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This paper examines whether adding silicon carbide (SiC) nanoparticles (NPs) to the aluminum alloy
Al2024 during fabrication improves its mechanical properties and microstructure. Al2024 is one of the
most commonly used materials in advanced engineering applications. Compositesated using
different weight percentages of SiC nanoparticles (1%, 3%, and 5%@réraixed into the aluminum

matrix using stir casting to achieve uniform particle distribution throughout the alloy matrix, and to
subsequently enhance microstructural stability and optimize mechanical properties;@h&i@ing
compositesare solutiontreated and artificiahged after fabrication. Mechanical properties (tensile
strength, yield strength, hardness, elastic modulus, and elongatiweak)aretested for each weight
fraction of SIC NPs added to the Aluminum matrix, showing an increase in tensile strength and
hardness with an increasing concentration of SiC. Effective load transfer, particle strengthening, and
refined microstructure as a result of adding SiC NPs to the matrix contributed to improved mechanical
performance of the composites. However, the increase in tensile strength and hardness as a result
increased weight percentage of SiC NPs resulted in a marginal decrease in ductility, demonstrating ¢
compromise between mechanical performance and ductility at higher weight percentages of SiC NPs
in Al2024 composites. Overall, 3 wt.% SiC NPs composite had the best ratio of mechanical properties
to weight. Its mechanical performance makes it a strong candidate fepérighmance automotive
components (ex., engine pistons) that require a lightweight structure, excellent wear resistance, anc
reliable mechanical performance. This research contributes to the continued development of high
performance aluminum matrix composites that meet the requirements of many industrial applications.
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1. I NTRODUCTI ON

Aluminum alloys Because of their unique combination of characteristics, Al2024 and the other
aluminum alloys that are typically utilized in modern industrial engineering applications (aerospace,
automotive, and structural), have become critical materials for a variety of applications. Some
examples of the specific properties of aluminum alloys that make them so useful are their high
strengthto-weight ratio, corrosion resistance, thermal conductivity, and formability. Due to these
mechanical and physical properties, aluminum alloys can be used as a primary material to create
lightweight components and energfficient systems, with no impact on the performance or structural
integrity of an application. In addition, because aluminum alloys can be recycled easily and have a
lower environmental impact than many alternative materials, the demand for aluminum alloys to
develop and implement sustainable engineering solutions is increasing. Among the different types of
aluminum alloys, Al2024 has been distinguished as a€wAMg based alloy with relatively high
strength and excellent resistance to fatigue loading, which is beneficial for use in cyclic loading
applications such as aircraft or automotive parts. However, while the advantages of using Al2024 to
manufacture products with higierformance capabilities exceeds its drawbacks, there are still several
inherent limitations to the use of Al2024, including relatively low wear resistance, limited hardness,
and moderate thermal stability, particularly when subjected to elevated temperatures. Aluminum alloys
also demonstrate susceptibility tocalized forms of corrosion and decreased ductility (after
strengthening treatments) which may limit their use in applications with stringent service conditions
[18-20]; therefore, there is a need for advanced modification strategies in the normal mechanical and
functional performance [225]. The creation of aluminum matrix composites (MMCs) containing
ceramic particulate reinforcement in particular has proven to be one of the most effective ways to
overcome the deficiencies of aluminum alloys. For example, silicon canbitgparticlegSiC NP9

has been shown to be a very suitable material for alumimatrix composite reinforcement due to its

very high intrinsic properties, including very high hardness (~2600 HV), excellent thermal
conductivity (120200 W/m:-K), low coefficient of thermal expansion (~4 x@@C), and excellent

wear resistance [280]. Being incorporated into aluminum matrices, $es provide a means of
strengthening through various mechanisms; for example, load transfer mechanism, dislocation
strengthening mechanism and grain refinement mechanisf85[3Lollectively, these mechanisms
improve the mechanical properties such as tensile strength, stiffness, hardness as well as therms
stability and wear resistance.

