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Abstract: This study examines the synthesis and characterization of a copper–alumina nanocomposite
powder. Mechanical milling is employed to synthesize the powder, and a holistic analysis is conducted
to evaluate its morphological and structural properties. TEM analysis reveals the presence of alumina
particles within the copper matrix, indicating the formation of both coarse and fine particles at
different stages of synthesis. XRD analysis demonstrates a reduction in copper’s crystallite size
with increasing milling time, attributed to defects generated within the crystal lattice during milling.
Additionally, statistical analysis is utilized to determine the significance of different factors influencing
the synthesis process. ANOVA analysis reveals that milling time has a significant impact on the
particle size of the nanocomposite powder, while temperature and their interaction do not exhibit
significant effects. Optimization techniques are utilized to identify solutions that meet the specified
constraints for milling time, temperature, particle size, and differential thermal response, resulting in
favorable solutions within the desired ranges. The study highlights the efficacy of mechanical milling
for producing nanocomposite powders with enhanced mechanical properties, offering promising
prospects for advanced materials in various industries. Additionally, the characterization results
provide valuable insights into the microstructure and phase distribution of the nanocomposite
powder. The application of the Williamson–Hall method proves to be effective in determining the
crystallite size of the synthesized powder.

Keywords: Cu–Al2O3 nanocomposites; high energy planetary milling; powder metallurgy; microstructure;
mechanical properties

1. Introduction

The development of nanotechnology has led to significant progress in the synthesis and
characterization of nanostructured materials. In particular, the production of metal matrix
nanocomposites has gained significant attention due to their unique mechanical, thermal,
and electrical properties. Copper-based nanocomposites have been studied extensively
due to the high thermal and electrical conductivity of copper [1–4], as well as its low cost
and availability [5,6]. The incorporation of ceramic nanoparticles, such as alumina, into
the copper matrix can improve the mechanical properties [7,8], such as hardness and wear
resistance, without compromising the electrical and thermal conductivity [9–11].

The synthesis of copper–alumina nanocomposites can be achieved through various
methods, including powder metallurgy, electrodeposition, and mechanical milling [12–14].
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Mechanical milling has been a widely studied method due to its effectiveness in achiev-
ing a uniform dispersion of nanoparticles in the copper matrix [15–17]. In this method,
the mechanical energy generated by high-energy milling causes deformation, cold weld-
ing, and fracturing of the powder particles, resulting in the formation of nanocomposite
powders [18,19]. Mechanical milling is a solid-state powder processing technique that
involves the high-energy collision of milling balls or pellets with the powder particles. The
mechanical energy generated during milling causes deformation, cold welding, and frac-
turing of the powder particles, resulting in the formation of nanocrystalline or amorphous
powders [20–24]. A study by Dash et al. [25] investigated the mechanical properties of
copper–alumina nanocomposites synthesized by powder metallurgy. The results show that
the addition of alumina nanoparticles improved the hardness and wear resistance of the
copper matrix without affecting its electrical conductivity. The authors attributed the im-
provement in mechanical properties to the uniform dispersion of alumina nanoparticles in
the copper matrix. Another study by Wei et al. investigated the microstructure and mechan-
ical properties of copper–alumina nanocomposites synthesized by electrodeposition [26].
The authors found that the incorporation of alumina nanoparticles improved the hardness
and wear resistance of the copper matrix, as well as its thermal stability. The crystallite size
of nanoparticles in a nanocomposite can be determined using various techniques, including
X-ray diffraction (XRD) and transmission electron microscopy (TEM). The Williamson–Hall
method is a commonly used technique to calculate the crystallite size from the XRD peak
broadening. The crystallite size of copper nanoparticles in a copper–alumina nanocom-
posite synthesized by mechanical milling was investigated [27]. The crystallite size of
copper nanoparticles decreased with increasing milling time, indicating the formation
of nanocrystalline copper. The authors attributed the decrease in crystallite size to the
deformation, cold welding, and fracturing of the powder particles during milling. The
morphology of nanoparticles in a nanocomposite has attracted a great deal of attention
due to its unique properties such as high strength, low density, and improved thermal
and electrical conductivity [28–32]. Among various nanocomposite materials, copper-
based nanocomposites have gained significant interest due to their unique combination of
properties such as high electrical and thermal conductivity, high strength, and corrosion
resistance. Copper-based nanocomposites can be prepared by various methods such as
powder metallurgy, electrodeposition, and mechanical alloying.

