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ARTICLE INFO ABSTRACT

Keywords: The study investigates the influence of hybrid reinforcements comprising aluminum oxide (Al20s) and copper

Al_ummu_lm (Cu) on the microstructure, nanomechanical, and wear properties of aluminum-based composites. Six different

;?" casting compositions were prepared, including aluminum 6063 and composites with varying ratios of Al-0s and Cu.
icrostructure Microstructural analysis via scanning electron microscopy (SEM) revealed a transition from a relatively homo-

Mechanical property e s . . . s .

Wear geneous distribution in Al2Os-reinforced composites to a network-like structure with increasing Cu content due to

phase segregation. Nanoindentation tests showed that composites with higher Al2Os content exhibited superior
hardness and elastic modulus, with sample S2 (75 wt% Al-0s and 25 wt% Cu) demonstrating the highest
nanohardness, stiffness and yield pressure. This composite also showed the lowest penetration depth and the
highest load-carrying capacity, indicating enhanced resistance to plastic deformation. Wear tests revealed that
composites with higher Al-0: content exhibited lower wear rates, while increased Cu content reduced the co-
efficient of friction, enhancing tribological performance. The findings underscore the significance of optimizing
Al:Os and Cu ratios to achieve balanced mechanical properties and wear resistance in aluminum-based

composites.

1. Introduction

The escalating demand for lightweight yet high-strength materials
has positioned aluminum and its alloys at the forefront of modern en-
gineering applications, notably within the aerospace and automotive
sectors [1]. Aluminum’s inherent low density, combined with its
commendable physical, mechanical, and tribological properties, renders
it an ideal candidate for numerous structural applications [2]. However,
the intrinsic properties of monolithic aluminum often fall short in
meeting the rigorous demands of specialized engineering applications,
thereby catalyzing research into Aluminum Matrix Composites (AMCs)
[3-5]. AMCs, characterized by the incorporation of reinforcing phases
into the aluminum matrix, have demonstrated superior property com-
binations, such as enhanced specific strength, stiffness, and wear resis-
tance, while maintaining satisfactory levels of corrosion resistance [6,7].
The strategic selection and integration of reinforcements can tailor these
composites to exhibit desired properties. In particular, hybrid re-
inforcements, which employ multiple reinforcing agents, have gained

traction due to their ability to synergistically improve mechanical and
tribological performance [8]. Kumar et al. highlighted that hybrid
composites exhibit elevated hardness, tensile strength, and wear resis-
tance, alongside a reduced coefficient of friction, compared to their
monolithic counterparts [9].

Within the realm of reinforcements, ceramic particulates such as
silicon carbide (SiC) and aluminum oxide (Al=03) have been extensively
employed due to their high hardness and thermal stability [10,11].
Al20s, or alumina, in its crystalline form, is not only pivotal in advanced
ceramic applications but also serves as an effective reinforcement in
AMCs, enhancing strength and specific stiffness. Nevertheless, chal-
lenges such as poor wettability and inherent porosity have impeded the
optimal utilization of Al-Os in composite fabrication [12,13]. To miti-
gate these issues, various processing methodologies have been explored,
with stir casting emerging as a particularly efficacious technique [14].
Stir casting involves the incorporation of reinforcing particles into a
molten metal matrix, achieved through mechanical stirring, ensuring
uniform dispersion. This method stands out for its cost-effectiveness and
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capability to produce large, near-net-shape components [15-17].
Empirical studies have validated the efficacy of stir casting in fabricating
high-performance AMCs. For instance, Butola et al. demonstrated that
aluminum-based hybrid composites produced via stir casting exhibited
superior ultimate tensile strength (115.4 MPa), yield strength
(76.4 MPa), and Vickers hardness (55-77 HV) relative to composites
fabricated through alternative methods [18]. Similarly, Suryakumari
et al. (2015) observed that the addition of 2.5 wt% Al-0s and 5 wt% SiC
via stir casting enhanced both hardness and impact strength in Al 7075
hybrid composites [19].

It is evident from literature that parameters such as the size,
morphology, and volume fraction of reinforcements critically influence
the mechanical properties of AMCs [20]. In this context, the incorpo-
ration of Cu as a secondary reinforcement alongside Al-Os presents a
promising avenue for property enhancement. Al.Os, with its high
hardness and thermal stability, is expected to significantly improve the
wear resistance and hardness of the composite [21]. Simultaneously, Cu
plays a dual role; it not only enhances the mechanical strength through
solid solution strengthening and precipitation hardening but also im-
proves the thermal and electrical conductivity of the composite [22].
Previous studies have indicated that the addition of Cuin AMCs can lead
to an increase in yield strength and tensile strength due to the formation
of Cu-rich phases, which impede dislocation movement and enhance the
load-bearing capacity of the matrix [23-26]. Moreover, Cu can also
reduce the interfacial thermal mismatch between the matrix and
ceramic reinforcements, thereby improving the overall thermal stability
and wear resistance of the composite [27,28]. Thus, the synergistic ef-
fects of Cu and Al=Os in the aluminum matrix are anticipated to yield a
composite material with superior mechanical and tribological proper-
ties, making it suitable for advanced engineering applications.

