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INTRODUCTION

luminum alloys, especially Al-2024, are widely utilised in high-performance industries like the automotive, marine,

and aerospace sectors because of their good fatigue, corrosion resistance, and the strength-to-weight ratio [1]. Al-

2024, like many other aluminium alloys, has limitations regarding mechanical performance, hardness, and wear
resistance under harsh operating circumstances [2]. Overcoming these obstacles and strengthening Al-2024 with ceramic
particles has become a viable strategy for improving its mechanical characteristics [3].
Microparticles have been utilised to strengthen metal matrix composites because they improve characteristics, including
strength, wear resistance and hardness [4]. Alternatively, nanoparticles' large sutface area-to-volume ratio allows for
significant particle-matrix interaction and yields noticeably superior results [5]. Nanoparticles provide better mechanical
strengthening than micro-sized particles because of their finer dispersion within the matrix, which enhances load transfer,
decreases agglomeration, and improves control over the spread of cracks [6]. Additionally, nano-sized reinforcements aid
in the refinement of the grain structure, enhancing mechanical properties suchas fatigue resistance, hardness, and tensile
strength [7]. Even though microparticles can improve mechanical properties, their usefulness is limited because they
commonly produce clustering and uneven distribution within the matrix [8,9]. However, when appropriate methods were
applied to integrate nanoparticles into the matrix, they provided a more consistent dispersion.
Achieving a uniform distribution of reinforcement depends majorly on the particle inclusion technique. Conventional stir
casting is a widely used method for creating metal matrix composites, because of its ease of use and affordability [10—13].
Stir casting procedure uses mechanical stirrer to mix micro or nano-reinforcing particles into the molten metal. However,
poor particle distribution of nanoparticles into matrix material limits the use stir casting [5]. The efficiency of nanoparticles
in enhancing mechanical properties may be reduced by clustering, agglomeration, and inadequate wettability between the
reinforcing particles and the matrix. Because of their high surface energy, these difficulties become more noticeable with
smaller particle sizes, such as nanoparticles.
The alternative method has been developed to overcome these limitations such as ultrasonic-assisted stit casting which is
emerged as the cutting-edge technology to prepared the metal matrix composites (MMC). In the process of stirring, this
technique induces ultrasonic vibrations in the molten metal [14]. The cavitation effects produced by the ultrasonic vibrations
disintegrate clusters of nanoparticles and enhance the wettability of reinforcement with the aluminium matrix [15]. Thus, it
leads to a better particle-matrix contact and a more uniform distribution of nanoparticles. Achieving these is essential for
attaining significant mechanical properties [16]. In addition to facilitating de-clustering of nanoparticle, the ultrasonic
cavitation process ensures the particles are uniformly distributed throughout the matrix [17]. Ultrasonic-assisted stir casting
method works well when adding nano-sized reinforcements, such as silicon carbide (SiC), where uniform distribution is
critical in achieving the reinforcement's full potential.
Integration of SiC nanoparticles into the Al-2024 alloy matrix is a viable approach in addressing the material's critical
obstacles. This is particularly effective in enhancing hardness and overall mechanical performance under demanding
circumstances. Even though knowing the benefits of using nanoparticle reinforcements over microparticles, it is still
challenging to distribute these particles uniformly throughout the metal matrix. The novelty of this study includes employing
ultrasonic-assisted stir casting to achieve uniform dispersion of SiC nanoparticles in Al-2024 alloy, enhancing hardness and
tensile strength for advanced engineering applications. In order to maximize the mechanical properties of the composite
material, this work used ultrasonic-assisted stir casting to ensure the homogeneous distribution of SiC nanoparticles. The
relationship between particle distribution, hardness and tensile strength in Al-2024 alloys will be studied experimentally with
varying SiC nanoparticles. This work will offer a primary understanding of the potential of nanoparticle-reinforced
composites for advanced engineering applications.

MATERIALS AND METHODS

Materials
1-2024 is a high-strength aluminium alloy widely used in structural, automotive, and aerospace applications because
of its excellent fatigue resistance, machinability, and strength-to-weight ratio. The main alloying element in Al-2024
alloy is copper, which increases its strength, while other components like silicon, magnesium, and manganese help
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improve the mechanical properties. The chemical composition and mechanical properties of Al-2024 alloy is given in Tab.
1.

