaks FesOs and Ni increases when the
weight % of FesOq increases while maintaining a constant
amount of Ni.

Radhi et al., [34], [35] utilized powder metallurgy
technology to prepare composite specimens of aluminum
by adding Fe20s3 nanoparticles at different weight ratios (2,
4, 6, and 8 wt%). The specimen preparation conditions
included a blending time of 2 hours for each specimen, a
compaction load of 6 tons, and a sintering temp of 600
degrees centigrade. The performed tests included XRD,
SEM, EDS, green density measurement, green porosity
analysis, microhardness testing, compression testing, and
wear testing. The findings demonstrate that the hardness
and wear magnitude exhibit an upward trend as the
hematite % increases.

This study distinguishes itself from previous research
by exploring the synergistic effects of hybrid nano-sized
reinforcements, specifically SiO. and Fe.Os particles,
within an aluminum matrix composite (AMC). Unlike
earlier studies that primarily focused on single-particle
reinforcements, such as Fe:Os or Ni [33]-[35], this
research evaluates the combined contributions of SiO2 and
Fe:Os to achieve balanced improvements in hardness,
compressive strength, and wear resistance. The innovative
use of nano-sized reinforcements enhances interfacial
bonding and addresses limitations associated with micro-
sized particles, predominantly employed in prior work
[32]. Furthermore, the advanced stir-casting methodology
employed in this study, featuring a two-step stirring
process and preheating of particles, ensures superior
particle dispersion compared to conventional powder
metallurgy techniques [32], [33]. Unlike earlier studies
that emphasized limited mechanical characterization, this
research provides a comprehensive analysis encompassing
Brinell hardness, compressive strength, and wear
resistance, offering critical insights into the tribological
performance of hybrid composites. The findings reveal
intermediate mechanical properties between single-
reinforced composites, confirming the efficacy of hybrid
reinforcements in enhancing overall performance. These
contributions address existing gaps in the literature and
pave the way for developing lightweight, high-

performance materials suitable for advanced engineering
applications. This study introduces a novel approach to
developing aluminum hybrid nano-composites by
integrating nano-sized silicon oxide (SiO2) and iron oxide
(Fe205) as reinforcements into a pure aluminum matrix
using the stir casting technique. While previous research
predominantly explored single-particle reinforcement in
aluminum matrices, this study delves into the synergistic
effects of hybrid nano-reinforcements on microstructure
and mechanical behavior, a relatively underexplored area
in the literature. The research employs a two-step stir-
casting process combined with the preheating of
reinforcement particles to overcome challenges related to
wettability and distribution, ensuring a homogenous
composite structure. The study provides comprehensive
insights into how different reinforcement compositions
influence composite  behavior by evaluating the
microstructure using SEM and XRD, alongside
mechanical tests such as Brinell hardness, compressive
strength, and wear tests. This research aims to fabricate,
identify, and characterize the mechanical behavior and
hardness of (AMC) reinforced with nano Hematite, nano
silicon oxide, hybrid nano Hematite, and nano silicon
oxide.The novelty of this study lies in developing and
characterizing hybrid aluminum matrix composites
(AMCs) reinforced with nano-sized SiO. and Fe:0s
particles, fabricated using an advanced two-step stir-
casting method. Unlike prior studies focusing on single
reinforcements, this research evaluates the synergistic
effects of hybrid particles on mechanical and tribological
properties. The study introduces a unique preheating and
dispersion technique to ensure uniform particle
distribution, enhancing hardness, compressive strength,
and wear resistance. This work fills a critical gap in the
literature by providing a comprehensive understanding of
hybrid nano-reinforcements in AMCs for advanced
engineering applications.

2. Experimental Work
2.1. Preparation of AMMC specimens

Table 1 lists all AMMC specimens that were created
using high-purity aluminum wires.

Table 1: Pure aluminum with chemical composition

Element | *Cu Fe Si | Mn | Zn | Mg OJ)'::TS

% 1 12 6 1 3 2 10

Different reinforcing percentage samples were
produced utilizing the two-step stir-casting procedure. The
specimen compositions are displayed in Table 2.

Table 2: The specimens presented in this work.