Nanoindentation is a critical technique for evaluating the localized
mechanical properties of AMCs, providing detailed insights into the ef-
fects of various reinforcements, particularly in terms of hardness and
elastic modulus at the micro- and nanoscale [29,30]. The incorporation
of hard ceramic particles like Al.Os into AMCs has been shown to
significantly enhance hardness, reduce plastic deformation under load,
and improve wear resistance by minimizing material loss during sliding
or abrasive conditions [17,31,32]. However, the synergistic effects of
hybrid reinforcements, such as Al.Os and Cu, on the
microstructure-property relationships of AMCs remain underexplored.
This work specifically addresses this knowledge gap by investigating the
effects of these reinforcements on phase formation, microstructural
evolution, and property optimization, with a focus on interactions such
as Cu-induced precipitation hardening and interfacial strengthening.

This study systematically investigates the nanoindentation and wear
properties of Cu/Al20s hybrid-reinforced AMCs, synthesized via the stir
casting technique. By varying the proportions of Al-Os and Cu re-
inforcements, the study elucidates their combined effects on the com-
posite’s microstructure, hardness, and tribological behavior. The
novelty of this study lies in its systematic analysis of hybrid re-
inforcements in AMCs, providing new insights into the role of Cu in
reducing interfacial thermal mismatch, enhancing precipitation hard-
ening, and synergistically improving mechanical and tribological per-
formance alongside Al:Os. This research aims to advance the
understanding of hybrid reinforcement strategies in AMCs, contributing
to their optimized application in demanding engineering environments.

Table 1
Chemical composition of aluminium 6063 alloy.
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2. Materials and method
2.1. Materials

The base materials for the investigation are Aluminium 6063, Copper
(99.9 % purity), and Alumina. The morphology of the Al.Os powder used
in the experiment is angular, with an average particle size of 25 um.
Table 1 present the chemical compositions of the Aluminium 6063.
Table 2 outlines the composition of six aluminum-based composite
samples that were designed for casting. Sample 1 is Al alloy with no
reinforcement, while the other five samples contain 10 wt% total rein-
forcement with varying ratios of Al-20s to Cu. The ratios range from 1:0
(100 % Al203) to 0:1 (100 % Cu), with intermediate samples featuring
mixed ratios like 3:1, 1:1, and 1:3. This design enables a detailed anal-
ysis of how different Al2Os and Cu proportions affect the composite’s
properties.

2.2. Experimental procedures

The aluminium alloy was utilized as the metal matrix in this study,
with copper particulates and Al-Os powder selected as hybrid re-
inforcements to create aluminum-based composites. The composites
were produced using a double stir casting process. Charge calculations
determined the precise amounts of aluminum, Al-Os, and Cu needed to
achieve a total reinforcement content of 10 wt%, with varying weight
ratios of 1:0, 3:1, 1:1, 1:3, and 0:1. To enhance wettability and remove
residual moisture, the Al.Os particles were preheated separately to
250°C. Simultaneously, aluminum ingots were melted in a gas-fired
crucible furnace, heated to 30°C above the liquidus temperature. Once
fully liquefied, the molten Al alloy was cooled to approximately 600°C
to reach a semi-solid state. At this point, the preheated Al-Os particles
were introduced into the matrix, followed by the addition of molten Cu.
The slurry was manually stirred for 5 minutes to ensure initial dispersion
of the reinforcements. Subsequently, the composite slurry was reheated
to 720°C to ensure homogeneity and fluidity. A second stirring process
was carried out using a mechanical stirrer at 300 rpm for 10 minutes,
enhancing the uniform distribution of Al-0s and Cu particles within the
aluminum matrix. This controlled stirring process is essential for mini-
mizing agglomeration and achieving a consistent microstructure.
Finally, the well-mixed molten composite was cast into pre-prepared
sand molds, solidifying the aluminum matrix composite with the
desired hybrid reinforcement.

2.3. Microstructural characterization

The microstructure of the Al composites was examined using a JSM
7600 F JEOL ultra-high resolution field emission gun scanning electron
microscope (FEG-SEM) equipped with an EDS for detailed

Table 2
Composition of aluminum-based composite samples with varying ratios of Al-0Os
to Cu reinforcements.

Elements Si Fe Cu Mn

Composition (%) 0.45 0.22 0.02 0.03

Sample Al wt% Al,03 (Wt%) Cu (wt%) Al,03 : Cu ration

SO 100 - - 0:0

S1 920 10 - 1:0

S2 90 7.5 2.5 3:1

S3 90 5.0 5.0 1:1

S4 90 2.5 7.5 1:3

S5 90 - 10 0:1
Mg Zn Cr Ti Al
0.5 0.02 0.03 0.02 Bal
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microstructural analysis and elemental composition determination.
Prior to analysis, the samples were prepared to ensure optimal surface
integrity. A semi-automated metallographic sample preparation system
(Advanced Laboratory Solutions, ATM Saphir 550) was used for
grinding and polishing the samples. The final polishing stage employed a
0.2 pm colloidal fumed silica suspension to achieve a mirror-like surface
finish. After polishing, the samples were cleaned with acetone and air-
dried, ensuring they were ready for microstructural and compositional
investigations.

