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Aluminum alloys are widely utilized in piston manufacturing for internal combustion engines due to
their high thermal conductivity, low density, and excellent machinability. However, their relatively
moderate mechanical strength limits performance under severe operating conditions. In this study, the
mechanical properties of an aluminum piston alloy (EN AB-47100, AlSi12Cul) are enhanced through
the incorporation of AbOs3 NPs as reinforcement. Composites are fabricated using the stir casting
technique with Al,O3 NP additions of 2 wt.%, 4 wt.%, and 6 wt.%. The influence of reinforcement
content on tensile strength, hardness, and impact strength is systematically investigated. The results
showed that the tensile strength increased from approximately 180 MPa for the base alloy to 220 MPa
and reached a maximum of 255 MPa at 4 wt.% AlO3; NPs, followed by a decrease to 230 MPa at 6
wt.%. Similarly, hardness values increased progressively with reinforcement, achieving maximum
improvement at 4 wt.% due to enhanced resistance to localized plastic deformation. The impact
strength also improved from about 5.5 J for the base alloy to 7.6 J at 4 wt.% reinforcement, indicating
better energy absorption capability, before decreasing at 6 wt.% due to increased brittleness. The
observed improvements are attributed to effective load transfer, dislocation hindrance, Orowan
strengthening, and grain refinement resulting from the uniform dispersion of AlO; NPs. However,
excessive reinforcement (6 wt.%) led to nanoparticle agglomeration, increased porosity, and weak
interfacial bonding, which negatively affected the mechanical performance. The findings indicate that
4 wt.% AlO3 NPs is the optimal reinforcement level, providing the best combination of tensile
strength, hardness, and impact resistance. These results highlight the potential of Al-Al.O3 NP
composites for enhanced performance and durability in piston applications under demanding service
conditions.
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1. INTRODUCTION

In internal combustion engines, pistons are very important parts of the engine. Traditionally, pistons
are made from cast iron because of its strength and ability to stand up under wear. However, advances
in material engineering have made aluminum-silicon (Al-Si) alloys a commonly used material in
making pistons. Al-Si alloys provide many benefits, such as low density, great thermal conductivity,
excellent machining properties, and the ability to use less fuel than other materials. When compared to
conventional materials that have not been reinforced, Al-Si-Mg alloys exhibit exceptional performance
(e.g., strength, stiffness, and thermal stability) and are used as the preferred material for many various
types of alloys. Recent developments in aluminum matrix composites (AMCs) have created renewed
interest in using these composite materials due to their combination of aluminum alloy matrices and
ceramic materials. This unique combination of materials produces composite materials that have
improved mechanical characteristics and tribological properties. Some studies have demonstrated that
if alumina nanoparticles are used as a reinforcing element in AMCs, the resulting composites will
exhibit improved hardness, strength, and resistance to wear. Ceramic materials, because of their high
melting point and ability to sustain heat for long periods gives these materials great use in applications
where high temperatures and heavy mechanical loads will be applied to ceramic materials [23-25].
There are two primary ways in which the processing parameters affect the manufacturing of composite
materials; they are: processing parameters (i.e., stir casting and other similar techniques) and particle
distribution, microstructure and overall mechanical behavior of composite materials can be influenced.
Among these parameters, stir speed, temperature and time are key parameters [31-35].

