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Abstract: Nanoparticles of metal and other materials are a proven reinforcing material for producing
a high-performance aluminum composite utilized in modern engineering applications. The ultrasonic
mixing process is conducted to ensure a typical distribution of nanoparticles in the aluminum matrix.
The present work aims to study the effect of copper nanoparticles on microhardness and physical
properties of Al-composite prepared by powder metallurgy techniques with ultrasonic mixing. The
aluminum nanocomposites were fabricated with different volume fractions (0, 5, 10, 15, 20,
and 25 wt%) of Cu nanoparticles. To examine the effectiveness of the mixing, compacting, and
sintering process, nanocomposites were characterized using field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray (EDX) and elemental mapping analysis. A uniform
distribution of Cu nanoparticles was established within the Al matrix. The composite was characterized
by an increase in density and a decrease in porosity with increased Cu nanoparticles. Increasing Cu
nanoparticles enhanced the mechanical properties of the Al-Cu composite through an increase in its
hardness. A direct relationship between Cu nanoparticles and thermal and electrical conductivity was
found; in particular, there was a distinct enhancement in electrical conductivity, as the composite
with 25 wt% Cu nanoparticles reached 78.87% of the electrical conductivity of pure Cu.
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1. Introduction

Powder metallurgy (PM) is the most appropriate method for obtaining metal matrix composites.
Its most significant advantage when compared with melting methods is a low processing temperature,
resulting in no undesirable phases between the reinforcement and matrix. Furthermore, it also results
in a good distribution of the reinforcement particles within the matrix at high combinations and allows
near-net-shape parts, which are cost-effective. Parts made by PM have better properties than those
produced through other processes (e.g., casting). This process is quick and it results in large quantities,
hence being economical for powder metallurgy components [1].

Metal matrix composites (MMCs) are a particular type of composite material consisting of a
matrix phase composed of metal or alloys and another component embedded in this metal matrix
usually working as reinforcement. PM results in the possibility of regulating physical and mechanical
properties by selecting suitable matrices and volume fractions of the reinforcement. Pricewise, composite
manufacturing can be considered a cheap procedure due to its outstanding performance [2,3].

Aluminum matrix composites (AMCs) are still being extensively investigated by researchers
despite the large amount of literature. AMCs are successfully used in several industries, such as
aerospace, defense, automobile, and marine industries [4-7].

Copper nanoparticles (CuNps) became popular due to their great physical properties, unique
among all metals. Cooper presents exclusive optical, thermal, and electrical features that render its
wide usage, ranging from chemical sensors to photovoltaics [8]. Nowadays, CuNps are already
standardly applied in antimicrobial coatings, wound dressings, keyboards, or biomedical devices.
CuNps have also been recently considered as an alternative for noble metals in many applications [9,10]
including electronics and heat transfer. Recent advances, such as in nanoparticle synthesis, facilitate
the incorporation of these particles into composites, thereby significantly enhancing their mechanical
properties [11,12].

Ultrasonic mixing is a technique that relies on the effective use of ultrasonic waves to thoroughly
harness nanoparticles in different matrices. This technique is very efficient in solving problems related
to the breakage of agglomerates and the proper distribution of nanoparticles. It includes the use of
cavitation as well as acoustic streaming, which facilitates a uniform distribution of nanoparticles while
enhancing the interfacial interactions between the particles and the matrix. This technique has resulted
in improved mechanical and physical properties [13].

The incorporation of CuNps into aluminum (Al) composites significantly enhances their
mechanical properties and microstructural characteristics. For instance, the addition of CuNp in Al
nanocomposites, particularly when combined with graphene nanoplatelets (GNPs), results in a
homogeneous distribution and the formation of intermetallic compounds such as CugAs, which
contribute to improved hardness and compressive strength. Specifically, the hardness of Al/Cu
reinforced with 1.8 wt% GNPs increased by 51.9%, and the compressive stress reached 266.99 MPa [14].

In a previous study, two different methods of sintering were compared: vacuum sintering (VS)
and microwave sintering (MS). The research revealed that AMCs strengthened with Cu particles
displayed a homogeneous distribution of Cu particles within the Al framework as observed through
microstructural analysis. This even distribution plays a role in maintaining mechanical properties
across the material. Both hardness and compressive strength increased with increasing Cu content in
the Al matrix. Specifically, for Al-9 vol.% Cu composite sintered using microwaves, there was
a 137.2% increase in hardness and a 30.3% increase in strength. This enhancement can be attributed
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to the presence of copper particles that fortify the aluminum matrix [15]. The addition of Cu particles
to Al-SiC matrix composites not only enhanced compressibility but also greatly improved thermal
conductivity by approximately 100% with an increase in Cu content (from 0% to 30%) [16].