Alumina (Al2O3) is widely used as a reinforcement material due to its high strength,
stiffness, and wear resistance [33,34]. The addition of alumina particles to copper matrices
can improve their mechanical properties, such as strength, hardness, and wear resistance.
In addition, alumina particles can improve the thermal stability and corrosion resistance
of copper matrices. Therefore, the development of copper–alumina nanocomposites has
been of great interest in recent years. The utilization of design of experiments (DOE) allows
for a reduction in the number of experiments conducted, making it a practical method to
identify effective parameters. Response surface methodology (RSM), as a type of DOE
approach, enables the evaluation of multiple input parameters to determine the necessary
experiments for obtaining desired responses [35,36].

Several studies have been reported on the synthesis and characterization of copper–
alumina nanocomposites by mechanical alloying. For example, Kumar et al. [37] syn-
thesized copper–alumina nanocomposites by mechanical alloying and subsequent hot-
pressing. They found that the addition of alumina particles to copper matrices improved
their hardness and wear resistance. Moreover, they observed that the alumina particles
were uniformly dispersed in the copper matrix. The effect of alumina content on the mi-
crostructure and mechanical properties of copper–alumina nanocomposites synthesized by
mechanical alloying was assessed. The addition of alumina particles increased the hardness
and compressive strength of copper matrices [13,38]. Furthermore, the microstructure
of the nanocomposites was composed of copper grains and dispersed alumina particles.
Korać et al. synthesized copper–alumina nanocomposites by mechanical alloying and
subsequent sintering [14]. They investigated the effect of milling time on the microstructure
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and mechanical properties of the nanocomposites. They found that the nanocomposites
exhibited a higher hardness and compressive strength compared to pure copper. Moreover,
they observed that the alumina particles were homogeneously dispersed in the copper
matrix. Two methods are used to prepare Cu-20 vol% Al2O3 nanocomposite powders via
high-energy planetary fast milling: solid solution and direct mixing. In the solid solution
method, CuO powder is added to the Cu–Al solid solution powder, and the composite
is fabricated by milling after 100 h. In the direct mixing method, Cu and Al2O3 powders
are mechanically milled via high-energy planetary fast milling for 100 h. Both methods
produce nanocomposites with Al2O3 nanoparticles in crystalline Cu matrices, but the solid
solution method results in higher density and bending strength [39]. Another study focused
on the fabrication and investigation of alumina-based nanocomposite powders reinforced
with aluminum particles. The powders were milled for up to 30 h in a planetary ball mill
to produce Al2O3–20% Al nanocomposite, and a uniform distribution of the aluminum
reinforcement in the alumina matrix was successfully obtained after milling the powders.
The crystal size decreased while the internal strain increased with the prolongation of
milling times. The sintered composite exhibited decreased hardness but improved fracture
toughness after adding aluminum to alumina. The maximum relative density was obtained
at 1500 ◦C. The study highlights the potential application of Al2O3–20% Al nanocomposites
in various industries due to their improved mechanical properties [40].

The present study combines design of experience (DoE), simulation of properties
and experimental synthesis to investigate the design and characterization of a copper–
alumina nanocomposite. Through the application of mechanical milling, a nanocomposite
powder was successfully synthesized. The morphological and structural properties of the
nanocomposite were analyzed using techniques such as SEM, TEM, and XRD. The TEM
analysis confirmed the presence of alumina particles in the copper matrix, indicating the
successful synthesis of the nanocomposite. XRD analysis revealed changes in the crystallite
size of copper, attributed to the mechanical milling process. Additionally, simulation studies
were conducted to further understand the behavior of the nanocomposite. The integration
of experimental and simulation approaches provides a comprehensive understanding of
the nanocomposite’s properties, and opens up possibilities for its application in various
fields. The findings from this study contribute to the advancement of nanocomposite
design and provide a foundation for future research in this area.

2. Experimental Work and Design of Experiments
2.1. Production of Copper–Aluminum Solid Solution

This article focuses on the preparation of a copper–alumina nanocomposite with 20%
alumina through the synthesis of copper–alumina nanocomposite powder from copper
and aluminum oxide raw materials, while also investigating the regeneration reaction
that occurs during the grinding of the mixed powders in a planetary mill. To create
the desired final product, copper, aluminum, and copper oxide powders were prepared,
each with specific properties. The copper powder used had a purity of over 99.7% and a
particle size smaller than 63 µm (Rahway, NJ, USA, Merck, Art. No. 2715). The copper
oxide powder used had a purity of over 96% and a particle size smaller than 160 µm
(Merck, Art. No. 2761). The aluminum powder had a purity of over 99.9% and a particle
size smaller than 50 µm (Merck, Art. No. 1056).