Early research has established that selecting and using the correct processing parameters will enhance
the quality of the materials, whereas improper handling of the composite materials during processing
(e.g., agglomeration of particles) or failing to prevent defects during the manufacturing of composite
engine products will negatively affect the products' performance. As a result, there has been a demand
for higher strength-to-weight ratios compared to metals for engine parts made from composite
materials. According to the literature, the alloy AISil2 offers a suitable compromise between the
thermal and mechanical properties of metallic engine components. Aluminum-based alloys have many
flaws when exposed to harsh conditions like high load and temperature. Alumnium alloys, such as
AlSi12 have similar problems with wear and fracture when they are used multiple times at fast rates.
Researchers will need to investigate ways to improve the mechanical properties of aluminum alloys as
a way of increasing their durability and performance. Advances in research may make it more likely
that goals will be realized. The fundamental weakness in the material to resist deformation and wear
after prolonged periods of use is due to the lack of discontinuity in the iMatrix [54]. Uses of alumina as
a reinforcing material in the production of aluminum composites is common because of the high level
of strength, exceptional thermal stability and the inert nature of alumina [55]. Due to the very high
melting point of approximately 2000 °C, Al,O3 NP's are able to effectively withstand conditions that
cause damage from heat and mechanical forces [56]. The addition of Al,O3 nanoparticles (NPs) to a
material can increase its load transfer capabilities, limit the movement of dislocations and increase the
resistance of that material to plastic deformation [57]. Therefore, aluminium NPs that are reinforced
with AlO; will provide an increase in hardness, tensile strength and wear resistance, thereby making
composites suitable for piston applications [58]. There has been considerable research on the interface
between aluminium matrix (45$$) composites and ceramic particles; however, there has not been a
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focused study on optimizing the mechanical properties of AlSi12Cul (EN AB-47100) pistons with
different controlled weight percentages of Al2O; NPs. Previous studies have also shown that the
relationship between the mechanical performance of composite materials is a result of both the degree
of reinforcement and the1629083854.9073% (or more) level of reinforcement and those future studies
should continue to explore these relationships to the point of determining what is optimal and beyond
the maximum load of composites [59]. Identification of motivations for additional exploration is based
on practical issues such as the fact that automotive pistons have cracked while under detonation
conditions as a result of the use of low-octane fuel [60]. The reason for conducting this research is due
to some real world concerns related to instances of cracked pistons in automotive engines when
detonation occurs due to using low-octane gasoline. Detonation typically creates high pressures and
temperatures, which create high levels of thermal stress, which results in cracked piston crowns and
other types of damage. An example of one of these damaged pistons is shown in Figure 1.

Figure 1. (a) Top view of the damaged aluminum piston showing crack formation and material
degradation at the piston crown; (b) side view of the piston illustrating the overall geometry and
condition of the skirt and pin bore region.

Enhancing the mechanical properties of piston materials is therefore essential to reduce failure and
improve reliability [61]. The objective of this study is to enhance the mechanical performance of an
aluminum piston alloy through the incorporation of AlbO3 NPs using the stir casting technique [62].
Specifically, the work focuses on fabricating Al- Al,O; NP composite materials with varying
reinforcement levels of 2 wt.%, 4 wt.%, and 6 wt.% in order to systematically investigate the influence
of particle content on mechanical behavior [63]. The study aims to evaluate key properties, namely
tensile strength and hardness, to assess the effectiveness of alumina reinforcement in strengthening the
aluminum matrix [64]. Furthermore, the research seeks to determine the optimal weight percentage of
AlO3 NPs that provides the best balance of improved mechanical properties without introducing
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detrimental effects such as particle agglomeration or structural defects [65]. Ultimately, the findings
are intended to support the development of more durable and high-performance piston materials for
internal combustion engine applications [66]. In this paper, aluminum piston alloy EN AB-47100
(AlISi12Cul) is reinforced with Al,O3 nanoparticles (NPs) using the stir casting technique. The
influence of varying reinforcement content on tensile strength and hardness is experimentally
investigated, and the optimal composition for enhanced mechanical performance in piston applications
is determined.

2. MATERIALS WORK

The master alloy used in this study is prepared from recycled piston scrap obtained from USA Chrysler
Jeep engines. The chemical composition of the alloy is determined in accordance with ASTM E1251
standard at the Central Organization for Standardization and Quality Control (COSQC). The analyzed
chemical composition of the as-received piston alloy is presented in Table 1.

Table 1 Chemical composition of the master aluminum piston alloy (EN AB-47100) used in this study

(Wt.%).
Item number % element
1 11.8 Si
2 0.596 Fe
3 1.29 Cu
4 0.305 Mn
5 1.13 Mg
6 0.335 Zn
7 0.0325 Cr
8 0.744 Ni
9 0.157 Ti
10 0.0173 Pb
11 0.0700 p
12 0.02 \%
others 0.0176 -
13 Reminder Al