2.4. Nanoindentation testing

The mechanical properties of the Al composites were evaluated using
an ultra nanoindenter (UNHT) from Anton Paar, Switzerland, equipped
with a Berkovich diamond indenter, following ISO 14577 standards.
Nanoindentation was carried out on flat, polished surfaces of the sam-
ples at applied loads of 50 and 100 mN, with a loading rate of 10 mN/
min. For each load, a minimum of 15 indentations were performed per
sample, with a pause time of 1000 s between indentations to mitigate
viscoelastic effects and assess time-dependent deformation. The hard-
ness (H) and reduced elastic modulus (Er) were determined from the
load-displacement data using the Oliver and Pharr method [33], with
hardness calculated as the ratio of maximum load (Ppax) to the projected
contact area (Ac) as presented in Eq. 1.

_ Pmax
H= Ac (€H)
The Er is calculated as expressed in Eq. 2, which relates it to the
Poisson’s ratio of the sample (Vs) and the indenter (Vi), as well as the
elastic modulus of the sample (Es) and the indenter (Ei).

1 1- V52 1-vy
= 2
E i + E, (2)

The total work done by the indenter (Wy) is used to evaluate the
elastic recovery index (We/Wy) and the plasticity index (W,/Wy), which
characterize the mechanical behavior of the Al composites. The total
work W is the sum of the plastic work Wy, and the elastic work We.

2.5. Wear testing of Al composite

Wear testing of the aluminum composite samples was performed
using an Anton Paar tribometer configured for a ball-on-disc wear
testing setup. The samples, mechanically polished to a smooth surface
finish, were subjected to dry sliding wear testing at ambient tempera-
ture. The test parameters were as follows: a duration of 1800 s, an
applied normal load of 10 N, and a total sliding distance of 115 m. The
radius of the wear track was 2.41 mm, the linear sliding speed was
6.31 cm/s, and the data acquisition rate was set to 10 Hz. The coefficient
of friction (COF) was obtained during the test, and wear volume and
wear rates were calculated. The wear volume (V,,) was determined using
the formula:

Vw =— Eq. 3

where m is the mass loss of the sample and p is the density of the ma-
terial. The wear rate (WR) was calculated using:

Eq. 4
where F is the applied load and d is the sliding distance. The wear test
results, including COF, wear volume, and wear rates, were analyzed to
evaluate the wear resistance of the composites. The tests were conducted
for each composite variant to ensure the reliability and reproducibility
of the results. Each test was repeated three times under identical con-
ditions, and the results were consistent, with deviations in mean CoF
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values observed to be minimal across the trials. This reproducibility
highlights the robustness of the experimental setup and the reliability of
the observed trends

3. Results and discussion
3.1. Microstructural characterization

The microstructural evolution of the Al 6063-based composites
depicted in Fig. 1 highlights the distinct roles of Al-Os and Cu in
modifying the matrix morphology and grain boundary characteristics. In
the unreinforced Al 6063 (SO), the microstructure consists predomi-
nantly of equiaxed a-Al grains, typical of the alloy after solidification.
The absence of secondary phases or reinforcements in SO leads to limited
grain boundary delineation. Upon the introduction of 10 wt% Al20s in
S1, a pronounced dispersion of Al:Os ceramic particles is observed.
These particles serve as nucleation sites during solidification, promoting
heterogeneous nucleation and refining the grain structure. Studies by
Oke et al. [34] confirm that addition of Al.Os, enhances grain refinement
by reducing grain boundary mobility and acting as pinning points during
recrystallization. In the hybrid composites, the introduction of Cu in
addition to Al-Os results in more complex microstructural features. In S2
and S3, where Cu content ranges from 2.5 to 5 wt%, Cu-rich phases are
observed along grain boundaries, accompanied by dispersed Al-Os par-
ticles within the matrix. This dual-phase interaction creates a micro-
structure with distinct grain boundary reinforcement. The Cu phases at
boundaries are indicative of eutectic reactions during solidification, as
supported by findings from Han et al. [35], who noted similar
Cu-segregated phases in Al-Cu composites, attributing them to localized
enrichment during cooling. The Al:Os particles in these composites
remain well-distributed and maintain their role in grain refinement, as
confirmed by their consistent morphology and location within the a-Al
grains.

At higher Cu concentrations, as in S4 (7.5 wt% Cu), the micro-
structure undergoes significant changes with increased inter-
connectivity of Cu-rich phases along the grain boundaries. These
continuous boundary features suggest coalescence of Cu during solidi-
fication, a phenomenon reported by Ghoncheh et al. [36] in Al-Cu
composites, where Cu enrichment promotes phase segregation at grain
boundaries due to reduced solubility at lower temperatures. In S5,
comprising Cu, the microstructure lacks the ceramic reinforcement of
earlier samples, resulting in larger and more distinct Cu grains separated
by Cu-rich boundaries. The transition from dispersed particles (S1-S3) to
interconnected networks (S4-S5) underscores the role of Cu in altering
the grain boundary morphology, with Al-Os maintaining its influence
primarily within the earlier stages of hybrid reinforcement. These ob-
servations align with recent advancements in the development of hybrid
composites, emphasizing the complementary roles of ceramic and
metallic additions in tailoring microstructural characteristics [18].