Specimens Al Mg SiO, Fe;O3;wt%
wt% wt% wt%

Al-SiO, 96.75 2 1.25 -
Al-Fe,0; 96.75 2 - 1.25
Al- SiO,- 95.5 2 1.25 1.25

FeZO3

The small pieces were prepared by cutting high-purity
aluminum wires to prepare them for the melting process in
the furnace. The grain size for each silicon oxide,
aluminum wire, iron oxide, and magnesium are 15-20 pm.
The samples were prepared in the desired amount (weight
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percentage wt%). Then, in a dry oven type (SRJX-5-13),
an aluminum foil was preheated up to (300 °C) for 2 hours
to cover each group. This process enhances the wettability
and removes the moisture content. The pieces of aluminum
wire to be placed in the gas furnace were charged in the
graphite crucible. The oven temp was increased to 750°C,
the liquidus temperature, to completely melt the
aluminum. An alumina spoon was utilized to remove the
slags. To reach the semi-solid state, the melting
temperature dropped to (620°C), just below the liquid
temperature. A thick aluminum foil was folded and placed
over the magnesium ribbon before dipping it under the
melt to reduce its combustion.The mechanical mild steel
stirrer stirred molten aluminum slurry for 7 min at 870
rpm. It is covered with preheated silicon oxide, iron oxide
particles, or both as the plain, gently adding to the metal.
The stirring process must be set up under an argon gas
shield to prevent molten aluminum from oxidizing. The
composite strength and particle distribution depend mainly
on the stirrer blade design. Microstructure analysis for
composite manufactured with a four-blade stirrer shows
adequate particle distribution.

The temperature was measured with a thermocouple
kind-K at (610-620) degrees centigrade while the melted
mixture was stirred. Next, an increase in temperature
above the liquidus temperature of 750°C. The molten
composite is stirred simultaneously and at a consistent
speed at the liquidus temperature. Finally, place the molten
composite into a warmed steel mold for solidification.
Composite casts were made as each percentage increased.
The aluminum was cast without adding any reinforcing
particles in the comparison procedure. A heat treatment at
(350°C) for (5 hours) was employed for samples to relieve
the thermal stresses and homogenization. Then, the
physical and mechanical tests are ready for composite
samples.

2.2. The physical Tests

2.2.1. Scanning Electron Microscope Examination

Specimens were cut from each rod at (13 mm) in
diameter. The grinding with sandpapers having different
SiC grits (180, 320, 400, 800, 1000, 1500, 2000, 2500)
were employed on the AMMC specimens. The
temperature in the grinding operation increases because of
the friction between the sample and the grinding papers.
Thus, a coolant must be used to avoid elevated
temperatures during the grinding process, and the water
was utilized for this purpose. Then, the diamond paste was
used to polish specimens to produce flat, scratch-free,
surface-like mirrors. The polishing machine model (MP-
2B grinder polisher) performed the grinding and polishing
operations. The specimens were etched at room temp using
a mix of 99.5% distilled water and 0.5% hydrofluoric acid
for 15 seconds [36]. Distilled water was used to wash the
specimens, which must be placed in the electric dryer. The
microstructure of each specimen was identified by
scanning electron microscope.

2.2.2. The X-Ray Diffraction Analysis

X-ray diffraction (XRD) analysis is an important
technique for identifying the compositions and crystalline
phases in the specimens produced. This analysis was

performed by scanning all selected specimens for possible
diffraction directions through a range of 2 © angles from
10° to 90°. The operation conditions of XRD were target
current (20 pA), voltage (40 KV), wavelength of 1.54060
A, and Cu.

2.3. The Mechanical Tests

2.3.1. The Brinell Hardness Test

ASTM (E10-15a)states that a Brinell test sample has no
standardized size or shape. Each rod was utilized to cut a
specimen of a specific size, which was then polished and
ground accordingly. A Brinell hardness testing apparatus
of type HBRVS-187.5 with a 5mm ball indenter diameter
and a 31.25 Kg force applied for 10 seconds was utilized
for the test. Hardness magnitudes were recorded for each
specimen by calculating the mean of three measurements.
2.3.2. Compression Test

Cylindrical samples with dimensions (12 mm diameter
and 24 mm height) were utilized for compression tests.
According to the ASTM standard(L=2D), the specimens
were prepared [37]. The traditional machining operations
were conducted to prepare cylindrical samples with
standard dimensions. All compression tests were carried
out at room temperature using an automated common
testing machine type (United Test, China) with a loading
ratio of (0.1 mm\min).
2.3.3. The Wear Test

The composite specimens were made with a diameter
of 12 mm and a height of 5 mm according to ASTM (G99-
17) [38]. The samples in previous tests were polished
using silicon carbide (SiC) sheets until they achieved an
average surface roughness of 0.5 pm. The vacuum furnace
was preheated to 100°C for 30 minutes to dry the
specimens after cleaning. This method enables the
complete removal of any cleaning fluids that might be
trapped in the material. A precise electric balance model
(M254A) with an accuracy of +0.0001 was employed for
weighing. The research on dry wear was conducted using
the wear tester equipment model MT-4003, version 10.0,
which operates on the pin-on-disk idea. The pin was
positioned against a standard revolving steel disk for
testing specimens with a hardness of 850 HV.The normal
force on the pin is 10 N, the pin diameter is 10 mm, the
disk diameter is 30 mm, the worn track radius is 5 mm,
and the rotating speed of the disk is 300 rpm. The
specimen was weighed after 5, 10, 15, and 20 minutes to
evaluate the weight loss. Next, convert the weight loss to
volume loss using the following equation[39]:
Volume loss (mm?3) = weightloss (g)/ density (g/mm?q) (3)
Where: weight loss = weight before the test-weight after
the test.