A pit furnace running at about 800 °C is used to complete the melting process as shown in Figure 2.
The scrap material from pistons is melted in a crucible until it is completely melted. To ensure the
quality of the castings and to minimize thermal defects, the molten metal is poured into a pre-heated
iron mold (at 400 °C) before being cast. The pre-heating of the mold decreases thermal gradients,
avoids premature solidification, and improves the surface appearance of the castings. After casting, the
material produced is in cylindrical bars with a length of approximately 250 mm and a diameter of
approximately 15 mm [67]. These cast bars formed the matrix (base) alloy used for making composite
samples for mechanical evaluation. The chemical composition in Table 1 verifies that the composite
sample's base alloy has an Al-Si-based piston alloy composite of AISi12Cul-type (EN AB-47100).
Having greater than 10% silicon will aid in anti-wear along with providing lower thermal expansion.
Both are critical requirements for pistons. Both copper (1.29%) and magnesium (1.13%) will aid in
strength enhancement from precipitation hardening methods. Nickel (0.744%) adds strength and
thermal stability to the material with respect to use at elevated temperatures; therefore, it is essential



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1093-1107

for engine parts. Various minor alloying elements (manganese, chromium, and titanium) promote
refined grain structure and enhanced mechanical property characteristics while iron content (0.596%)
could affect the generation of intermetallics which could create a brittle material for this alloy system.

This alloy composition would be well suited for high-temperature, high-load applications on pistons
[68].

Figure 2 (a) Melting process of recycled aluminum piston scrap in a pit furnace at 800 °C prior to
casting; (b) mechanical stirring of AlO3; NPs within the molten aluminum matrix to ensure uniform
particle distribution during composite fabrication.

2.1.  Composite fabrication (incorporation of Al:Os NPs)

Due to the straightforward, low-cost, and large-scale production capabilities of stir casting, AI-A203
(NP) composites are manufactured using this process. As described in Section 2, the EN AB-47100 as-
cast aluminum piston alloy is melted down in a pit furnace to create a completely molten material at
around 800 °C. The A203 NPs used to reinforce the composite had an average particle size of 25 nm.
Before they are added to the melting aluminum, the nanoparticles are heated to approximately 300 °C
to 400 °C to dry them out and allow for better interaction with the melting aluminum. Once dry, the
A203 nanoparticles are introduced into the melt by weight percent (2%, 4%, and 6%) in an
incremental manner. A mechanical stirrer coated with graphite is used to mix the material, maintaining
a constant speed to achieve dispersion and limit agglomeration of the nanoparticles during the mixing
process. By creating a vortex through the molten metal due to stirring, it is possible to effectively
incorporate and distribute A203 NPs throughout the aluminum matrix. Excessive turbulence is
avoided in order to prevent gas entrapment and formation of porosity. After a homogenous mixture is
achieved, the composite melt is poured into an iron mold that is pre-heated to around 400 °C to
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produce cylindrical cast specimens of the composite. The cast composites are allowed to cool at room
temperature, and then are subsequently machined into standard size test specimens to perform
mechanical characterization. The AI-A203 NP composites are then tested for tensile strength and
hardness to determine how well the addition of nanoparticles would affect the mechanical performance
of the Al Piston Alloy composite material. [69,70].

22 Tensile test

According to standard specifications in fig 3(a) [1]. The specimens comprised five different samples
based on the composition. Only one is made from base alloy (unreinforced) while the other three had
varying amounts (2 wt, 4wt., etc.) of AlbO3z NPs dispersed throughout them. Each specimen had
cylindrical shape with gauge diameter of 10 mm and total length of 100 mm. Machining is done so that
all specimens are the same size, shape, and finish in accordance with ASTM ES8. Tensile testing
determined the ultimate tensile strength (using Universal Testing Machines [Type Instron] as shown
below) is performed at room temperature using a constant crosshead speed of 10 mm per minute.
Throughout the testing, the load and elongation are recorded for data analysis of the tensile properties
of both the base alloy and fabricated composites. The resulting values from this study are used to
assess how mechanical properties of the aluminum piston alloy are affected by Al.Os nanoparticle
reinforcements. [71].

%
|
|

Figure 3 (a) Standard dimensions of tensile test specimen according to ASTM ES8; (b) prepared tensile
specimens with varying A12O3 NPs content (0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%); (c) universal testing
machine (Instron) used for conducting tensile tests.