The EDS as depicted in Fig. 2 confirms the presence of Cu-rich re-
gions along the grain boundaries, as highlighted in the microstructure.
The EDS spectrum demonstrates a significant intensity of Cu peaks,
corroborating the elemental composition of the regions examined. The
accompanying SEM image illustrates the Cu-rich phases that predomi-
nantly decorate the grain boundaries, forming continuous or semi-
continuous networks. This aligns with the earlier observation of Cu
segregation in hybrid Al 6063 composites with higher Cu concentra-
tions, emphasizing the role of Cu in boundary enrichment. The presence
of Cu at these boundaries is indicative of a eutectic or phase segregation
phenomenon, as noted by Han et al. [35], where Cu preferentially mi-
grates and solidifies at the grain boundaries during cooling due to
limited solubility in the Al matrix at room temperature. This composi-
tional evidence further validates the hypothesis that Cu additions not
only reinforce grain boundaries but also significantly alter their
morphology, transforming them into Cu-rich pathways that impact the
overall grain structure. Additionally, the minimal presence of other
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Fig. 1. (a-f): SEM images of (a) SO, A1 6063, (b) S1, Al 6063 with 10 wt% Al,03 (c) S2, Al 6063 with 7.5 wt% Al,03 and 2.5 wt% Cu (d) S3, Al 6063 with 5 wt% Al,03
and 5 wt% Cu (e) S4, Al 6063 with 2.5 wt% Al,03 and7.5 wt% Cu (f) S5, Pure Cu, composite samples.
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Fig. 2. SEM image of the Al 6063 composite (S4) with EDS confirming Cu-rich grain boundaries through prominent Cu peaks, highlighting significant Cu enrichment

at intergranular regions.

elements such as Mg and Si in the spectrum suggests that the Cu-rich
phases are relatively pure, consistent with studies by [37-39], which
reported similar microstructural features in Al-Cu systems.

The EDS spectra (Fig. 3) for samples SO to S5 highlight variations in
elemental composition that correspond to the reinforcement content. In
S0, the dominant Al peak is accompanied by Mg and Si peaks, which are
alloying elements in the Al matrix. The presence of O in SO likely results
from surface oxidation, while the C peak is attributed to surface
contamination. As Al:0s is introduced in S1, the O peak increases
significantly, confirming the presence of the ceramic oxide. With the
progressive addition of Cu in S2 to S5, Cu peaks emerge and intensify,
reflecting the increasing Cu content. For instance, S2, with 25 % Cu,
shows a moderate Cu peak, whereas S5, with 100 % Cu, exhibits a
dominant Cu peak, accompanied by a decrease in O content as Al-Os
decreases. This trend indicates that as Cu replaces Al:Os in the com-
posite, the oxygen content reduces due to the lower oxide phase. The
consistent presence of Mg and Si across all samples aligns with their role
as alloying elements in the Al matrix, while trace elements like Mn and
Ca appear in the Cu-containing samples, possibly introduced during the
processing or as minor alloying elements.

3.2. Nanoindentation studies of the mechanical properties of composite
samples

The nanoindentation testing technique was used to evaluate the
nanohardness, elastic modulus, elastic recovery index, resistance to
elastic strain to failure, and the yield pressure and the plasticity index of
the composite samples. In addition, the load-depth and displacement-
time plots were used to assess the mechanical behaviour of the sam-
ples in this section.

3.2.1. Elastic-plastic response during loading and unloading of the Al
composites

Fig. 4 presents the load-displacement curves obtained during nano-
indentation testing of the Al composites at two different applied loads of
50 mN and 100 mN for the samples: Al 6063 (S0), Al reinforced with
Alz0s (S1), Al reinforced with 75 % Alz0s and 25 % Cu (S2), Al rein-
forced with 50 % Al.0s and 50 % Cu (S3), Al reinforced with 25 % AlzOs
and 75 % Cu (S4), and Al reinforced with 100 % Cu (S5). The loading
curves for all samples show an increase in penetration depth with
applied load, with Al 6063 (SO) consistently exhibiting the greatest
depth. This indicates that SO undergoes more plastic deformation
compared to the reinforced samples. As the content of Al-Os and Cu
increases, the penetration depth decreases, showing that these
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Fig. 3. EDS spectra of samples SO to S5, illustrating the elemental composition for each sample based on the varying reinforcement content.
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Fig. 4. Load penetration depth curve depicting the elastic-plastic response of the composite under indentation load (a) 50mN, (b) 100mN respectively.

reinforcements contribute to reducing plasticity under the applied loads.
The steeper loading curves observed for the samples with higher rein-
forcement content (S1 and S2) suggest a greater resistance to penetra-
tion, pointing to a more elastic response during loading. The unloading
curves reveal the elastic recovery behavior of each sample. In both fig-
ures, it is evident that the samples with higher reinforcement content,
particularly those with a higher Al.Os ratio (S1 to S4), exhibit less re-
sidual depth upon unloading. This reduced residual depth indicates a
greater proportion of elastic recovery, suggesting that the elastic strain
energy stored during loading is more effectively recovered [40]. This
behavior affirms that hard, stiff reinforcements could exhibit enhanced
resistance to both plastic deformation and elastic recovery, as the hard
particles act as barriers to dislocation motion [41,42]. Conversely, Al
(S0) shows the least elastic recovery, with a higher residual indentation
depth, indicating a predominantly plastic deformation during the
indentation process. This behavior underscores the role of re-
inforcements in enhancing the elastic-plastic response of the composites.