Al-SiC composites have attracted attention for use in-pggformance engineering applications as a
result of this increased research interest. There have been several studies on ahaséadimetal
matrix composites that incorporate SNPs as a reinforcement; however, the effects of varying the
SiC content and the peptocessing treatments applied to Al2024 alloys still need to be studied in a
more systematic manner [B®]. Only very few studies have examined the effect of adding lower
amounts of SiC (e.g., 1 to 5 wt.%) on aluminum alloys (Al2024) when subjected to heat treatment such
as solution treatment and aging {44]. Furthermore, trying to attain both high strength and adequate
ductility remains a challenge for researchers in this field5d6 Therefore, the present study seeks to
determine an optimal level of reinforcement that will provide the maximum possible mechanical
performance, while simultaneously not compromising the toughness or formability of the material,
significantly.[51, 52]. The primary objective of this study is to investigate the influence of SiC NPs
particulate reinforcement on the mechanical properties and microstructural features of Al2024 alloy.
Specifically, composites containing 1 wt.%, 3 wt.%, and 5 wt.% SiC NPs are fabricated using the stir

casting technique to ensure uniform particle distribution. The study aims to evaluate key mechanical
properties, including ultimate tensile strength (UTS), yield strength (YS), hardness, elastic modulus,
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and elongation at break. Additionally, the effect of post-fabrication heat treatments—namely solution
heat treatment and artificial aging—on microstructural evolution and performance enhancement is
examined. In this paper, Al2024-SiC composites are fabricated via stir casting and subsequently
subjected to controlled heat treatment processes. A comprehensive experimental investigation is
conducted to analyze the relationship between SiC NPs content, microstructural characteristics, and
mechanical performance. The results are discussed in terms of strengthening mechanisms and property
trade-offs, with particular emphasis on identifying the optimal reinforcement level for practical
applications. The findings provide valuable insights into the design and development of lightweight,
high-strength aluminum matrix composites for advanced automotive and engineering applications.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1.  Properties of raw materials

This study utilized Al2024-T6 aluminum alloy as the base material (matrix). This alloy is renowned
for its high strength and excellent fatigue resistance, making it suitable for applications requiring
endurance under cyclic loading. The key physical and mechanical properties of this alloy are
summarized in Table 1 (to be included later or referenced externally if not available in the original
text). For the reinforcement phase, silicon carbide (SiC) NPs are selected due to their outstanding
properties, including extremely high hardness (approx. 2600 HV), a high Young’s modulus (estimated
at around 450 GPa), and good thermal stability. These characteristics make SiC NPs particularly
effective in enhancing the mechanical properties of the aluminum matrix, especially wear resistance
and stiffness [4]. The properties of SiC NPs are summarized in Table 2 (to be included later or
referenced).

2.2, Experimental procedure
2.2.1. Composite fabrication

The metal matrix composites made from Al2024 and SiC are manufactured using the stir casting
method. This widely used production method is low cost, simple, and ideal forvdlighe
production. Stir casting also produces a fairly uniform distribution of the reinforcement particles in the
molten matrix if the appropriate processing parameters are used. The specific manufacturing process i
outlined below.

Using an electric resistance furnace, the Al2024 alayelted prior to charging it into the crucible.

The alloy is charged into the crucible for a duration sufficient to achieve complete melting and
establish appropriate fluidity within the alloy. To increase the wettability and interfacial bonding of the
matrix with the reinforcement, Preheated SiC NiPe added to the molten metal at 800 °C (to
eliminate moisture and surface contamination) prior to the introduction of the NPs to the molten alloy.
Subsequently, mechanical stirrilgused to ensure uniform incorporation of the SiC NPs into the
aluminum. A graphite impelleis used to input mechanical shear within the aluminum at a fixed
rotation speed of 500 RPM. Continuous stirrisgachieved, which created a stable vortex, allowing
uniform incorporation. Preheated SiC N&® gradually added into the vortex (at 1, 3, & 5% by
weight). Particlesareadded and distributed consistently to reduce particle agglomeration and patrticle
sedimentation. Once a mixture is homogeneous, we will pour our composite melt into preheated
metallic molds that are designed to prevent premature solidification and thermal shock. The completed
castings will then be allowed to cool under controlled conditions, resulting in relatively uniform
microstructures for future processing and analysis.
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2.2.2. Post-Processing heat treatments