Element Composition
Cu (%) 4.1
Mg (%o) 1.6
Mn (%) 0.7
Si (%) 0.07
Zn (%) 0.03
Fe (%) 0.2

Property Value
Density (g/cm?) 2.78
Ultimate tensile strength (MPa) 175
Yield strength (MPa) 125
Elongation at break (%) 12-14

Table 1: The chemical composition and mechanical properties of Al-2024 alloy [2].

Al-2024 has significant mechanical qualities, but its wearability and decreased hardness limit its applicability in high-abrasion
and critical operating environments. As a result, adding ceramic reinforcements, like silicon carbide (SiC) nanoparticles, can
improve the alloy's hardness and resistance to deformation and wear.

The reinforcing material for this study was silicon carbide (SiC), which was selected due to its remarkable mechanical
properties, such as its high hardness and temperature endurance, and its compatibility with aluminium matrices. The density
of SiC nanoparticles, which is nearly identical to that of Al-2024 alloy (2.78 g/cm?), is one of the main reasons for selecting
them. During the casting process, SiC's density (about 3.21 g/cm?) is close enough to Al-2024 to improve particle dispersion
inside the matrix [18]. Because of their similar densities, the SiC particles in the molten aluminium settle less, resulting in a
more even dispersion across the matrix. The following are essential characteristics of SiC nanoparticles: melting point:
2730°C, thermal conductivity: 120 W/mK, hardness: 9.5 on the Mohs scale, and Young's modulus: 450 GPa [17].

SiC works well with aluminium alloys because it improves load-bearing capacity, decreases dislocation motion, and refines
grain structure, reinforcing the matrix. Better particle-matrix interaction and consistent stress distribution are made possible
by SiC nanopatticles' latger surface area-to-volume ratio than micropatrticles. As a result, mechanical qualities, including
hardness, tensile strength, and wear resistance, significantly improve. These improvements are essential for prolonging the
useful life of Al-2024 alloy components.

In this study, the SiC nanoparticles were added to the Al-2024 matrix in different weight fractions (1%, 2%, 3%, and 4%)
using the ultrasonic-assisted stir-casting technique. This technique was selected to maximise the composite's mechanical
benefits by achieving homogeneous dispersion of the SiC nanoparticles within the matrix.

Casting

SiC nanopatticles (1%, 2%, 3%, and 4% by weight) were preheated to 250°C to remove moisture and contaminants and to
match the temperature of the molten Al-2024, improving wettability and bonding with the matrix.

As seen in Fig. 1, the Al-2024 alloy was melted in a graphite crucible at 750°C in an electric resistance furnace [19]. A cover
flux was used to guarantee a clean, homogenous melt and prevent oxidation. The molten alloy was mechanically stirred at
300 to 400 rpm for five to ten minutes while hot SiC nanoparticles were added. To ensure uniform dispersion throughout
the matrix and break up clusters of nanoparticles, ultrasonic cavitation was delivered for five minutes using a 20 kHz
ultrasonic probe. The distribution of nanoparticles and particle-matrix bonding were enhanced by the combination of
mechanical churning and ultrasonic cavitation [4].

The impact of different SiC nanoparticle contents on the microstructure and mechanical properties was assessed by
metallographic analysis and mechanical testing of the cast composites. Hardness and tensile strength tests were conducted
on polished and etched samples for microstructural characterisation in order to evaluate the performance improvements
caused by the SiC reinforcement.

Specimen Preparation

After casting, the Al-2024/SiC composite was sectioned into cylindrical specimens as shown in Fig. 2(a). These were
polished to a smooth, defect-free surface following ASTM E10 standards to ensure accurate Brinell hardness testing [20].
Polishing involves grinding and finishing to achieve a mirror-like surface. Tensile specimens (Fig. 2(b)) were machined from
the cast composite following ASTM ES8 standards. Dog-bone-shaped specimens were prepared, with the gauge section
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carefully machined and polished to remove any surface defects. After that, these specimens were prepared for tensile testing,
which assessed mechanical properties like elongation and tensile strength.

“Ultrasorim ’

Vibrato

Figure 1: Ultrasonic Stir casting setup.

Testing

Three samples of each composition (1%, 2%, 3%, and 4% SiC) underwent the Brinell hardness test following ASTM E10.
Indentations were made using a steel ball indenter, and the size of the indentation and the applied load were used to
determine the Brinell hardness number (BHN). Each composition's average hardness value was noted.

For every composition, tensile tests were performed on three dog-bone-shaped specimens. Three readings were obtained
for every specimen, for both tensile and hardness test to ensure consistency. A universal testing machine (UTM) was used
to provide axial tensile force to the specimens. Analysis was done using the average tensile strength values, yield strength,
and % elongation values.