3.2.2. Load carrying capacities due to penetration depth with time

Fig. 5(a-b) presents the penetration depth of the indenter as a func-
tion of time for samples SO to S5 under indentation loads of 50 mN and
100 mN, serving as a direct measure of their load-carrying capacities. SO
(Al 6063) exhibits the greatest penetration depth across both loads,
underscoring its limited load-carrying capacity due to the absence of
reinforcing phases. The material’s lower hardness allows for more sig-
nificant deformation under applied stress, leading to deeper penetration.
Composite sample 75 wt% Al-0s and 25 wt% Cu (S2) demonstrates the
shallowest penetration depth, indicating the highest load-carrying ca-
pacity among the composites. The higher Al:Os content provides
enhanced resistance to the indenter, thereby minimizing penetration
and signifying superior mechanical strength [43]. S1 (100 % Alz0s) also
exhibits a shallow penetration depth, slightly greater than S2, due to the
absence of Cu, which might offer additional toughness but at the cost of
increased penetration. The hybrid composites S3, S4, and S5 display
increasing penetration depths with higher Cu content. This trend reflects
the reduction in load-carrying capacity as Cu’s more ductile nature al-
lows for greater deformation under the same applied load [44],
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Fig. 5. Penetration depth of indentation with time curves depicting the load carrying capacities of the composite under indentation load (a) 50mN, (b) 100mN

respectively.

compared to the harder Al-Os particles. The results clearly indicate that
S2’s optimized balance of Al:0s; and Cu maximizes load-carrying ca-
pacity by harnessing the hardness of Al-0Os and the toughening effect of
Cu.

3.2.3. Nanohardness and reduced elastic modulus of the samples

The nanohardness results in Fig. 6 reveal that the composite S2 (Al
with 7.5 wt% Al>0s and 2.5 wt% Cu) exhibits the highest nanohardness
values, approximately 1171 MPa at 50 mN and 897 MPa at 100 mN.
This superior hardness can be attributed to the microstructural charac-
teristics observed in S2, particularly the presence of a refined dendritic
structure coupled with the uniform distribution of Al.Os particles. The
dendritic structure of the aluminum matrix, which forms during solidi-
fication, provides a framework that resists deformation, while the
dispersed Al:0s particles act as pinning sites that obstruct dislocation
motion, leading to enhanced hardness [45-47]. The effectiveness of the
Al20s particles in reinforcing the matrix is particularly evident in S2,
where their optimal content, combined with a small amount of Cu,
improves the load transfer between the matrix and the reinforcement.
This synergistic effect is consistent with the findings of [48,49], who
observed that a balanced combination of ceramic and metallic re-
inforcements can significantly enhance the mechanical properties of
metal matrix composites. Conversely, samples with higher Cu content,
such as S4 (2.5 wt% Al:0s and 7.5 wt% Cu) and S5 (pure Cu), show
reduced hardness, with values around 663 MPa and 630 MPa at 50 mN,
respectively. This decrease is attributed to the relatively softer nature of
Cu, which does not contribute as effectively to the obstruction of dis-
locations compared to the hard Al:0Os particles. Additionally, the

1600
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Fig. 6. Variation in nanohardness values of the composites (SO to S5) under
indentation loads of 50 mN, 100 mN respectively.

decrease in hardness with increasing load across all samples suggests
greater plastic deformation under higher applied forces, which is a
typical characteristic of indentation in composites.

The elastic modulus results in Fig. 7 reveal that sample S2 (Al with
7.5 wt% Al20Os and 2.5 wt% Cu) exhibits the highest stiffness, with
values reaching approximately 94 GPa at 50 mN and 83 GPa at 100 mN.
This superior stiffness can be attributed to the high stiffness of the Al-0s
reinforcing phase, which has a stiffness of around 380 GPa, significantly
enhancing the composite’s resistance to elastic deformation. The pres-
ence of Al:0sz in S2 contributes to this high modulus by acting as a
stiffening agent, a phenomenon supported by studies that have shown
the effectiveness of Al:0s in improving the elastic modulus of Al-based
composites [50]. In contrast, S1 (Al with 10 wt% Al-0s) has slightly
lower stiffness values of about 83 GPa at 50 mN and 71 GPa at 100 mN,
reflecting the influence of the Al matrix, which has a much lower stiff-
ness of approximately 70 GPa, and the absence of Cu, which also pos-
sesses a relatively low stiffness (~110 GPa). On the other hand, samples
S4 and S5 (pure Cu) display even lower stiffness, with elastic moduli
around 77 GPa and 72 GPa at 50 mN, respectively, likely due to the
higher Cu content reducing the overall stiffness of the composite. These
results align with previous studies [17,51] that indicate the addition of
high stiffness reinforcing phases like Al.Os significantly boosts the
elastic modulus of metal matrix composites, while higher concentrations
of softer materials like Cu can reduce it. The observed trend of
decreasing elastic modulus with increasing load across all samples may
be due to the reduced elastic recovery under higher indentation loads, a
behavior consistent with findings in other composite systems [52].
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3.2.4. Mechanical and anti-wear behaviours of the samples