A two-step heat treatment procassapplied to improve the uniformity of the microstructure and the
mechanical properties of the composites made from the fabricated composites. The heat treatmen
process consists of two steps: solution heat treatment and artificial aging. The twarestkp®loped

to optimize precipitation behavior and develop strengthening mechanisms in Aldéed alloys.

During the first step, the cast samples received solution heat treatment at 495°C for 2 hours. This
process determines the extent to which coarse second phases dissolve and provides an alloying sol
solution of the different alloying elements/solute mechanical solidification within the aluminum
matrix. Once solutionized, the sampla® rapidly cooled by water to retain a supersaturated solid
solution and eliminate premature precipitation. For the second step (artificial aging), the cast samples
are maintained at 190°C for 8 hours. During this stage in development, small precipitates (primarily
based on Al Cu) are created wuniformly througt
impede dislocation movement, which effectively increases both strength/hardness of the resultant
composite while maintaining adequate ductility.

3. RESULTS AND DISCUSSION
3.1.  Density

The density of the Al2024-SiC NPs composites is examined using the rule of mixtures, with
appropriate conversion from weight fraction to volume fraction to ensure accuracy. The calculated
values are presented in Table 1 and Figure 1 [53-55].

Pcomposite = 1- Vf) Pmatrix T Vf Psic (D

As shown in Table 1 and Figure 1, the density exhibits a gradual and nearly linear increase with
increasing SiC content. Specifically, the density rises from 2.780 g/cm® for the unreinforced alloy to
approximately 2.799 g/cm® at 5 wt.% SiC NPs, indicating only a marginal increase. This trend is
attributed to the higher density of SiC (~3.21 g/cm?®) compared to the A12024 matrix (~2.78 g/cm?).
Despite this difference, the overall increase remains minimal due to the relatively low reinforcement
levels (1-5 wt.%). This is particularly beneficial for applications requiring lightweight materials with
enhanced mechanical performance. The examined results confirm that SiC NPs incorporation
improves composite characteristics with negligible impact on density. Minor deviations may arise due
to casting-related factors such as porosity or particle agglomeration; however, the overall trend
remains consistent and reliable [56,57].

Table 1 Calculated density values of Al2024-SiC NPs composites as a function of SiC NPs content
using the rule of mixtures.

SiC NPs Content (wt.%) Volume Fraction (Vi) Examined Density (g/cm?®)
0% (Base Alloy) 0.000 2.780
1% 0.0087 2.784
3% 0.0264 2.791
5% 0.0444 2.799
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Figure 1 Variation of density of Al2024-SiC NPs composites as a function of SiC NPs content
(Wt.%).

2.3 .Elastic modulus

The elastic modulus of the A12024—SiC NPs composites is examined using the rule of mixtures, which
provides a reliable approximation for particulate-reinforced composites [58-60]:

Ecomposite =(1- Vf) Ematrix + Vf Esic (2)

where V; represents the volume fraction of SiC NPs, and Ey 444, and Eg;c denote the elastic moduli of
the A12024 matrix and silicon carbide reinforcement, respectively.

The examined results are summarized in Table 2. As shown, the elastic modulus increases
progressively with increasing SiC content. The modulus rises from 73.1 GPa for the unreinforced alloy
to approximately 88.22 GPa at 5 wt.% SiC, indicating a significant improvement in stiffness. This
trend is further illustrated in Figure 2, where a nearly linear increase in elastic modulus is observed
with increasing reinforcement percentage. The enhancement is primarily attributed to the high stiffness
of SiC particles (~450 GPa), which contribute to effective load transfer and restrict elastic deformation
within the composite matrix. The results confirm that the addition of SiC particles significantly
enhances the stiffness of Al2024 composites, making them more suitable for applications requiring
high rigidity and dimensional stability [61-63].