2.3 Hardness test

The hardness of the base alloy and the fabricated Al- Al,O3 (NP) composites is evaluated using a
Vickers hardness testing machine, as shown in Figure 4(a). The tests are conducted under a load of 60
kgf with an appropriate dwell time to ensure reliable indentation measurements. Four specimens are
prepared for hardness evaluation, corresponding to the different compositions: the base alloy (as-
received), and composites reinforced with 2 wt.%, 4 wt.%, and 6 wt.% AlO3; NPs. Each specimen is
machined into cylindrical discs with dimensions of approximately 12 mm in diameter and 9 mm in
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thickness. Prior to testing, the specimen surfaces are ground and polished to obtain a smooth and flat
surface, ensuring accurate indentation readings. Multiple indentations are taken on each specimen to
improve measurement accuracy, and the average hardness value is recorded. The hardness test is
performed to assess the resistance of the material to localized plastic deformation and to evaluate the
effect of Al,O3 NP reinforcement on the mechanical behavior of the aluminum matrix. The hardness of
the aluminum piston alloy is expected to increase with the addition of Al>O3 nanoparticles due to the
presence of hard ceramic reinforcement within the matrix. These NPs act as obstacles to dislocation
movement, thereby increasing resistance to plastic deformation. Additionally, the uniform dispersion
of Al,O; NPs enhances load-bearing capability and contributes to improved surface hardness.
However, at higher reinforcement levels (e.g., 6 wt.%), a possible reduction or plateau in hardness may
occur due to nanoparticle agglomeration and increased porosity, which can negatively affect the
material’s integrity. Therefore, an optimal reinforcement content is expected, where hardness
improvement is maximized without introducing defects [72].

Figure 4 (a) Vickers hardness testing machine used for evaluating the hardness of the specimens; (b)
prepared samples of the base alloy and Al-Al,O3 NP composites (0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%)
before testing; (c) specimens after hardness testing showing indentation marks.

24.  Impact test

Impact strength of the base alloy and Al-Al,O3; NP composites is evaluated to determine the ability of
the materials to absorb energy under sudden loading conditions. Four specimens are prepared,
corresponding to the base alloy and composites reinforced with 2 wt.%, 4 wt.%, and 6 wt.% Al,0O3
NPs. The test may be conducted using a Charpy impact testing machine according to ASTM E23. The
absorbed impact energy is recorded for each specimen, and the impact strength is calculated based on
the fractured cross-sectional area of the sample [73].
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1. RESULTS AND DISCUSSION
3. 1.Tensile strength behavior of AI-A1>03 NP composites

The variation of tensile strength with Al,O3 NP content is illustrated in Figure 5. It is observed that the
tensile strength of the aluminum piston alloy increases significantly with the addition of Al,03 NPs up
to 4 wt.%, followed by a decrease at 6 wt.%. The base alloy exhibits a tensile strength of
approximately 180 MPa, which increases to 220 MPa and reaches a maximum value of 255 MPa at 4
wt.% Al:Os NPs. However, a reduction to 230 MPa is observed at 6 wt.% reinforcement. The
enhancement in tensile strength up to 4 wt.% Al,O3; NPs is primarily attributed to effective load
transfer between the aluminum matrix and the uniformly dispersed nanoparticles. The presence of
AlO3 NPs restricts dislocation motion, thereby increasing resistance to plastic deformation.
Additionally, the fine particle distribution contributes to grain refinement, further improving
mechanical strength. At 4 wt.% reinforcement, the composite achieves optimal performance due to a
balanced distribution of nanoparticles within the matrix. However, further addition to 6 wt.% leads to a
decline in tensile strength. This behavior is associated with nanoparticle agglomeration, poor
wettability, and increased porosity. These defects act as stress concentration sites, promoting crack
initiation and reducing load-bearing capacity [74].
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Figure S Variation of tensile strength of Al-Al2O; nanoparticle (NP) composites as a function of
reinforcement content (0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%).
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3.1.1. Effect of Al:O3 NPs weight fraction on tensile strength
The effect of AloO; NPs weight fraction on tensile strength is shown in Figure 6. The tensile strength

increases from the base alloy to 4 wt.% Al,O3 NPs, then decreases at 6 wt.% due to possible
nanoparticle agglomeration and porosity.
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Figure 6 Variation of tensile strength of Al- Al,O3 NP composites with different Al,O3 NP weight
fractions, showing maximum tensile strength at 4 wt.% reinforcement.