To produce the nanocomposite, it was necessary to avoid direct grinding of the mix-
ture of copper oxide powders (bivalent) and aluminum metal powder, as this process is
extremely exothermic and may lead to explosion in the mill. To overcome this problem,
various methods are available, including the production of copper–aluminum solid so-
lution, the production of copper–aluminum intermetallic compounds, or the addition of
extra copper to the stoichiometric composition. This article employed the production of
copper–aluminum solid solution as a solution to this problem. Previous studies have shown
that the mechanical alloying of copper and aluminum powders in an atomic ratio of copper
to aluminum of 6:1 results in the formation of a copper–aluminum solid solution [41,42].
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The weight ratio of copper–alumina nanocomposite components was determined using
the two-component phase equilibrium diagram of copper–aluminum in terms of atomic
percentage and weight percentage, as shown in Figure 1.
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Figure 1. Al–Cu equilibrium phase diagram.

3CuO + 12Cu + 2Al = 15Cu + Al2O3 (1)

The atomic ratio of copper to aluminum is 6 to 1. The weight ratio of the constituent
components was determined based on the chemical characteristics of the material, consid-
ering the presence of 20% alumina in the final powder and using Equation (1). Due to the
limitation of the mill bag, the total weight of the mixed powders was 10 g. Knowing the
weight percentage of the raw materials, the weight of each component in the 10 g mixture
was easily calculated. The copper–aluminum solid solution was prepared by milling copper
and aluminum powders at the stoichiometric composition of the formula for 10, 20, 30,
40 and 50 h using a planetary mill. A grinder consisting of two cups made of stainless
Fritsch model with a volume of 250 cubic centimeters and six steel balls with a diameter
of 20 mm and a rotation speed of the mill of 275 rpm were used for the powder mixture
milling. The bullet weight ratio was 23.26 during the milling process, and the powders were
ground at different times to investigate the phases using X-ray diffraction (XRD) patterns
and to ensure the formation of solid solution while performing thermal analysis (STA). The
phase analysis was performed using an X-ray diffraction device manufactured by Siemens,
and simultaneous thermal analysis was carried out using the STA model 1640 device of
Polymer Laboratories, Shropshire, UK.

2.2. Production of Copper–Alumina Nanocomposite

Following the attainment of equilibrium in the mill reaction between copper and
aluminum powders for 50 h, divalent copper oxide powder was added to the solid solution
in a stoichiometric amount. The entire powder mixture was subsequently subjected to
milling for a period of 20, 40, 60, 80 and 100 h using a planetary mill. The new powder
mixture was then milled under identical conditions as before, albeit with a ball to powder
ratio of 18. Similar to the prior case, the reason for the sequential grinding of the powder
mixture at distinct intervals was to conduct phase investigation with the aid of patterns for
simultaneous thermal analysis (STA) and X-ray diffraction (XRD), in order to ascertain the
formation of a copper–alumina composite. Figure 2 shows the schematic and actual ball
milling chamber.
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this study.

2.3. Methods of Characterization

The nanocomposite powder that was synthesized was subjected to microstructure
examination using a scanning electron microscope (SEM) MIRA3-TESCAN, Czech Republic.
SEM images were taken to analyze the morphology of the nanocomposite powder particles
obtained after milling for 20, 40, 60, 80 and 100 h. Additionally, the particle size of the
nanocomposite powder was investigated by taking pictures with a transmission electron
microscope (PHILIPS-CM 200 FEG model).

3. Results and Discussion
3.1. Statistical Results and Optimization

The results obtained from the conducted experiment are presented and discussed
in this section. The experiment focused on investigating the effects of milling time and
temperature on particle size and the differential thermal response (∆t.µV). The experimental
design employed a set of input variables, including milling time (h) and temperature
(◦C), and measured the corresponding output variables, namely, particle size (nm) and
differential thermal response (∆t.µV). The obtained data are summarized in Table 1.

Table 1. Experimental design and results.

Experimental No.
Input Variables Output Variables

Milling Time (h) Temperature (◦C) Particle Size (nm) Differential Thermal (∆t.µV)

1 20 500 57 ± 3 58 ± 2
2 30 1000 47 ± 2 55 ± 3
3 40 1500 40 ± 5 52 ± 2
4 50 500 36 ± 4 34 ± 1
5 60 1000 32 ± 3 28 ± 3
6 70 1500 24 ± 6 23 ± 3
7 80 500 19 ± 3 21 ± 2
8 90 1000 9 ± 2 21 ± 3
9 100 1500 5 ± 3 19 ± 1

The experimental design comprised nine different combinations of milling time and
temperature settings. Each set of input variables was associated with specific values of
particle size and the differential thermal response (∆t.µV). These measurements provide
valuable insights into the influence of milling time and temperature on the resulting particle
size and thermal characteristics of the material. In the subsequent sections, the results will
be analyzed and discussed to determine the relationship between the input variables and
the output variables. The statistical analysis, including analysis of variance (ANOVA) and
regression analysis, will be performed to assess the significance of the observed trends, and
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quantify the effects of milling time and temperature on particle size and the differential
thermal response. Furthermore, the findings will be compared to the existing literature and
theoretical models to gain a comprehensive understanding of the observed phenomena.