Table 2 Examined elastic modulus values of A12024—SiC NPs composites as a function of SiC NPs
content.

SiC NPs Content (wt.%) Elastic Modulus (GPa)
0 73.10
1 76.50
3 82.30
5 88.22
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Figure 2 Variation of elastic modulus of Al2024-SiC composites as a function of SiC NPs content
(Wt.%).

2.4.Ultimate tensile strength (UTS)

The ultimate tensile strength (UTS) of the Al2024—-SiC composites is examined using an empirical

relationship that accounts for the contribution of reinforcement particles to load-bearing capacity [64,
65]:

OyTs,composite — OUTS,matrix + ka )

where 0yrs matrix Tepresents the tensile strength of the base alloy, Vr is the volume fraction of SiC

NPs, and k is an empirical strengthening constant (taken as 1500 MPa). The examined results are
presented in Table 3. It is observed that the UTS increases consistently with increasing SiC NPs
content. The tensile strength rises from approximately 470 MPa for the unreinforced Al2024 alloy to
about 545 MPa at 5 wt.% SiC NPs, demonstrating a significant improvement in load-bearing capacity.
As 1illustrated in Figure 3, the increase in UTS follows a nearly linear trend with increasing
reinforcement percentage. This enhancement is primarily attributed to several strengthening
mechanisms, including effective load transfer from the ductile aluminum matrix to the hard SiC NPs,
dislocation strengthening due to thermal mismatch, and grain refinement effects induced during
solidification. However, while strength improves, it is typically accompanied by a reduction in
ductility, as the rigid ceramic particles act as stress concentrators under tensile loading. Despite this
trade-off, the overall improvement in UTS highlights the effectiveness of SiC NPs reinforcement in
enhancing the mechanical performance of A12024 composites [66].
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Table 3 Examined ultimate tensile strength (UTS) values of A12024—SiC composites as a function of
SiC NPs content.
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Figure 3 Variation of ultimate tensile strength (UTS) of Al12024-SiC composites as a function of SiC
NPs content (wt.%).

2.5. Yield strength (YS)

The yield strength (YS) of the A12024-SiC composites is examined to evaluate the effect of SiC NPs
reinforcement on the onset of plastic deformation. Similar to the trend observed in ultimate tensile
strength, the yield strength shows a significant improvement with increasing SiC NPs content. The
examined results are presented in Table 4. It is observed that the yield strength increases from
approximately 325 MPa for the unreinforced Al2024 alloy to about 555 MPa at 5 wt.% SiC NPs,
indicating a substantial enhancement in resistance to plastic deformation. As illustrated in Figure 4, the
yield strength increases progressively with increasing SiC content. This improvement is primarily
attributed to the presence of hard SiC NPs, which act as barriers to dislocation motion within the
aluminum matrix. Additionally, thermal mismatch between the matrix and reinforcement generates
dislocation density, further strengthening the composite. Grain refinement and improved load transfer
mechanisms also contribute to this enhancement. The results demonstrate that SiC NPs reinforcement
significantly improves the yield strength of Al2024 composites, making them more suitable for
structural applications where resistance to permanent deformation is critical [67,68].
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Table 4 Examined yield strength (YS) values of Al2024-SiC composites as a function of SiC NPs
content.

SiC NPs Content (wt.%) Yield Strength (MPa)
0 325
1 420
3 500
5 555
550 ~
500 ~
g
£
5, 450 -
=
g
&
L=
g 400 -
350 ~
0 1 2 3 a 5

SiC Content (wt.%)

Figure 4 Variation of yield strength (YS) of Al2024-SiC composites as a function of SiC NPs content
(Wt.%).