Figure 2: Specimens (a) Hardness, (b) Tensile.

RESULTS AND DISCUSSIONS

Microstructure

T he Al-2024 alloy's energy dispersive spectroscopy (EDS) mapping is shown in Fig. 3(a), which also shows the
distribution of the alloy's component elements: silicon (Si), copper (Cu), magnesium (Mg), manganese (Mn), oxygen
(O), and aluminium (Al). As the main structural element, the mapping shows that aluminium is uniformly distributed

throughout the alloy matrix. It is apparent in particular areas because copper contributes to the alloy's strength and fatigue
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resistance. Additionally dispersed throughout the matrix are magnesium and manganese, each of which gives the alloy special
qualities including increased mechanical performance and resistance to corrosion.

Mg Kal,2

Oxide formation

®)

|

Figure 3(a): EDS mapping of Al-2024 alloy.
A common occurrence with aluminium alloys is oxygen, which may indicate minor surface oxidation, while the sporadic

detection of silicon could be due to trace amounts in the alloy or surface impurities. This EDS mapping provides information
on the Al-2024 alloy's homogeneity and microstructural properties while validating its elemental makeup.

10 000 x

— 5 ym—

Figure 3(b): Nano-particles of SiC.

An SEM picture of SiC nanopowder is seen in Fig. 3(b), demonstrating the spherical shape of the particles. It is beneficial
to have a homogencous distribution inside composite materials since the particles appear to be uniform in size and shape.
By minimising surface area, the spherical shape improves dispersion within the Al-2024 alloy matrix and lessens
agglomeration tendencies. This morphology makes continuous bonding contact with the matrix possible, which also
improves the mechanical properties of the composite. By offering several locations for load transfer, the size and
homogeneity of these nanoparticles also facilitate efficient reinforcing, which enhances the alloy's strength and hardness.

Important information on the elemental composition and distribution is revealed by the EDS analysis of Al12024 composites
with different SiC (Silicon Carbide) weight percentages—1 wt%, 2 wt%, 3 wt%, and 4 wt%—as illustrated in Fig. 4. The
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spectrum shows mostly copper and aluminium at 1 weight percent, with very little SiC. The EDS data show a greater
presence of silicon and carbon as the SiC level rises to 2 weight percent, indicating better interfacial bonding and preliminary
improvements in mechanical characteristics. The Si and C peaks noticeably increase at 3 weight percent, which is consistent
with improved hardness and tensile strength brought on by improved load transfer mechanisms. Finally, at 4 wt%, the EDS
analysis shows the highest peaks for Si and C, indicating substantial SiC incorporation, which may lead to significant
improvements in mechanical performance. However, potential agglomeration could be a concern.
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Figure 4: EDS composition of the Al2024 composites with (a) 1wt%, (b) 2wt%, (c) 3wt%, (d) 4wt% of SiC

Fig. 5 displays the Al-2024-SiC nanoparticle composites' X-ray diffraction (XRD) patterns for various SiC weight fractions
(0%, 1%, 2%, 3%, and 4%). Utilizing Cu-Ko radiation (A = 1.5406 A) at 40 kV and 30 mA of current, the analysis was
carried out. With a step size of 0.02° and a counting time of one second pet step, the scans spanned a 20 range of 30° to
90°. The crystalline phases of the SiC reinforcement and the Al-2024 alloy matrix are represented by distinct diffraction
peaks in the XRD patterns. The intensity of the SiC-related peaks intensifies as the SiC weight fraction rises from 1% to
4%, suggesting a steady rise in the matrix's SiC nanopatticle concentration. Together with other peaks that correspond to
SiC reinforcement, the notable aluminum peaks are seen at distinctive 20 values, confirming the effective integration and
even dispersion of SiC nanoparticles in the Al-2024 matrix.

Interestingly, no extra peaks that would indicate secondary phases or intermetallic compounds are seen, suggesting that the
SiC particles stay evenly distributed throughout the ultrasonic-assisted stir-casting process without experiencing any
unintended reactions. This implies that the procedure successfully creates a uniform composite while maintaining the
stability of the SiC reinforcement and the Al-2024 matrix. The peaks' clarity and intensity attest to the reinforced material's
structural stability and crystallinity. The observed mechanical increases in the composite are supported by the distinct
separation of diffraction peaks, which guarantees that the reinforcement stays in its intended phase.