These research findings show how CuNps is essential for enhancing the microhardness and
physical properties of Al composites in different applications. Therefore, our current study aims to
explore how the presence of CuNps mixed by ultrasonic technique with Al microparticles influences
the microhardness and physical properties of Al-Cu composites.

2. Materials and methods
2.1. Fabrication of composites

Al-CuNps composites with up to 25 wt% CuNps were prepared to enhance electrical and thermal
conductivity while increasing hardness. The reinforcement of nano-copper powder in the Al-based
composite was carried using the minimum necessary amount of copper, as higher copper content
increases both the cost and density of the composite. The Al-CuNps composites were prepared using
aluminum powder with 99.0% purity and a particle size of 50-100 um, along with CuNps with 99.9%
purity and 30 nm mean particle size. An electric balance with 0.00001 g accuracy was used to weigh
metal powders. The powders were then suspended in 60 mL of ethanol (USP grade, 99.9%). The
suspension was then ultrasonically agitated for 10 min using a VC40 Vibra-cell power unit. After
ultrasonication, the suspension was dried in an oven at 110 °C for 24 h. The dried mixture was collected
in a sealed vial. After obtaining a homogenous mixture, the powder was pressed at 500 MPa using a
cylindrical steel mold with a hardness of 60 HRC. A uniaxial pressure was applied for 1 min using a
universal testing machine with a 17-ton capacity to avoid elastic return. Cylindrical specimens
with 10 mm in diameter and 6 mm in height were prepared for all AI-CuNps composites. The green
specimens were sintered at 500 °C for 1 h in a muffle furnace. To protect the samples from oxidation,
they were placed inside a ceramic container and surrounded by multilayers of graphite powder and
gray cast iron chips with fireclay, as shown in Figure 1. This configuration was found to provide
excellent protection against atmospheric oxygen.
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Figure 1. Sintering container (Reproduced from Ref. [17] with permission).
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2.2. Characterization and testing

To obtain results for all tests, three samples were measured for each percentage, and results were
determined as the average.

2.2.1. Experimental density

Experimental density was measured according to ASTM B 962-08 by using the Archimedes
principle. Theoretical density was calculated using the mixture rule. The difference between the theoretical
density and experimental density was used to calculate the total porosity of the sintered specimens.

2.2.2.  Scanning electron microscopy

The metallographic characterization of the prepared composite samples was done using scanning
electron microscopy (SEM) (JEOL, JSM-6510LV, Japan).

2.2.3.  Vickers microhardness

The hardness test was conducted in accordance with the ASTM E-384 standard on the prepared
composite samples. The hardness of the composites was measured by applying a direct load of 500 g
for 10 s on flat, smooth, polished, plane-parallel specimens of the composites using the digital
automatic Micro Hardness Vickers HVST-1000z tester. Five measurements were performed on each
sample, and their average was taken as a measure of the hardness of the specimen.

2.2.4. Electrical and thermal conductivity

A heat conduction unit (P.A. Hilton Ltd, England) was used to determine thermal conductivity.
Electrical conductivity was calculated using the Wiedemann—Franz law (Eq 1) [18]:

—K = Q/(A x AT/AX) (1)
3. Results
3.1. Density

Figure 2 illustrates the effects of copper content on the density of the Al-CuNp composite. Both
theoretical and experimental densities increase as the Cu content increases. The increase in
experimental density is first due to the higher density of Cu (8.94 g/cm®) compared to Al (2.7 g/cm?)
and second to the nano size of Cu particles, which can improve the packing density of the material
since they are small enough to fill gaps between aluminum particles. Moreover, CuNps present within
the material can result in increased sintering process efficiency. These nanoparticles act as diffusion
catalysts during sintering by facilitating atomic migration, resulting in material densification. Thus, a
microstructure with less gaps and imperfections arises, thereby reducing porosity levels.