The hardness to elastic modulus ratio (H/Er) is a critical parameter
that reflects the wear resistance of materials, where a higher H/Er ratio
typically indicates better resistance to wear. Fig. 8 shows that sample S2
(Al with 7.5 wt% Al20s and 2.5 wt% Cu) exhibits the highest H/Er ratio,
with values of approximately 0.012 at 50 mN and 0.010 at 100 mN. This
superior ratio can be attributed to the combined effect of the hard Al.Os
particles, which contribute to a high hardness, and the moderate stiff-
ness provided by the Cu phase, enhancing the overall wear resistance of
the composite. On the other hand, sample S5 (pure Cu) shows the lowest
H/Er ratio, about 0.006 at both loads, due to the lower hardness of
copper and its relatively lower stiffness (around 110 GPa), which allows
more plastic deformation under similar conditions. The observed trend
where the H/Er ratio decreases slightly with increasing load across all
samples can be linked to the increased dominance of elastic deformation
under higher loads. This results in a reduced ability to resist wear, as the
material becomes more susceptible to plastic deformation. These find-
ings suggest that incorporating hard, stiff reinforcing phases like Al20s
into a metal matrix is essential to improving wear resistance, which is
consistent with the theoretical principles of material design and sup-
ported by previous research on metal matrix composites [31,53].

Yield pressure, often represented by the ratio H3/Er?, is a critical
parameter that reflects the resistance of a material to plastic deformation
under an applied load. This ratio is significant because it provides in-
sights into the material’s strength relative to its elastic properties,
making it an essential factor in applications requiring high load-bearing
capacity. In Fig. 9, the yield pressure of the different samples under both
50 mN and 100 mN loads is presented. The S2 sample, exhibits the
highest yield pressure values, approximately 0.0045 and 0.0042 at 50
mN and 100 mN loads, respectively. This suggests that S2 possesses the
greatest resistance to plastic deformation and ability to withstand higher
pressures without yielding among the samples, likely due to the optimal
distribution and synergistic interaction between the Al-Os particles and
Cu reinforcement. The S1 sample, containing 10 wt% Al=Os, also shows
relatively high yield pressure values, around 0.0043 and 0.0017 for 50
mN and 100 mN loads, respectively, which highlights the effectiveness
of Al-Os in reinforcing the aluminum matrix. However, the slightly
lower values compared to S2 may be attributed to the absence of Cu,
which could have otherwise provided additional strengthening through
mechanisms such as solid solution strengthening and precipitation
hardening. On the other hand, samples S3, S4, and S5, which contain
higher proportions of Cu, show a decrease in yield pressure, with S5
exhibiting the lowest values at approximately 0.001. This reduction in
yield pressure for samples with higher Cu content could be due to the
lower inherent hardness and elastic modulus of Cu compared to Al2Os,
which diminishes the overall resistance to plastic deformation.

The plasticity index (y) is a crucial parameter that quantifies the
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Fig. 8. Variation in H/Er ratio depicting the anti-wear resistance of the com-
posites (SO to S5) under indentation loads of 50 mN, 100 mN respectively.
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Fig. 9. Variation in yield pressure depicting the resistance to plastic deforma-
tion of the composites (SO to S5) under indentation loads of 50 mN, 100 mN
respectively.

extent to which a material undergoes plastic deformation relative to its
elastic deformation under an applied load. This index is particularly
relevant in evaluating the ductility and toughness of materials, as it
directly influences their ability to absorb energy before failure. A higher
plasticity index indicates greater plastic deformation capacity, which is
essential in applications where materials must withstand significant
deformation without fracturing. In the analysis of the y for the samples
subjected to 50 mN and 100 mN loads, as depicted in Fig. 10, a notable
trend emerges. Sample SO, representing the unreinforced aluminum
matrix, displays the highest y values of approximately 0.43 and 0.45 for
50 mN and 100 mN loads, respectively. This indicates that the aluminum
alloy matrix has the greatest capacity for plastic deformation, which
aligns with the inherent ductility of aluminum as a base metal. The
absence of reinforcing phases allows for more extensive plastic defor-
mation, resulting in higher y values.

Conversely, the introduction of reinforcements, particularly in the S1
and S2 samples, leads to a marked reduction in plasticity index values.
S2, which contains 7.5 wt% Al.0Os and 2.5 wt% Cu, exhibits y values of
approximately 0.09 and 0.17 at 50 mN and 100 mN loads, respectively.
The presence of hard Al:0s particles restricts the extent of plastic
deformation by increasing the overall stiffness and reducing the ductility
of the composite. This behavior is consistent with the findings of pre-
vious studies, where the addition of ceramic reinforcements like Al.Os in
AMC:s significantly lowers the plasticity index due to the reduced ability
of the material to undergo plastic deformation [54,55]. Interestingly,
the y tends to increase again in samples with higher Cu content, such as
S4 and S5. The S5 shows y values of approximately 0.25 and 0.38 at 50
mN and 100 mN loads, respectively. This can be attributed to the
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Fig. 10. Variation in the plasticity index (y) of the composites (SO to S5) under
indentation loads of 50 mN, 100 mN respectively.
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inherent ductility of copper, which, when added in higher proportions,
compensates for the reduced plasticity introduced by the Al-Os particles.
Cu’s ability to enhance plastic deformation aligns with its mechanical
properties, contributing to a moderate increase in the plasticity index
compared to samples with lower Cu content [56].