The distribution of SiC nanoparticles in Al-2024 alloy was assessed microscopically in samples of prepared composites with
dimensions of 10mm X 10mm X 10mm. The microstructutes of the as-cast composite samples with 1, 2, 3, and 4 wt% SiC
nanoparticles treated by ultrasonic vibrations aided the stir casting process are shown in Fig. 6(a-d). The micrographs
demonstrate how adding nano-sized SiC particles and ultrasonic treatment refined the matrix grains. Using a high-resolution
scanning electron microscope (SEM), additional research was done on the generated composite samples to examine the
homogeneity of the reinforcement particle distribution in the matrix alloy. According to the SEM micrographs, very few
microclusters ate still visible in the alloy's matrix, with well-distributed nanopatticles. This demonstrates that high-intensity
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ultrasonic vibrations can create intense cavitation, breaking agglomerations apart and dispersing particles with a powerful
explosive effect.
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Figure 5: XRD plot for different compositions of Al2024-SiC composites.
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Figure 6: Micrographs show the grain refinement for SiC dispersion in the Al2024 composites: (a) Twt%, (b) 2wt%, (c) 3wt%, (d) 4wt%
of SiC.
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Hardness

The hardness (BHN) results, shown in Fig. 7, demonstrate a clear trend in the mechanical enhancement of the Al-2024 alloy
with the incremental addition of SiC nanoparticles. The pure Al-2024 alloy exhibits a baseline hardness of 90.2 BHN. Adding
1% SiC increases the hardness to 117.0 BHN, while 2% SiC further improves it to 131.2 BHN, indicating effective particle
dispersion and enhanced load transfer within the matrix. At 3% SiC, the hardness slightly rises to 132.3 BHN, suggesting a
possible saturation in reinforcement benefits. However, with 4% SiC, the hardness drops to 120.0 BHN. This decrease can
be attributed to nanoparticle agglomeration, which disrupts uniform particle distribution and weakens interfacial bonding,
leading to stress concentration sites and reduced strengthening efficiency.
The results suggest that the optimal reinforcement range for improved hardness in Al-2024 with SiC nanoparticles is 2—3%
by weight. The hardness testing revealed a notable 31% enhancement in hardness values with the addition of SiC
nanoparticles, demonstrating the effectiveness of nanoparticle reinforcement in improving material properties.
The increase in hardness values of the Al-2024-SiC composite is primarily due to the uniform distribution of nano-sized
particles, which effectively limit dislocation movement. The SiC particles act as load-bearing reinforcements, improving load
transfer and resistance to indentation. Additionally, the presence of SiC promotes grain refinement, further enhancing
hardness..

140

130 | R

-
[ 3
=]

Hardness (BHN)
= =

b
=}

0,0 1,0 2,0 3.0

wt% of SiC in AI12024
Figure 7: Hardness of Al2024-SiC composites.
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Tensile properties

Fig. 8 illustrates the tensile properties of Al2024-SiC composites, highlighting the significant improvements in tensile
strength achieved with varying weight fractions of silicon carbide nanoparticles. The tensile test results for the Al-2024 alloy
and 1-4% SiC nanoparticle reinforcements show significant improvements in mechanical properties. Adding SiC
nanoparticles to the Al-2024 alloy increased yield strength and ultimate tensile strength (UTS) across all compositions while
the percentage elongation decreased slightly. The yield strength for the base Al-2024 alloy was 125.3 MPa, and the UTS was
175.1 MPa. At 3% SiC, the yield strength peaked at 188.2 MPa, and the UTS attained its highest value of 294.9 MPa.
However, with 4% SiC, the yield strength slightly decreased to 162.5 MPa, and the UTS dropped to 232.5 MPa, indicating
that an optimal reinforcement level was achieved at 3% SiC. The slight reduction in percentage elongation with increasing
SiC content indicates a trade-off between strength and ductility, as higher reinforcement levels generally enhance strength
at the cost of reduced ductility.

The tensile testing results indicate a significant 25% improvement in strength values when SiC nanoparticles were added to
the Al-2024 alloy. This highlights the effectiveness of SiC reinforcement in substantially enhancing the material's mechanical
properties. The nanoparticles act as strong reinforcements, refine grains, and create obstacles for dislocation movement.
Additionally, the uniform dispersion of SiC using ultrasonic-assisted casting contributes to consistent and improved
strength.