Volume loss (mmd) is calculated by dividing the weight
loss (g) by the density (g/mmd).

The formula for weight loss is calculated by subtracting
the weight after the test from the weight before the test.

3. Results and Discussion
3.1. Scanning Electron Microscope Analysis
Manufacturing metal-matrix composites by casting

techniques, including silica and hematite, and combining
both particles. The challenge arises from the limitation of
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particle wettability and aggregation, leading to substandard
mechanical qualities and uneven distribution. This study
prepared aluminum alloy matrix composites using nano-
sized silica, hematite, and a mixture of both particles by
the stir-casting method. A unique three-stage mixing
process and preheated reinforcing particles were
employed. The composites had silica, hematite, and a
mixture of both particles in powder form at a weight
percentage of 1.25% SiO2, 1.25% Fe203, and 1.25% SiO2
+ 1.25% Fe20s. Figure 2(a-c) reveals the scanning electron
microscope images

3.2. X-Ray Diffraction Analysis

Every sample underwent X-ray diffraction analyses to
identify the nano-composite specimens used in this project.
These studies provide findings that are shown in Figure 3.
To find the phases already existing in every sample, an X-
ray diffraction test was performed on 1.25 wt% of Fe203
and 1.25 wt% of SiO2 nano powders implanted in the
aluminum matrix. The diffraction angle (20°) spans (30 to
80)°, and the phases generated by this range are covered
further. Once comparing the XRD findings, one finds
displaced aluminum peaks for Fe2Os and SiOz.
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3.3. Brinell Hardness Test Analysis

The Brinell hardness test illustrated the findings as
demonstrated in Figure 4. It is specified that with the
addition of FezOgsparticles of (1.25 wt%), the hardness is
increased and recorded at 22.5. The highest magnitude for
specimens with silicon oxide percentage of (1.25 wt.%)
was recorded at 24.1, while the hardness magnitude
between them when mixed (1.25 wt.%) SiO2 and (1.25
wt.%) Fe20s.1t is concluded that this increment referring to
the hardness of oxide particles is high enough to work as a
barrier against dislocation movement. The Brinell hardness
shows the increment percentage at (25.5%), (6.8%) and
(19.3%) for aluminum reinforced with (1.25 SiO2, 1.25
Fe2O3 and 1.25 SiO2- 1.25 FexO3)wt. % of particle
specimens respectively compared with nonreinforced
specimens. The results show a good agreement with the
mixture role if silicon oxide has higher hardness than
Fe203 references [40], [41] with differences at acceptable
magnitudes according to the variation in chemical
composition and the mean size of strengthening utilized
and Al-alloy[42], [43].

MIRA3 TESCAN  SEM MAG: 5.00 kx
Det: SE
Oute(midy): 102322

WO: 9.87 \ MIRA TESCAN

SEMNV: 150KV 10pm

Figure 2. SEM a) 1.25 wt%Fe,03, b) 1.25 wt%Si0,, ¢)1.25 wt%Fe,03+1.25 wt%SiO,.

Al: Aluminum

Al
Al

Al .
Al: Aluminum m

Al

Al

Figure 3. XRD pattern of a: Al-(1.25 wt.%) Fe,0s3 b: Al-(1.25 wt.%) SiO».
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Figure 4. The Brinell hardness magnitudefordifferent Al alloys.

3.4. The compressive strength test analysis

The reinforcing effects of the added SiO: and Fe:Os
particles can justify the compressive strength results of the
aluminum (Al) alloys. Pure aluminum exhibits the lowest
compressive strength due to its soft and ductile nature,
lacking secondary phases to impede dislocation motion.
Adding 1.25% SiO: significantly enhances the
compressive strength by introducing a rigid ceramic phase
that obstructs dislocation movement, improving load-
bearing capacity. On the other hand, the addition of 1.25%
Fe20s yields the highest compressive strength, attributed to
the formation of intermetallic Al-Fe phases, which are
mechanically rigid and provide strong interface bonding,
ensuring effective stress transfer during compression[44].
When SiO: and Fe:Os are combined at 1.25% each, the
compressive strength is slightly lower than Fe:Os alone,
possibly due to competition between the two additives
during processing, leading to slight agglomeration or
suboptimal phase distribution[45]. Overall, the results
indicate that both SiO: and Fe:Os significantly enhance the
mechanical properties of aluminum, with Fe.Os showing
the most pronounced effect due to its ability to form
intermetallic phases. At the same time, their combination
offers a balanced approach to improving the alloy's
performance[46].