Figure 3 reveals the effect of copper content on the porosity of the Al-CuNps composite.
Increasing the wt% of CuNps in the Al matrix decreases the porosity of the composite. This is due to
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the filling effect of CuNps in reducing the gaps between Al particles, even at Cu contents as high
as 25 wt%. Another factor responsible for such reduced porosity is the role of CuNps in enhancing the
densification of the composite during sintering by improving and accelerating atomic diffusion by
providing a continuous path for this process.
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Figure 2. Effect of Cu content on the density of Al-CuNps composite.
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Figure 3. Effect of Cu content on the porosity of AI-CuNps composite.
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3.2. Microstructure and SEM

Figures 4—6 showed the optical microscopy and FESEM images, EDX spectrum, and elemental
mapping analysis for the Al composite with 10, 15, and 20 wt% of CuNps. These figures show a
uniform distribution of CuNps within the prepared composite, indicating the effectiveness of the
mixing procedure of ethanol/powder suspension and ultrasonic mixing.
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Figure 4. Optical microscope images, FESEM images, EDX spectrum, and elemental
mapping analysis of Al composite with 10 wt% CuNps.
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Figure 5. Optical microscope images, FESEM images, EDX spectrum, and elemental
mapping analysis of Al composite with 15 wt% CuNps.
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Figure 6. Optical microscope images, FESEM images, EDX spectrum, and elemental
mapping analysis of Al composite with 20 wt% CuNps.

3.3. Hardness

The hardness values of the produced composites are presented in Figure 7. The hardness of
Al-CuNps composites increased with an increased percentage of CuNps, and when compared to the
unreinforced Al matrix. Hardness increased from 31 Hv0.5 to 172 Hv0.5 when Cu content increased
from 0% to 25%, respectively. Several factors contribute to this:

e The higher hardness of copper compared with aluminum.

e The filling effect of CuNps and the concomitant effect in reducing porosity to a minimal value.
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e This enhancement is primarily due to the effective dispersion and interaction of nanoparticles
within the aluminum matrix, which is achieved through the ultrasonic mixing process.

e The role of CuNps in enhancing the diffusion process during sintering results in a better
densification and consolidation of the produced composites with higher hardness. This is also supported
by the results in [19].

¢ Predicted formation of hard intermetallic phases at the interface between Al and Cu particles;
such phase includes Al,Cu and AloCu4 [20].

e The difference in thermal conductivity between aluminum and copper reduces thermal stress,
accompanied by an increase in dislocation density at the interface. This higher dislocation density
results in higher hardness of the composite [21].
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Figure 7. Effects of CuNps content on the hardness of the Al composite.
3.4. Thermal and electrical conductivity

Figures 8 and 9 show the effect of CuNps content on the thermal and electrical conductivity of
the Al-CuNp composites, respectively. An increase in both conductivities was found with increased
CuNp content, and the correlation was linear. Thermal and electrical conductivity increased from 241
to 321 W/m/K and from 32.2 x 10° to 43.85 x 10° S/m on increasing Cu content from 0% to 25%,
respectively. This increase in conductivity is attributed to the high thermal and electrical conductivity
of Cu (407 W/m/K and 55.6 x 10° S/m), as well as its effect as filler material, which increases the
actual cross-section of the material by decreasing its porosity. Also, CuNps enhance both the
densification and consolidation of the sintered composite. Enhancing the interface bonding also
contributes to increased conductivities. The cavitation and acoustic streaming effects of ultrasonication
ensure that nanoparticles are evenly dispersed, which is essential for maximizing the reinforcing
effects of the nanoparticles. The electrical conductivity of composites with 25% Cu was 78.87% of the
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electrical conductivity of pure copper. This suggests a promising use of Al nanocomposites in electric
and electronic applications, which require a combination of high electronic conductivities and light weight.
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Figure 8. Effect of Cu content on the thermal conductivity of Al-CuNps composite.
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Figure 9. Effect of Cu content on the electrical conductivity of AI-CuNps composite.
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4. Conclusions

The results of the present study suggest the following conclusions:

1. Mixing through ethanol suspension and ultrasonic waves results in a uniform distribution of
CuNps within the Al matrix.

2. The porosity of AI-CuNps composites decreases continuously with increased Cu content.

3. The density and thermal and electrical conductivities increase with increasing Cu content. In
particular, the electrical conductivity of composites with 25% Cu reaches 78.87% of that of pure copper.

4. Hardness increases with increasing Cu content, reaching 172 HV at 25% Cu. Further increases
in Cu content might lead to reduced values due to the agglomeration or less effective dispersion of the
CuNps, which was not observed in the current study.

Future research should evaluate higher copper content ratios or increased sintering time
and temperature.
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