3.3. Wear properties of Al alloy and composites

The coefficient of friction (CoF) is a critical parameter in evaluating
the tribological performance of materials, particularly in wear applica-
tions. Fig. 11 (a & b) illustrates the CoF variation over time and the mean
CoF values for different aluminum matrix composites under a 10 N load.
As observed from the figure, the samples recorded high coefficient of
friction at the beginning of the wear test, but subsequently decreases and
stabilizes. This can be attributed to the initial running-in phase of the
tribological test. During this phase, surface asperities on the sample and
the counterface come into direct contact, leading to higher friction due
to localized stress and wear. As the process continues, the asperities are
gradually worn down, and a more stable tribological interface forms,
often aided by the generation of wear debris or tribolayers. In the case of
Cu-containing composites (S4 and S5), the formation of a Cu-rich tri-
bolayer likely contributes to the stabilization and reduction of the CoF
over time, while in Al.Os-reinforced composites, the hard particles help
maintain surface integrity and minimize fluctuations in friction. The
unreinforced sample (S0) exhibits the highest mean CoF of approxi-
mately 0.52, indicating greater resistance to sliding motion, likely due to
the lack of hard reinforcements that could otherwise reduce surface
interaction. In contrast, samples S4 and S5, which have higher Cu con-
tent, show significantly lower mean CoF values of around 0.44, sug-
gesting that the introduction of Cu enhances the self-lubricating
properties of the composite, possibly due to the formation of a Cu-rich
tribolayer that reduces friction [57].

The intermediate CoF values observed in S1, S2, and S3, which range
between 0.47 and 0.49, can be attributed to the combined effects of
Al20s and Cu reinforcements. The presence of hard Al-Os particles likely
contributes to increased surface hardness, reducing material deforma-
tion and wear. However, without the optimal balance of Cu, as seen in
S4 and S5, the CoF does not decrease as significantly. This observation
aligns with studies by [17], who reported that hybrid composites con-
taining a balanced mixture of hard and soft reinforcements tend to
exhibit lower friction coefficients due to improved load distribution and
the formation of protective surface films during sliding.

Fig. 12 (a & b) presents the variation in wear volume and wear rate
for the different AMCs under a 10 N load. The results clearly indicate
that the wear volume and wear rate increase as the Cu content in the
composite increases, while they decrease with higher Al-Os content. Al
6063 (S0) exhibits the highest wear volume (1.4 %1073 mm?®) and wear
rate (2.2 x10~7 mm?®/Nm), indicative of its relatively poor wear resis-
tance compared to the reinforced samples. The single-reinforced Al-03
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sample (S1) shows the lowest wear volume (5.1 %1072 mm®) and wear
rate (2.2 x1078 mm?3/Nm), demonstrating the superior wear resistance
imparted by the Al:Os particles. This behavior aligns with the well-
established theory that hard ceramic reinforcements like Al20s
improve wear resistance by providing a barrier to material removal and
reducing the direct contact between the matrix and the abrasive coun-
terface [58,59]. As Cu content increases in the composites (S2 to S5), the
wear volume and wear rate increased, with S5 (100 % Cu) showing a
wear volume of 1.4 x 107> mm®and a wear rate of 2.1 x 10°°
mm?® /Nm. This increase in wear can be attributed to the relatively lower
hardness of Cu compared to Al-0s, which leads to greater material
removal during sliding wear conditions. The combination of Al-Os and
Cu in hybrid composites (S2 to S4) reveals a trade-off between hardness
and toughness, where increased Cu content enhances the composite’s
ductility but compromises its wear resistance due to lower hardness.
Fig. 13 shows SEM images of the wear tracks for samples SO to S5,
illustrating how the wear mechanisms and surface features vary with the
type and proportion of reinforcement. SO exhibits a smooth wear track
with deep grooves, indicating severe abrasive wear due to the absence of
reinforcement particles, which makes it susceptible to plowing and
material removal. In contrast, the composite containing only Al-Os as
the reinforcement (S1) displays a much finer wear track with shallow
grooves, suggesting that the hard Al:Os particles effectively resist
plowing and abrasive wear, thereby improving wear resistance. As the
Cu content in the hybrid composites increases progressively from S2 to
S5, the wear tracks exhibit increasingly pronounced plastic deformation
and delamination, particularly in the composite with 25 % Al.Os and
75 % Cu reinforcement (S4) and the composite with only Cu as the
reinforcement (S5), where the wear mechanism shifts predominantly
towards adhesive wear. This shift is due to the ductile nature of Cu,
which promotes material transfer and adhesion to the counterface,
resulting in higher wear volumes and more significant material loss. The
comparison between these samples highlights the critical role of Al-Os in
enhancing wear resistance through its hardness and ability to resist
deformation, while the increasing Cu content reduces the composite’s
hardness, leading to a dominance of adhesive wear mechanisms.