Strengthening mechanisms

The particle size and content strongly influence the strength of processed composites [21]. According to the dispersion
strengthening mechanism, larger particles may cause voids to form around them, which could weaken the composite. On
the other hand, using nanoparticles for reinforcement efficiently promotes particle hardening processes, increasing the
matrix's mechanical strength. The impact of several strengthening mechanisms to strength improvement is analysed in this
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study using concepts from micromechanics and continuum mechanics. The study also looks at how the efficiency of these
strengthening mechanisms is affected by raising the proportion of nano-SiC reinforcement in the Al-2024 alloy matrix.
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Figure 8: Tensile properties of Al2024-SiC composites.

The composite's yield strength (oyc) is increased by load transfer from the soft matrix to the hard reinforcement particles, as
per continuum mechanics. This can be computed as follows [22,23]:

c,=0,, [V,_ (%) + Vm} (1)

where § is the aspect ratio of the reinforcement particles and = 1 for equiaxed particles, I’7and 17, are the reinforcement
volume fractions, oym is the matrix yield strength.
It is possible to quantify the Orowan strengthening contribution to the increased composite yield strength as follows [24]:

0.13Gb , D
Ao-Omwan = /ﬂ Z (2)

where D is the mean particle diameter, 4is the Burgers vector, G is the matrix alloy's shear modulus, and A is the interparticle
distance between edges, which can be written as follows:

T 2

For the Al2024 alloy, the Burgers vector, 4, is 0.286 and the shear modulus, G, is 28 GPa. For nano-SiC reinforcement
particles with an average particle size of D of 20 nm, the value of A has been estimated by changing A, G, 4, and D values in
Egs. (2) and (3).

According to the Taylor strengthening mechanism, the dislocation strengthening contribution to the improvement of
composite yield strength can be calculated as follows [22—24]:

AG . =Ghyp (4)

Here, ¢ is the dislocation density caused by CTE mismatch and is given as [22], while 7 is a constant that is roughly equal to
1:
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_12AaATV, G
P DoV,

In this case, da represents the CTE difference between the matrix alloy (23.6 X 10-¢ K-') and reinforcement particles (4.6 X
106 K1), The difference between the test temperature (20°C) and the temperature at which the reinforcing particles are

introduced (750°C) is known as AT. The test temperature in this study is the mold's preheated temperature for transferring
the composite slurry [25].

The Hall-Petch relationship is used to assess the increase in yield strength brought about by grain refinement:
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Figure 9: Grain size distribution curve of Al2024/SiC nanocomposites with (a) 1wt%, (b) 2wt%, (c) 3wt%, (d) 4wt% of SiC.

In this case, 4 is the matrix's Hall-Petch slope. The average grain size of the matrix alloy is 4, the average size of the
reinforcement particles is 4,=20 nm, and the value of £ for pure aluminium is = 74 X 10-3 MPaVm. Fig. 6 (a-d) is used to
estimate the average grain size values for various reinforcing circumstances, and Fig. 9 (a-d) displays the estimated grain size
‘d’ distribution.

The equation for predicting the enhanced yield strength of the composites for each designated reinforcement condition is

provided below [25], which is derived from a combination of the contributions of the micromechanics strengthening
mechanisms previously discussed.

2 2
o m = Ga//qy + AGHa// —Petch + \/( AGO?‘WW” ) + (AGCIE ) (7)

Here, ocaioy is the yield strength of the as-cast A2024 aluminium matrix alloy treated with ultrasonic cavitations. The
experimentally measured value of Gay in this investigation is 125.3 MPa.
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Tab. 2 shows the estimated yield strength contribution for each strengthening process. While the contribution of strength
increase owing to grain refinement is relatively modest because the Hall-Petch slope is smaller for pure aluminium, the
contribution of yield strength enhancement due to thermal mismatch is more closely followed by the Orowan strengthening
[24]. The findings further imply that the primary strengthening mechanism in nano-SiC particle-reinforced aluminium 2024
matrix composites manufactured using an ultrasonic cavitation-assisted stir casting technique is strengthening due to thermal
dislocation.

Predicted Yield Strength (MPa)

. Experimental Yield . . Grain Total Yield Load
Composite Orowan Dislocation
Strength (MPa) Mechanism  Strenothenin Refinement Strength Transfer
cehanis engthening Strengthening (Eqn. 7) Mechanism
Al12024+1wt%SiC 146.3 25.7 3.7 6.6 157.9 125.9
Al12024+2wt%SiC 163.0 36.6 53 6.8 169.1 126.6
Al120244+3wt%SiC 188.2 45.2 6.5 7.2 178.2 127.2
Al12024+4wt%SiC 162.5 52.5 7.6 7.4 185.8 127.8

Table 2: Comparison of different strengthening mechanisms to yield strength of the composite.