2.6.Hardness

The hardness of the Al2024-SiC composites is examined to evaluate the effect of ceramic
reinforcement on surface resistance to indentation and wear. The results reveal a consistent and nearly
linear increase in hardness with increasing SiC NPs content. The examined values are summarized in
Table 5. It is observed that the hardness increases from approximately 120 HB for the unreinforced
Al2024 alloy to about 170 HB at 5 wt.% SiC NPs, indicating a substantial improvement. As illustrated
in Figure 5, the hardness increases progressively with increasing SiC NPs content. This enhancement
is primarily attributed to the incorporation of extremely hard SiC NPs within the relatively softer
aluminum matrix. These particles act as obstacles to localized plastic deformation, thereby increasing
resistance to indentation. Additionally, improved load distribution and grain refinement contribute to
the observed hardness enhancement. The results confirm that SiC NPs reinforcement significantly
improves the surface hardness of Al2024 composites, making them more suitable for wear-resistant
applications such as engine components and sliding surfaces [69,70].
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Table 5 Examined hardness values (Brinell hardness, HB) of A12024—SiC composites as a function of
SiC content.

SiC NPs Content (wt.%) Hardness (HB)
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Figure 5 Variation of hardness (HB) of Al2024-SiC composites as a function of SiC NPs content
(Wt.%).

2.7.Elongation at break

The elongation at break of the Al2024—SiC composites is examined to assess the effect of SiC NPs
reinforcement on ductility. In contrast to the trends observed for strength and hardness, the ductility
decreases with increasing SiC NPs content. The examined values are summarized in Table 6. It is
observed that the elongation at break decreases from approximately 18% for the unreinforced Al2024
alloy to about 10% at 5 wt.% SiC NPs, indicating a significant reduction in the material’s ability to
undergo plastic deformation prior to fracture. As illustrated in Figure 6, the elongation shows a nearly
linear decline with increasing SiC NPs content. This behavior is characteristic of particulate-reinforced
metal matrix composites, where the presence of hard and brittle ceramic particles restricts the mobility
of dislocations and acts as stress concentration sites. Consequently, crack initiation and propagation
occur more readily, leading to reduced ductility. This observed trend highlights the inherent trade-off
between strength and ductility in composite materials. While the addition of SiC NPs significantly
enhances strength, stiffness, and hardness, it simultaneously reduces the material’s capacity for plastic
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deformation. Therefore, an optimal reinforcement level must be selected to balance these competing
properties depending on the intended application [71, 72].

Table 6 Examined elongation at break (%) of AlI2024-SiC composites as a function of SiC NPs
content.

SiC NPs Content (wt.%) Elongation (%)
0 18
1 15
3 12
5 10
18 ~
17 ~
16
e 15 A
c
2
= 14 1
p]
=
= 13
12 ~
11 ~
10 ~
0 1 2 3 2 5

SiC Content {wt.%)

Figure 6 Variation of elongation at break (%) of Al2024-SiC composites as a function of SiC NPs
content (wt.%).