3.4. Microstructure-property relationships in Al 6063 composites

The microstructural evolution of Al 6063 composites, driven by the
addition of Al-Os and Cu, plays a pivotal role in defining their me-
chanical and tribological properties. The incorporation of Al-Os leads to
significant grain refinement, as observed in the SEM images of S1, S2,
and S3. The Al:Os particles act as nucleation sites during solidification,
increasing the grain boundary density and impeding dislocation motion,
resulting in enhanced yield strength and hardness. However, due to their
size (~25 pm), Al-Os particles primarily contribute to load transfer and
thermal mismatch (CTE difference) effects rather than interacting with
dislocations via the Orowan mechanism. This refinement effect is
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0.44
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Fig. 11. Variation in (a) coefficient of friction, CoF and (b) estimated mean CoF of the composites (SO to S5) under 10 N load.
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Fig. 13. Microstructural analysis of the wear track morphologies of the composites (SO to S5) under 10 N load.

reflected in the improved hardness and reduced plasticity indices of
composites with higher Al2Os content, such as S2. Conversely, the grain
refinement effect diminishes in composites with lower Al-Os content,
such as S4, where the microstructure is dominated by Cu-rich phases,
reducing the overall grain boundary area.

The addition of Cu introduces Cu-rich phases along the grain
boundaries, as confirmed by EDS in Fig. 2. These phases, formed during
solidification, enhance matrix reinforcement by restricting grain
boundary sliding and dislocation motion. However, the potential for
precipitation hardening in Cu-containing composites is also considered.
The cooling rate during solidification directly affects Cu solubility in the
aluminum matrix and the formation of precipitates such as 6-phase
(AlxCu). Composites with higher Cu content (e.g., S4 and S5) exhibit a
reduction in hardness and elastic modulus due to the overconnectivity of
Cu-rich phases and the diminishing precipitation hardening effect
beyond solubility limits (~5.65 wt% at 548°C). This trade-off between
phase connectivity and matrix stiffness highlights the need to balance Cu
content to avoid excessive coalescence of Cu-rich phases, which com-
promises mechanical integrity. The synergistic effect of Al2Os and Cu is
most evident in hybrid composites like S2 and S3, where the ceramic
particles enhance load transfer and the metallic phases improve stress
distribution. The uniform dispersion of Al-Os and controlled distribution
of Cu phases in S2 optimize mechanical performance, as evidenced by its
superior hardness and elastic modulus.

The elastic-plastic response of the composites, as reflected in the

load-displacement curves and plasticity indices, further highlights the
influence of microstructure on mechanical behavior. Composites with
higher Al-Os content exhibit reduced penetration depths and greater
elastic recovery due to the stiffness of the ceramic particles, which resist
plastic deformation and enhance the composite’s capacity to store
elastic energy [60]. In contrast, composites with higher Cu content
demonstrate increased plasticity indices, as the ductile nature of Cu al-
lows for greater energy absorption but reduces elastic recovery. This
trade-off between stiffness and ductility highlights the importance of
tailoring the microstructure to achieve a balance between elastic re-
covery and plastic deformation.

The wear resistance and frictional behavior of the composites also
correlate strongly with their microstructural features. Composites with
higher Al-Os content, such as S1 and S2, exhibit superior wear resistance
due to the hard ceramic particles acting as barriers to material removal
and reducing abrasive wear. In contrast, composites with higher Cu
content, such as S4 and S5, show increased wear volume and rates due to
the softer nature of Cu, which is more prone to adhesive wear mecha-
nisms. However, the formation of Cu-rich tribolayers in high-Cu com-
posites reduces the coefficient of friction, partially offsetting the
increased wear. The tribological data underscores the critical role of
Al:0: in maintaining surface integrity and minimizing material loss
during sliding, making its presence essential for achieving high wear
resistance.
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Conclusion

This research explored the mechanical properties through nano-

indentation, and wear behavior of aluminum-based composites rein-
forced with different proportions of Al:0s and Cu particles. The

foll

owing conclusions were drawn:

The SEM and EDS analyses indicated a uniform dispersion of Al-Os
and dendrite like Cu within the aluminum matrix, which contributed
to the enhanced mechanical properties of the composites.

The composite with 7.5 wt% Al20s and 2.5 wt% Cu exhibited the
highest nanohardness and reduced elastic modulus, indicating su-
perior load-carrying capacity and stiffness.

The penetration depth decreases with Al,O3 content contributing to
reduction in plasticity index under the applied loads.

The wear testing demonstrated that the Al-Os-reinforced composite
had the lowest wear rate, while the composite with 10 wt% Cu also
showed competitive wear resistance. This suggests that Al-Os rein-
forcement significantly enhances wear resistance.

The combination of 7.5 wt% Al.0s and 2.5 wt% Cu was identified as
the optimal reinforcement ratio, providing a balanced enhancement
of mechanical strength, stiffness, and wear resistance, making it
suitable for applications that require high performance and
durability.
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