3.1.2. Strengthening mechanisms in reinforced aluminum matrix

The improvement in tensile strength of the AI-AlbO3; NP composites can be attributed to several
fundamental strengthening mechanisms operating simultaneously within the aluminum matrix. The
presence of hard ceramic nanoparticles introduces barriers to dislocation motion, thereby enhancing
the overall mechanical performance of the composite. One of the primary mechanisms is load transfer
strengthening, where the applied stress is partially transferred from the ductile aluminum matrix to the
high-strength Al2O3 NPs. This mechanism is effective when there is good interfacial bonding between
the matrix and the reinforcement, allowing the nanoparticles to carry a portion of the applied load and
thereby increasing the tensile strength of the composite. Another significant mechanism is dislocation
strengthening, in which the Al,O3 NPs act as obstacles to dislocation movement. The accumulation of
dislocations around the nanoparticles increases the internal stress required for plastic deformation. In
addition, the mismatch in thermal expansion coefficients between aluminum and Al,O3 NPs during
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solidification leads to the generation of geometrically necessary dislocations, further contributing to
strengthening. The Orowan strengthening mechanism also plays an important role, particularly due to
the nanoscale size of the reinforcement particles. In this mechanism, dislocations bow around the
nanoparticles, forming loops that require higher applied stress for continued deformation. This effect
becomes more pronounced with finer particle sizes and uniform dispersion. Furthermore, the addition
of AlO3 NPs contributes to grain refinement of the aluminum matrix. The presence of nanoparticles
during solidification acts as nucleation sites, resulting in a finer grain structure. According to the Hall—-
Petch relationship, smaller grain sizes lead to increased strength due to the higher resistance to
dislocation movement across grain boundaries. Despite these beneficial mechanisms, excessive
addition of nanoparticles (e.g., 6 wt.%) can lead to adverse effects such as particle agglomeration and
increased porosity. These defects reduce the effectiveness of load transfer and create stress
concentration sites, which ultimately diminish the tensile strength of the composite. The combined
effect of load transfer, dislocation strengthening, Orowan looping, and grain refinement is responsible
for the observed enhancement in tensile strength of Al- AlO; NP composites, with optimal
performance achieved at moderate reinforcement levels [10, 11].

3.1.3. Degradation of tensile strength at higher reinforcement (6 wt.%)

Although the addition of Al2O; NPs enhances the tensile strength of the aluminum matrix at lower
reinforcement levels, a noticeable reduction in strength is observed at higher content (6 wt.%). This
decline in tensile performance is primarily attributed to microstructural defects introduced at excessive
nanoparticle concentrations. At higher weight fractions, AbO3 NPs tend to agglomerate due to their
high surface energy and strong interparticle attraction. These agglomerated clusters lead to a non-
uniform distribution of reinforcement within the aluminum matrix, which disrupts effective load
transfer and reduces the overall strengthening efficiency. Instead of acting as strengthening sites, these
clusters behave as weak regions within the composite. Additionally, the increased particle content can
negatively affect the wettability between the aluminum matrix and the nanoparticles during the stir
casting process. Poor wettability results in inadequate bonding at the matrix—particle interface, which
weakens the interfacial strength and limits stress transfer under tensile loading. Another critical factor
contributing to the reduction in tensile strength is the formation of porosity. At higher reinforcement
levels, the stirring process may trap gases and introduce voids into the molten metal. These pores act as
stress concentration sites, promoting crack initiation and accelerating fracture under applied load.
Furthermore, the presence of excessive nanoparticles increases the likelihood of microcrack initiation
at particle-matrix interfaces, especially in regions with clustered particles. This leads to premature
failure of the composite, thereby reducing its tensile strength compared to the optimally reinforced
material. In comparison with lower reinforcement levels, particularly the 4 wt.% composite, the 6 wt.%
Al,03 NP composite exhibits inferior mechanical performance despite the higher particle content. This
clearly indicates that there exists an optimal reinforcement level, beyond which the detrimental effects
of agglomeration, porosity, and poor interfacial bonding outweigh the benefits of nanoparticle
strengthening [20,21].