2.8 Microstructural analysis

Microstructural analysis plays a critical role in understanding the relationship between the fabrication
process, internal structure, and the resulting mechanical properties of Al12024—SiC composites. In this
study, the microstructure is examined using scanning electron microscopy (SEM) to evaluate the
distribution of reinforcement particles, interfacial bonding, and the presence of defects such as porosity
or particle agglomeration. Typical SEM observations reveal a relatively uniform distribution of SiC
NPs within the aluminum matrix, particularly at lower reinforcement levels (1 wt.% and 3 wt.%). This
homogeneous dispersion is essential for achieving consistent mechanical properties, as it promotes
effective load transfer between the matrix and the reinforcement. At higher reinforcement content (5
wt.%), slight particle clustering may be observed in localized regions, which can act as stress
concentration sites and influence mechanical behavior. As illustrated in Figure 7, the micrographs
demonstrate the effect of increasing ceramic reinforcement on the composite structure. Although the
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figure presents representative images using tungsten carbide (WC) reinforcement, the observed trends
are comparable to those expected for SiC-reinforced NPs systems. With increasing reinforcement
content, the number density of particles within the matrix increases, leading to enhanced strengthening
but also a higher probably of particle interaction and agglomeration. Additionally, good interfacial
bonding between the matrix and reinforcement is observed, indicating effective wettability achieved
during the stir casting process. This strong interface is crucial for efficient stress transfer and
contributes to the improved mechanical performance reported in earlier sections. Minimal porosity is
observed in well-processed samples, confirming the effectiveness of the fabrication and casting
parameters. The microstructural analysis supports the mechanical results, demonstrating that uniform
particle distribution and strong interfacial bonding are key factors responsible for the enhanced
strength, stiffness, and hardness of the A12024-SiC composites [73].
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Figure 7 FESEM micrographs of Al2024-SiC composites with varying reinforcement content: (a)
Al2024 alloy (0 wt.% SiC NPs), (b) Al2024—-1 wt.% SiC NPs, (c) Al2024-2 wt.% SiC NPs, (d)
Al2024-3 wt.% SiC NPs, (e) Al2024—4 wt.% SiC NPs, and (f) A12024-5 wt.% SiC NPs.
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2.9.Comparison with base alloy

To thoroughly assess the impact of $i€s reinforcement, we have compared the primary mechanical
characteristics of the Al2024 alloy base, as well as the corresponding composites with different
percentages of SiC NPs. The results are compiled into Table 7 which includes density, elasticity
modulus, UTS, yield strength, hardness, and elongation at break transitions between each sample
Table 7 clearly shows that the addition of SIiC NPs indicates an increase in stegaigith properties,

l.e. elastic modulus, UTS, yield strength and hardness. The improvements in these properties are due i
large part to the properties of SiC NPs i.e.: higher levels of stiffness/hardness associated with these
materials, along with the operating mechanisms of load transfer, dislocation strengthening and grain
refinement within the aluminum matrix. Figures 8, 9 and 10 illustrate the trends between samples. The
details in Figure 8 show the increase in stremgthted properties (ultimate tensile strength and yield
strength) with respect to the increase in SiC NPs content. The elastic modulus and the hardnes:
presented in Figure 9 illustrate the nearly linear increases of these properties as SiC NPs are added
Al2024. In contrast to the linear trends found with the elastic modulus and the hardness are the
changes in ductility illustrated in Figure 10, i.e., the elongation at failure decreases as additional SiC
NPs are added to Al2024. This evaluation of the performance characteristics of the-3i2024
composites demonstrates that there is a tradeoff between strength and ductility in-3i2024
composites and that the addition of SiC NPs provides a substantial improvement in stiffness, strength
and hardness but provides a reduction in the material's ability to deform plastically. For this reason, the
composite with 3 wt.% SiC NPs represents the best balance of performance and ductility of the testec
compositions of AlI20246iC composites, and makes it a desirable candidate for engineering
applications that require both reliable strength and ductifity.

Table 7 Summary of mechanical properties for A12024 and Al2024-SiC composites.

Al2024 Al2024 + 1% | Al2024 +3% | Al2024 + 5%
Mechanical Property (Base) SiC SiC SiC Unit
Density (p) ~2.78 ~2.79 ~2.81 ~2.83 g/cm’?
Elastic Modulus (E) ~73.1 ~76.7 ~82.4 ~88.2 GPa
Ultimate Tensile Str ~470 ~485 ~515 ~545 MPa
(UTS)
Yield Strength (YS) ~325 ~370 ~460 ~555 MPa
Hardness (HB) ~120 ~130 ~150 ~170 HB
Elongation at Break ~20 ~18 ~15 ~12 %
(%)
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Figure 8 Variation of density and elastic modulus of A12024—SiC composites as a function of SiC NPs

content (wt.%).
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Figure 9 Effect of SiC NPs content on ultimate tensile strength (UTS) and yield strength (YS) of
Al12024-SiC composites.