3.1.1. Particle Size

A statistical analysis of the data using analysis of variance (ANOVA) was conducted
to examine the significance of the factors and their interactions in relation to the particle
size output variable. The results of the ANOVA are summarized in Table 2. Equation (2) in
terms of actual factors can be used to make predictions about the response for given levels
of each factor.

Table 2. ANOVA results for particle size.

Source Sum of Squares df Mean Square F-Value p-Value

Model 2369.08 5 473.82 120.42 0.0012
A-Milling Time 1218.91 1 1218.91 309.78 0.0004
B-Temperature 0.5297 1 0.5297 0.1346 0.7380

AB 5.97 1 5.97 1.52 0.3058
A2 2.98 1 2.98 0.7577 0.4481

A2B 1.44 1 1.44 0.3666 0.5876
Residual 11.80 3 3.93
Cor Total 2380.89 8

R-Squared = 95.50% R-Squared (Adj) = 93.71%

Particle Size = +76.15466 − 0.781436Milling Time − 0.014354Temperature +
0.000339Milling Time × Temperature + 0.000574Milling Time2 (2)

The analysis indicates that the overall model is significant, as evidenced by the low
p-value (0.0012). Figure 3a indicates that the combined effects of the factors A (Milling
Time), B (Temperature), AB, A2, and A2B significantly contribute to explaining the vari-
ations observed in the particle size. The individual factor A (Milling Time) is found to
be highly significant, with a very low p-value (0.0004) and a large F-value (309.78). This
suggests that Milling Time has a substantial influence on the particle size. However, the
factor B (Temperature) is not found to be significant, as indicated by the relatively high
p-value (0.7380) and the small F-value (0.1346). Thus, Temperature does not have a signifi-
cant impact on the particle size in this experimental setup. The interaction term AB, and
the quadratic terms A2 and A2B, are also not found to be significant, as their p-values are
relatively high and their corresponding F-values are relatively small. This suggests that the
interactions between Milling Time and Temperature (AB) and the squared terms of Milling
Time (A2) and A2 multiplied by B (A2B) do not have a significant impact on the particle size.
The levels should be specified in the original units for each factor. This equation should not
be used to determine the relative impact of each factor because the coefficients are scaled to
accommodate the units of each factor and the intercept is not at the center of the design
space (Figure 3b).

Figure 4a,b shows that factor A (Milling Time) exhibits high significance with a very
low p-value (0.0004) and a large F-value (309.78), suggesting its substantial influence on
particle size. However, factor B (Temperature) is not found to be significant, as indicated
by the relatively high p-value (0.7380) and small F-value (0.1346). Thus, Temperature
does not have a significant impact on the particle size in this experimental setup. The
interaction term AB, as well as the quadratic terms A2 and A2B, are also not found to be
significant, as reflected by their relatively high p-values and small F-values. This suggests
that the interactions between Milling Time and Temperature (AB) and the squared terms of
Milling Time (A2) and A2 multiplied by B (A2B) do not have a significant impact on the
particle size.
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3.1.2. Differential Thermal Response

The statistical analysis of the data using analysis of variance (ANOVA) was conducted
to examine the significance of the factors and their interactions in relation to the output vari-
able of Differential Thermal response (∆t.µV). The results of the ANOVA are summarized
in Table 3 and Equation (3).
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Table 3. ANOVA results for differential thermal (∆t.µV).

Source Sum of Squares df Mean Square F-Value p-Value

Model 2041.11 5 408.22 71.57 0.0026
A—Milling Time 1802.67 1 1802.67 316.05 0.0004
B—Temperature 36.82 1 36.82 6.45 0.0846

AB 57.75 1 57.75 10.13 0.0500
A2 174.22 1 174.22 30.55 0.0117

A2B 0.5401 1 0.5401 0.0947 0.7784
Residual 17.11 3 5.70
Cor Total 2058.22 8

R-Squared = 99.17% R-Squared (Adj) = 97.78%

Differential Thermal = +76.48148 − 1.47407Milling Time + 0.021815
Temperature − 0.000348Milling Time × Temperature + 0.010370Milling Time2 (3)