Figure 6demonstrates that increasing the proportion of
Fe20sin  the aluminum base improved compressive
strength. The enhancement in compressive strength is
attributed to the effective role of Fe20z particles. These
functioned as barriers that impeded the dislocation motion,
strengthening the matrix. Adding magnesium to the
aluminum matrix enhances the contact link between the
aluminum matrix and silicon oxide particles, resulting in a
substantial bonding enhancement. The compressive
strength of the Al+ 1.25% Fe2Os specimen showed a
maximum increase of 165% compared with the pure
aluminum. Figure (6) shows the Young's modulus of these
composite materials samples. Where the value of Young's
modulus of the pure aluminum was (73 Gpa), while that
decreasing Young modulus value with increasing
reinforcement percentage was (47 Gpa) for Al+(1.25
Si02+1.25 Fe203), the rest of the values for other samples
fall between these two values. The Young's modulus of the

(Al+1.25 SiO2) sample is (63 Gpa), and (Al+ 1.25 Fe20s)
is (60 Gpa). This value is lower than the modulus of
elasticity value for aluminum.
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Figure 5: Compressive strength magnitude of different Al alloys.
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Figure 6: Shows the Young modulus vs Al percentage.

3.5. The wear tests Analysis

By selecting the density of each sample, it is possible to
transform the weight loss into a corresponding volume
loss. Figure 7 illustrates the findings of the test conducted
under the same specific circumstances as previously
described (F: 10 N; o: 300 rpm; t: 5, 10, 15, and 20
min).Figure 7shows that as the applied load increases,
volume loss also increases; the maximum volume loss was
noted under (10 N) and vice versa. Usually, the expected
behavior involves increased friction between the sample
surface and the rotating disk as the load increases. Over
time, the volume loss increased due to the particles being
lost from the specimen as friction time increased.

Furthermore, the impact of incorporating
Fe2Ogparticles under various settings on wear rates is
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demonstrated in these data. The volume loss decreased
dramatically as the proportion of Fe2Ozincreased, reaching
its most minor magnitude in the composite, with the
highest percentage of Fe203(1.25%). This happens due to
the influential role of FezOsparticles in impeding
dislocation motion. The addition of silicon oxide and a
combination of Fe2Osand silicon oxide hardness further
enhance wear resistance. The wear resistance is improved
by the presence of hard Fe2Os and SiO2 particles in the Al
alloy, which prevents the ploughing action of the hard steel
equivalent. The results are depicted in Figure 7.
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Figure 7: At steady state, the wear rate for Al specimens at
(time=20 min.).

4. Conclusion

The current study used the stir casting technique to
produce Al-SiO2, Al-Fe;03, and Al-(SiO2+Fe203)
composites. The compressive strength, hardness, and wear
behavior were evaluated to observe how particle
dispersion and these characteristics grow with a higher
weight percentage of Fe2Os.

1. SEM and XRD results show the nanoparticles impeded
in the aluminum matrix and shifting the peaks of the
XRD pattern.

2. The finding illustrated that at 10 N, the highest wear
rate is in the Al sample, and the wear rate is reduced by
(46.4) % in aluminum reinforced by 1.25 % Fe20s.

3. The percentage increment of Brinell hardness is
(25.5%), (6.8%) and (19.3%) for aluminum reinforced
with 1.25 SiO2, 1.25 Fe:0s, and (1.25 SiOz, 1.25
Fe203) wt. % particles specimens, respectively.

4. The maximum improvement for the Al+1.25 Fe2O3
specimen was recorded at 26.5 % in compressive
strength.

5. The young modulus values decrease with an increasing
reinforcement percentage.

Further optimization of stir-casting parameters is
recommended to enhance particle wettability and minimize
agglomeration, while exploring  different  weight
percentages and hybrid reinforcement combinations could
provide a more balanced improvement in mechanical

properties. Additionally, fatigue testing and long-term
environmental exposure studies are essential for assessing
durability. However, the stir-casting method has
limitations in achieving uniform nanoparticle dispersion
compared to advanced techniques like additive
manufacturing. The study was also limited to room-
temperature performance, necessitating future evaluations
under varying thermal and mechanical conditions.
Moreover, the high cost of nano-reinforcements remains a
significant challenge for large-scale industrial applications.
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