Compared to the theoretically expected values, the yield strength values obtained through experimentation are lower. The
presence of residual nano-SiC particle clusters in the composites, along with measurement errors in particle aspect ratio and
particle and grain size, may cause a decrease in yield strength values. Defects that led to the early failure were established by
weaker interparticle bond strength in clusters than the binding strength between the ceramic particle and matrix.

MAG: 6.00 kx | 10 pm

\{,

; )
MAG: 6.00 Kx 10 um MAG: 6.00 kx | 10 pm

Figure 10: SEM images of the Al2024 composites with (a) 1wt%, (b) 2wt%, (c) 3wt%, (d) 4wt% of SiC.
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Fractography

The SEM, shown in Fig. 10, fractography images of the Al2024-SiCnp composite with 1 wt%, 2 wt%, 3 wt%, and 4 wt%
reveal key microstructural features indicative of the composite's fracture behaviour. Across all four images, dimples are
prominently observed, suggesting a ductile fracture mode in the Al-2024 matrix. These dimples indicate that the A12024-
SiCnp composite underwent localised plastic deformation, absorbing energy during fracture.

Along with dimples, voids are also visible throughout the microstructure of the Al2024-SiCnp composite. These voids likely
form around the SiC nanoparticles due to localised stress concentrations, which may cause debonding between the Al-2024
and SiC nanoparticles. This debonding contributes to the initiation and growth of voids, a common feature in ductile
fracture.

The SEM images also show cleavages and microcracks, which indicate that some areas have brittle fracture properties. The
cleavages suggest that brittle fracture may occur in specific matrix regions, particularly in areas with high-stress
concentrations or densely packed SiC particles. Particle agglomerations or stress intensities surrounding the reinforcing
particles may cause these brittle characteristics, which limit plastic flow and promote crack propagation.

The mix of dimples, voids, cleavages, and cracks in these fractography images shows a mixed-mode fracture behaviour, with
the SiC nanoparticle reinforcement influencing both brittle and ductile properties of the Al2024-SiCnp composite. More
voids and cleavages have been formed due to higher stress concentrations of increased SiC nanoparticles, which led to more
complex fracture behaviour; however, the composite's strength and hardness were improved.

Ultrasonic-assisted stir casting enhances particle-matrix bonding, improving hardness in Al2024-SiCnp composites.
However, at 4% SiC, nanoparticle clustering reduces reinforcement effectiveness. Fractography analysis shows mixed-mode
fracture behavior, with dimples indicating ductile fracture and cleavages suggesting localized brittleness due to higher stress
concentrations.

CONCLUSIONS

he mechanical characteristics of the Al2024-SiCnp composite have been investigated in this work, focusing on the

function of ultrasonic-assisted stir casting in attaining uniform distribution of reinforcement. The experimental

findings confirm SiC nanoparticles' promise for vatious engineering applications and offer detailed information on
enhanced mechanical performance. The following are the conclusions drawn from the study:

e Applying ultrasonic-assisted stir casting was pivotal in achieving a uniform distribution of SiC nanoparticles within
the Al-2024 matrix, which enhanced the interaction between the matrix and reinforcement, thereby optimising the
overall mechanical properties of the A12024-SiCnp composite.

e According to the experimental results of hardness tests, adding SiC nanoparticles significantly increased hardness
values by 31%. Tensile strength tests, in contrast, showed a significant 25% increase in strength, demonstrating
how well nanoparticle reinforcement works to improve material qualities.

e The study identified several strengthening mechanisms contributing to yield strength, including the Orowan
mechanism, dislocation strengthening, and grain refinement strengthening. A comparison between the experimental
and predicted yield strength of the Al2024-SiCnp composite revealed a maximum variation of 13%, indicating a
close alighment between the theoretical predictions and actual performance. This demonstrates the reliability of the
predictive models used in this research for assessing the mechanical behaviour of the composite.

This composite improves resilience in military vehicles and armour in defence applications, while its lightweight properties
benefit sporting goods like bicycle frames. Its corrosion resistance makes it suitable for marine applications, including ship
structures.

Future research should analyse a broader range of mechanical properties, such as fatigue and impact resistance. Long-term
durability studies and multiscale modelling will enhance performance predictions, while application-specific tailoring will
optimise properties for targeted uses and address sustainability concerns.
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