The analysis in Figure 5 indicates that the overall model is significant, as evidenced by
the low p-value (0.0026). This suggests that the combined effects of the factors A (Milling
Time), B (Temperature), AB, A2, and B2 significantly contribute to explaining the variations
observed in the differential thermal response. The individual factor A (Milling Time) is
found to be highly significant, with a very low p-value (0.0004) and a large F-value (316.05).
This indicates that Milling Time has a substantial influence on the differential thermal
response. The factor B (Temperature) is not found to be significant, as indicated by the
relatively high p-value (0.0846) and the moderate F-value (6.45). Thus, Temperature does
not have a significant impact on the differential thermal response in this experimental setup.
The interaction term AB is not found to be significant, as its p-value (0.0500) is relatively
high and the F-value (10.13) is moderate. Figure 6a,b show that the interaction between
Milling Time and Temperature (AB) does not have a significant impact on the differential
thermal response. The quadratic term A2 is found to be significant, with a low p-value
(0.0117) and a relatively large F-value (30.55). This suggests that the squared term of Milling
Time (A2) has a significant influence on the differential thermal response.
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Figure 6. (a) The normal plot of residuals (b) predicted versus actual plot for differential thermal as
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On the other hand, the quadratic term B2 is not found to be significant, as its p-value (0.7784)
is relatively high and the F-value (0.0947) is small. This indicates that the squared term of
Temperature (B2) does not have a significant impact on the differential thermal response.

The analysis of the surface plot, as shown in Figure 7a,b, indicates the significance of
the overall model, supported by the low p-value (0.0026). This suggests that the combined
effects of factors A (Milling Time), B (Temperature), AB, A2, and B2 significantly contribute
to explaining the variations observed in the differential thermal response.
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3.1.3. Optimization

The goal of the optimization process was to find solutions that satisfy the given
constraints while optimizing the response variables, specifically particle size and differential
thermal, within their respective ranges. The constraints for the input variables (Milling
Time and Temperature) and output variables (particle size and differential thermal) are
presented in Table 4.
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Table 4. Optimization constraints.

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance

A: Milling Time is in range 20 100 1 1 3
B: Temperature is in range 500 1500 1 1 3

Particle Size is in range 5 57 1 1 3
Differential Thermal is in range 19 58 1 1 3

A total of 100 solutions were found during the optimization process. The solutions
are listed in Table 5, along with their corresponding values for Milling Time, Temperature,
particle size, differential thermal, and desirability.

Table 5. Optimization solutions.

Number Milling Time (h) Temperature (◦C) Particle Size (nm) Differential Thermal
(∆t.µV) Desirability

1 86.011 1276.340 13.976 19.537 1.000
2 40.000 1500.000 40.037 50.778 0.987
3 50.000 500.000 37.424 31.444 0.965

The optimization process successfully identified solutions that meet the constraints
for the input variables and fall within the desired ranges for particle size and differential
thermal. These solutions exhibit a high desirability of 1.000, indicating that they are
optimal. Solution 1 corresponds to a Milling Time of 86.011, Temperature of 1276.340,
particle size of 13.976, and differential thermal of 19.537. Solution 2 has a Milling Time
of 40.000, Temperature of 1500.000, particle size of 40.037, and differential thermal of
50.778. Solution 3 exhibits a Milling Time of 50, Temperature of 500, particle size of 37.424,
and differential thermal of 31.444. As shown in Figure 8, these solutions provide viable
combinations of input variables that satisfy the constraints while achieving desired levels
of the output variables. The optimization process offers valuable insights for selecting
appropriate parameter values to achieve the desired particle size and differential thermal
responses within the specified ranges.
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3.2. Alloying Simulation
3.2.1. Phase Detection

The phase analysis of the copper–aluminum system was conducted using the copper–
aluminum phase diagram, which provides valuable insights into the compounds formed at
different temperature ranges (Figure 9). The diagram encompasses the entire temperature
range and highlights the formation of various phases. Among the notable phases identified
in this system are the critical intermetallic compounds Al2–Cu and various forms of Al–Cu.
These compounds play a significant role in understanding the behavior and properties of
copper–aluminum alloys. The crystal structure of these phases is also specified, providing
further details regarding their atomic arrangement and bonding characteristics. The com-
position of the alloy studied in this analysis is specified as Al = 20%, Cu = 80%, and trace
amounts of oxygen (O). This composition represents a specific alloy composition within
the copper–aluminum system, allowing for a focused investigation of the phases formed at
the given temperature range. The temperature range considered in this study spans from
0 ◦C to 1500 ◦C, encompassing a wide range of thermal conditions that can influence phase
formation and stability.
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Figure 9. Phase detection diagram reproduced by Thermo Calculator.