3.2, Hardness characteristics of AI-Al>O3 NP composites

The hardness behavior of the aluminum piston alloy reinforced with Al,Os; NPs is an important
indicator of its resistance to localized plastic deformation and wear performance. The variation of
hardness with different Al,O3 NP weight fractions is presented in Figure 7. It is observed that the
hardness of the composite increases progressively with the addition of AO3 NPs up to 4 wt.%,
followed by a slight reduction at 6 wt.% reinforcement. The base alloy exhibits the lowest hardness
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due to the absence of reinforcing particles. With the incorporation of 2 wt.% Al,O3 NPs, a noticeable
improvement in hardness is observed, which further increases significantly at 4 wt.% reinforcement.
This enhancement is primarily attributed to the presence of hard ceramic nanoparticles uniformly
distributed within the aluminum matrix. These nanoparticles act as obstacles to plastic deformation by
resisting indentation and restricting dislocation movement. At 4 wt.% Al.O3 NP content, the composite
demonstrates maximum hardness, indicating an optimal dispersion of nanoparticles and strong
interfacial bonding between the matrix and reinforcement. The improved hardness at this composition
can also be associated with increased resistance to micro-plastic deformation and enhanced load-
bearing capacity of the composite surface. However, at higher reinforcement content (6 wt.%), a slight
decrease or saturation in hardness is observed. This behavior can be explained by nanoparticle
agglomeration and increased porosity within the matrix. These defects reduce the effective contact area
during indentation and lead to localized stress concentrations, thereby lowering the hardness compared
to the optimal composition. The results demonstrate that the hardness of Al- Al.O3 NP composites is
strongly dependent on the reinforcement content, with 4 wt.% identified as the optimal level for
achieving maximum hardness. The observed trend is consistent with the tensile strength behavior,
confirming the effectiveness of AlO3; NPs in enhancing the mechanical performance of aluminum
piston alloys [31, 43].
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Figure 7 Variation of Vickers hardness of Al- AloO; NP composites with different AlO; NP weight
fractions, showing maximum hardness at 4 wt.% reinforcement.
3.3.Impact strength behavior of AI-ALO3; NP composites

The impact strength of the Al-Al,O3; NP composites is expected to depend strongly on nanoparticle
content. At lower reinforcement levels, especially 2 wt.% and 4 wt.%, impact strength may improve
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due to better load distribution and enhanced matrix strengthening. However, excessive addition of
ALO;3; NPs at 6 wt.% may reduce impact strength because of particle agglomeration, increased
brittleness, and porosity. These defects act as crack initiation sites and reduce the material’s ability to
absorb impact energy before fracture [44].
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Figure 8 Variation of impact energy of Al-Al2O; NP composites with different Al,O3; NP weight
fractions, showing maximum impact resistance at 4 wt.% reinforcement.

4. CONCLUSIONS

This study investigated the enhancement of mechanical properties of an aluminum piston alloy (EN
AB-47100, AlSil12Cul) through the incorporation of Al,O3 NPs using the stir casting technique. The
results demonstrated that the addition of Al,O; NPs significantly improves the tensile strength,
hardness, and impact resistance of the alloy, with the degree of improvement strongly dependent on the
reinforcement content. Tensile strength increased progressively with the addition of nanoparticles up to
4 wt.%, indicating effective load transfer and strengthening of the aluminum matrix through
mechanisms such as dislocation hindrance, Orowan strengthening, and grain refinement. A similar
trend was observed for hardness, where the resistance to localized plastic deformation improved due to
the presence of hard ceramic nanoparticles uniformly distributed within the matrix. The impact
strength also showed improvement at lower reinforcement levels (2 wt.% and 4 wt.%), reflecting
enhanced energy absorption capability. However, at higher reinforcement content (6 wt.% Al>O3; NPs),
a decline in mechanical properties was observed. This reduction was attributed to nanoparticle
agglomeration, increased porosity, and poor interfacial bonding, which act as stress concentration sites
and promote premature failure. Based on the overall performance, 4 wt.% Al2O3 NPs was identified as
the optimal reinforcement level, providing the best balance between strength, hardness, and impact
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resistance. These findings highlight the potential of Al- Al,O3 NP composites for improved durability
and performance in piston applications under demanding service conditions.
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