This broad temperature range enables a comprehensive understanding of the phase
behavior and transformations in the copper–aluminum system. It is important to note
that the data used for this analysis were obtained from the Thermo Calculator Software, a
reliable tool commonly used for phase diagram calculations and predictions. The software
provides accurate and reliable information on the formation of phases within the copper–
aluminum system, contributing to the overall understanding of the alloy’s phase diagram
and its practical implications. By utilizing the copper–aluminum phase diagram and
incorporating data from Thermo Calculator Software, this study provides a comprehensive
analysis of the phases formed at different temperature ranges within the copper–aluminum
system. Understanding the phase behavior and composition of copper–aluminum alloys is
crucial for their application in various industries, and this analysis contributes valuable
information towards that goal.

3.2.2. Alloy Properties Prediction

The electrical and thermal properties of a copper–aluminum alloy with a composition
of Cu = 80% and Al = 19.90% up to 20%, including the presence of gas (oxygen), were
investigated using JMatPro V7 software. The analysis was performed considering various
phases and a fraction of liquid of 0.01, and all are shown in Figure 10.
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Figure 10. The electrical and thermal properties of a copper–aluminum alloy with a composition of
Cu = 80% and Al = 20%, including the presence of gas (oxygen).

The temperature range of interest for this study is up to 100 ◦C, representing the
environmental temperature conditions. The software simulated the electrical conductiv-
ity, electrical resistivity, and thermal conductivity of the alloy at different temperatures
within this range. The results of the simulation indicate that the electrical conductivity
of the copper–aluminum alloy decreases with decreasing temperature. At 100 ◦C, the
electrical conductivity was found to be 8.12686 × 106 1/(Ohmm), gradually decreasing to
8.91189 × 106 1/(Ohmm) at 25 ◦C. This trend suggests that the alloy exhibits good electrical
conductivity across the investigated temperature range. Conversely, the electrical resistivity
of the alloy increases with decreasing temperature. At 100 ◦C, the electrical resistivity was
measured as 0.12305 × 10−6 Ohmm, gradually increasing to 0.11221 × 10−6 Ohmm at
25 ◦C. This observation indicates that the alloy’s resistance to electrical flow increases as
the temperature decreases. Regarding the thermal properties, the thermal conductivity of
the alloy decreases with decreasing temperature. At 100 ◦C, the thermal conductivity was
found to be 74.29715 W/(mK), gradually decreasing to 65.09843 W/(mK) at 25 ◦C. This
trend suggests that the alloy exhibits relatively high thermal conductivity, indicating its
ability to efficiently conduct heat.

The bulk modulus, shear modulus, and Young’s modulus of a copper–aluminum
alloy were analyzed using JMatPro V7 software and are shown in Figure 11. The alloy
composition consists of Cu = 80% and Al = 19.90% up to 20%, including the presence of gas
(oxygen). The simulation was performed at temperatures ranging up to 100 ◦C.

The bulk modulus is a measure of a material’s resistance to uniform compression.
The results show that the bulk modulus of the copper–aluminum alloy increases with
decreasing temperature. At 100 ◦C, the bulk modulus was determined to be 99.92319 GPa,
gradually increasing to 115.80375 GPa at 25 ◦C. This observation suggests that the alloy
becomes stiffer and less compressible as the temperature decreases. The shear modulus
represents a material’s resistance to shear deformation. Similar to the bulk modulus, the
shear modulus of the alloy increases with decreasing temperature. At 100 ◦C, the shear
modulus was measured as 38.38156 GPa, gradually increasing to 39.67642 GPa at 25 ◦C.
This indicates that the alloy becomes more resistant to shear stress as the temperature
decreases. Young’s modulus, also known as the elastic modulus, characterizes a material’s
stiffness under tensile or compressive loads. The results reveal that the Young’s modulus of
the copper–aluminum alloy increases with decreasing temperature. At 100 ◦C, the Young’s
modulus was found to be 103.64313 GPa, gradually increasing to 106.82878 GPa at 25 ◦C.
This indicates that the alloy exhibits greater stiffness and resistance to deformation as the
temperature decreases.
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Figure 11. The (a) bulk modulus, (b) shear modulus, and (c) Young’s modulus of a copper–aluminum
alloy were analyzed using JMatPro V7 software.

3.3. Experimental Results
3.3.1. Phase Identification by XRD

Based on the analysis of X-ray diffraction patterns, it was observed that with increasing
the milling time of the copper–aluminum powder mixture to obtain a solid solution, the
peaks shift towards lower 2θ degrees. This observation is depicted in Figure 12. The shift in
peaks suggests that more aluminum atoms are being incorporated into the copper structure
during the milling process. As aluminum occupies a position in the crystal lattice of copper,
the lattice constant of copper increases. This, in turn, causes the XRD peaks to shift towards
the left, indicating a decrease in 2θ degrees.
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Figure 12. The diagram of the XRD peaks of the produced powder mixture.

According to the XRD pattern at 10 h, it is difficult to detect the peak for aluminum,
suggesting that aluminum has already reacted with copper within the first 10 h of milling.
A comparison of the peak of the pure copper plane (111) with the peak of the milled copper
plane (111) after 50 h indicates a shift of 2θ from 43.39 degrees to 42.93 degrees (Figure 12),
confirming the penetration of aluminum into the copper structure.

These findings demonstrate that the mechanical grinding of copper and aluminum
powders (14 atomic %) produces a solid solution Cu (Al). As the milling time increases,
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the intensity of the copper peaks decreases, indicating a reduction in the reaction rate.
This can be attributed to a reduction in the amount of unreacted materials present in the
milling process. Initially, the reaction rate is higher due to the larger quantity of reactants
present in contact. However, as the reaction progresses, product phases are formed in the
common phase between the reactants, leading to a decrease in the reaction rate [43]. The
thermal analysis of samples milled at different times (differential DTA) was also conducted
to confirm the formation of the copper–aluminum solid solution (Figure 13). The results of
the differential DTA indicate the presence of a specific endothermic peak in the early stages
of milling at a temperature of 550 ◦C, which is attributed to the solid-state reaction between
copper and aluminum powders. As the milling time exceeds 10 h, the endothermic peak
disappears, indicating that almost all aluminum has entered the copper structure.
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Figure 13. Differential thermal analysis (DTA) graphs of copper–aluminum solid solution at different
milling times.

The Cu (Al) plane (111) peak of copper in the solid solution is shifted to the left by
around 43 degrees, indicating that aluminum has been removed from the copper structure.
However, there is still some aluminum left in the structure, as evidenced by the small
difference in the peak position. The appearance of alumina peaks in the XRD pattern of the
resulting nanocomposite can be attributed to the presence of alumina in the structure. The
absence of the diffraction angle of copper in the nanocomposite with pure copper suggests
that aluminum is not completely removed from the copper structure.

The results of the differential thermal analysis (DTA) shown in Figure 14 confirm the
end of the reaction. The initial endothermic peaks observed at different temperatures in the
early stages of milling can be attributed to the release of copper from the solid solution,
while the higher temperature peak is due to the formation of alumina. It should be noted
that the reason for continuing the milling process for longer times is to achieve a finer
nanocomposite powder and to ensure a complete reaction. The shift of the XRD diffraction
peaks to the right with increasing milling time indicates that the reaction is progressing
and more peaks are shifting towards the right with increasing milling time.

The size of copper particles in copper–alumina nanocomposite was calculated using
the Williamson–Hall formula (Equation (4)) as follows:

B Cosθ =
Kλ

d
+ 2η Sinθ (4)

where λ = 0.15406 nm is wavelength of the X-ray, K is the coefficient equal to 0.89, d is the
crystallite size, θ is the Bragg angle, η is the internal strain and B is the peak width at half
maximum intensity (FWHM).

Additionally, peak broadening can also be affected by instrumental broadening, which
is related to the characteristics of the X-ray diffractometer and the X-ray source used. In
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order to accurately determine the crystallite size, other techniques such as transmission
electron microscopy (TEM) or scanning electron microscopy (SEM) can also be used. These
techniques provide the direct visualization of the particle size and shape, which can be
used to determine the crystallite size more accurately.
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3.3.2. The Microstructure of the Produced Nano Powder

Nanocomposite materials have attracted significant attention in recent years due to
their unique properties and potential applications. These materials consist of a matrix
material, usually a metal or an alloy, in which nanoparticles or other nanoscale reinforce-
ments are dispersed. One approach to synthesizing nanocomposites involves mechanical
milling, which involves grinding the materials in a ball mill for an extended period to
achieve the desired particle size and distribution. In this context, it is important to note
that the properties of nanocomposite materials are highly dependent on the particle size
and distribution of the constituent materials. As such, it is essential to carefully monitor
the morphological changes that occur during the milling process to ensure that the desired
properties are achieved. One common issue encountered during the milling of nanocom-
posite materials is the formation of larger copper particles due to the soft nature of the
metal. Specifically, as the copper grains are ground, they tend to stick together and form
larger particles via welding. This phenomenon can be detrimental to the quality of the
resulting nanocomposite material, as it can lead to the poor distribution of the reinforce-
ment particles and other defects. To address this issue, researchers have explored the use
of process control agents to prevent particle welding and enhance the dispersion of the
reinforcement particles. However, it is important to note that the use of such agents can
introduce unwanted contaminants into the resulting powder, which can affect the final
properties of the material. Therefore, in some cases, researchers opt not to use process
control agents to avoid contamination and achieve higher purity in the resulting powder.
Furthermore, the morphology of the nanocomposite powder can also be influenced by
the weight percentage of the reinforcement particles and their size. In some cases, the
size of the reinforcement particles may be so small that it is difficult to identify them
using traditional characterization techniques, such as scanning electron microscopy (SEM).
Additionally, SEM images may only display surface features of the particles, which can
further complicate their identification.

To investigate the morphology of the resulting nanocomposite powder, researchers
often perform milling for different lengths of time, and monitor the changes in particle
shape and size. For instance, in this study, the morphology of the nanocomposite powder
was investigated after milling for 20, 40, 60, 80 and 100 h. After 20 h of milling, the
powder particles were found to be partially cold-boiled, while after 40 h, the cold-boiled
particles became sheets due to collisions with the pellets. Finally, after 60 h of milling,



J. Compos. Sci. 2023, 7, 300 16 of 19

all the powder particles were found to be in the form of sheets, as observed via SEM in
Figure 15. It is worth noting that the grinding process can lead to partial spheroidization
and separation of the powder particles. However, complete separation and spheroidization
can require additional milling time to achieve the desired morphology and distribution
of the reinforcement particles. The microstructure of a copper-based nanocomposite was
investigated, with a focus on the copper grains and alumina particles dispersed throughout
the material. Crystallite size was determined using the Williamson–Hall method, and it
was found that the TEM-derived size was smaller than that obtained from natural subject
images. TEM imaging with a bright background revealed the presence and size of alumina
particles in the nanocomposite, as indicated by differences in the thickness of various
parts of the powder. The use of a dark background further confirmed the presence of two
different phases in the nanocomposite. The TEM analysis of different regions within the
dark background images shows the presence of alumina particles in the copper background,
as well as the presence of carbon and nickel peaks due to the use of the powder holding net.
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images in different magnifications.

Two distinct sizes of alumina particles were observed in the nanocomposite, with sizes
of 40–10 nm and 20–5 nm, as determined by TEM imaging (Figure 16). The distribution of
these two particle sizes suggests that coarse particles were formed in the initial stages of
synthesis through mechanical grinding and high temperatures, while fine particles were
produced at later stages and lower temperatures at controlled speeds. It is worth noting
that the presence of all fine particles cannot be attributed solely to the breaking down of
coarse particles, as a more uniform distribution of particle size would be expected if this
were the case.
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4. Conclusions

Nanocomposite materials have garnered significant attention in recent years due to
their unique properties and potential applications in various fields. Among the various
methods of synthesis, mechanical milling has emerged as a promising technique for pro-
ducing nanocomposite powders with enhanced mechanical properties. In this study, a
nanocomposite powder was synthesized using the mechanical milling technique with
copper as the base material and alumina as the reinforcing phase. The morphological and
structural characterization of the synthesized powder was done using various techniques
such as SEM, TEM, and XRD. Based on the results obtained from the characterization tech-
niques, it can be concluded that the mechanical milling technique is an effective method
for producing nanocomposite powders with improved mechanical properties. The key
findings of the study can be summarized as follows:

1. The presence of alumina particles in the copper background was observed through
TEM analysis, and the distribution of two sizes of alumina particles indicates the
formation of coarse particles in the initial stages of synthesis and fine particles in
later stages;

2. XRD analysis revealed a decrease in the crystallite size of copper with increasing
milling time, which can be attributed to the formation of defects in the crystal lattice
due to the milling process;

3. The SEM images show the separation and partial spheroidization of the powder
particles during the milling process, leading to the formation of sheets after 60 h
of milling;

4. The absence of nano-copper particles in the synthesized powder was observed through
SEM analysis due to the low weight percentage of alumina in the nanocomposite powder.

5. The findings suggest that the mechanical milling technique could have potential
applications in the development of advanced materials for various industries;

6. The impact of milling time and temperature on particle size was analyzed using
RSM. Among the two input parameters, it is observed that milling time has a greater
influence on particle size compared to temperature. This is evident from the lower
coefficient of the temperature variable in the regression equation.

7. Out of the three optimal samples, the combination of 40 h of milling time and a
temperature of 1500 ◦C resulted in a particle size of 40.037 nm and a differential
thermal value of 50.778 ∆t.µV.
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