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In this study, intermetallic particles were successfully dispersed in a copper matrix using mechanical
alloying with a low-energy planetary mill. The (Ni,Cu),Al intermetallic phase was added at 5, 10, and
15 wt% concentrations, with particle sizes ranging from 8 um to 15 um. The resulting powders were
compacted and sintered at 700 °C for 30 minutes in an argon atmosphere. Microstructural characterization
was performed using scanning electron microscopy (SEM) and X-ray diffraction (XRD), while surface
hardness was evaluated through microhardness testing. XRD analysis confirmed that no new phases
were formed and no phase changes occurred during the milling process. The microhardness results
showed a notable 20% increase in hardness at 10 wt% of intermetallic reinforcement compared to the
base copper material. This improvement is attributed to the uniform dispersion of the intermetallic
particles, which enhanced the mechanical properties. However, a decrease in microhardness was
observed at 15 wt%, likely due to increased microporosity, which reduced cohesion between copper
particles and negatively affected the composite’s performance. These findings suggest that an optimal
intermetallic content exists for reinforcing copper via mechanical alloying, with 10 wt% offering the

best balance between dispersion, microstructure, and mechanical strength.
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1. Introduction

Copper is widely recognized for its exceptional thermal
and electrical conductivities, which make it an indispensable
material in a wide range of industries, particularly in electronics
and electrical engineering'. Its efficiency in conducting heat and
electricity contributes to its extensive use in applications, such
as wiring, circuits, and heat exchangers. However, despite its
superior conductive properties, the mechanical characteristics of
Cu, such as its relatively low strength and poor wear resistance,
limit its suitability for high-stress and mechanically demanding
applications. This has led to the development of various methods
aimed at enhancing its mechanical properties, thereby enabling it
to meet the requirements of challenging industrial environments.
Powder metallurgy via mechanical alloying is one of the most
widely employed techniques that allows the incorporation of
a variety of reinforcing materials such as ceramic compounds,
nanoparticles, and carbon nanotubes. Powder metallurgy is often
used to disperse particles in a metallic matrix to improve the
mechanical, thermal, and electrical properties of the materials.
Recent studies have shown that the type of reinforcement used
significantly affects both the microstructure andwear behavior
of copper composites synthesized using powder metallurgy
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techniques**. Intermetallic particles have excellent wear resistance
owing to their high hardness values (greater than 300 Hv),
especially aluminides that possess a defined stoichiometry®.
These reinforcements significantly improve the hardness,
strength, and durability of Cu, making it more suitable for
applications requiring both high conductivity and mechanical
performance’™. The growing demand for materials with
enhanced mechanical, thermal, and electrical properties has
driven the field of powder metallurgy to adopt new synthesis
and analysis techniques for the development of advanced
materials. These techniques seek not only to optimize the
inherent characteristics of copper but also to investigate
the effect of various reinforcements that can improve its
performance in specific applications'’. In this context, the
use of intermetallics has gained significant attention in recent
years owing to their outstanding properties, such as corrosion
resistance, high hardness, and thermal conductivity''. These
properties are particularly valuable in the manufacture of
components that require excellent wear resistance, such as
parts in transmission systems, heavy machinery, and high-
power devices'>!*. Investigations on copper reinforced with
aluminides are limited, so in the present study, the addition
of the intermetallic (Ni,Cu),Al was carried out to analyze
its effect on the copper matrix with different concentrations
and compaction pressures'>!”. Plasma sintering is the most
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commonly used method for sintering Cu particles'®. However,
owing to its high cost and slow production rate, it has not
yet been used industrially for the mass production of metal
parts. For this reason, in the present work, the dispersion
of the intermetallic was carried out using the conventional
sintering technique, owing to its low cost and easy accessibility.

2. Materials and Methods

2.1. Raw materials

In this study, copper powder analytical reagent (FAGA
LAB, purity 99.9%) was used as the base material. The particles
had an average size of 8 um and rounded shape (Fig. 1). As
a reinforcement, intermetallic particles of (Ni,Cu),Al were
incorporated into the copper matrix. These particles, with an
average size of 17.4 um and irregular shape, were carefully
synthesized in the laboratory under controlled conditions
using powder metallurgy. They play a crucial role in the
enhancement of their mechanical properties. The synthesis
process involved the precise control of the composition
to ensure the formation of the desired intermetallic phase
(Fig. 2)". The morphological contrast between the semi-
rounded copper particles and the irregular (Ni,Cu),Al
reinforcement influenced the flow behavior during powder
mixing and contributed to the distribution and integration
of the phases in the final composite.

2.2. Composite processing

Alow-energy FRITSCH planetary ball mill (Pulverisette)
was used to mix the intermetallic particles and copper
powder in stainless steel vials. A ball-to-powder weight ratio
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of 10:1 was used for the mechanical milling process. An
argon atmosphere was employed during the 8-hour milling
process at 400 rpm to prevent the oxidation of the metal
powders, particularly copper, which readily forms surface
oxides when exposed to air. This inert atmosphere ensures
the chemical stability of the powder mixture during high-
energy collisions in the mill. The samples were collected
every 2 h. Once the mixture was obtained, it was sieved
through a 250 mesh to eliminate lumps, agglomerates, and
large particles. After grinding and sieving, approximately 3.6
grams of powder were obtained for further processing. The
powders were compacted in a uniaxial press at pressures of
400, 600, and 1000 MPa using a mold with a 12.7 mm inner
diameter and 2 g of powder to obtain green samples with an
approximate thickness of 2 mm. The choice of argon as the
protective atmosphere contributes to maintaining the purity
of the metallic phases, resulting in improved sinterability
and mechanical properties in the final composite. Finally,
sintering was performed in a Yifan Y-1200 model argon-
controlled atmosphere furnace with a stepped increase in
temperature, starting with an initial step at 200°C to eliminate
volatile impurities and prepare the powder for densification.
The temperature was then increased to 400°C to promote
initial sintering and reduce the porosity before reaching the
maximum temperature of 700°C, as shown in Fig. 3.

2.3. Materials characterization

The obtained nanocomposites were characterized by
JEOL JSM-7600F scanning electron microscopy (SEM)
with a maximum resolution of 0.8 nm JEOL in which 2k 5k
20k magnifications were used. The powder microstructure
evolution was analyzed by X-ray diffraction (XRD) using
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Figure 1. Characterization of Cu powders (a) morphology, (b) particle size distributions, and (c) XRD pattern.
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Figure 2. Characterization of intermetallic powders surface morphology of (a) (Ni,Cu),Al powders (b) Intermetallic powder particle size

distributions (¢) XRD pattern of intermetallic.

a Bruker D2 Phaser diffractometer with Cu Ko radiation
(A = 0.1542 nm) in the range of 20-80 °. Mechanical
characterization was performed using the microindentation
technique in a Mitutoyo hardness testing machine HM-200
with a load of 50 g and a residence time of 10 s, obtaining
five measurements to obtain the average hardness and optical
microscopy images using an Olympus Gx71 microscope.

3. Results

3.1. Microstructural characterization

The microstructure of the copper matrix changes
significantly with compaction pressure, the yield stress
of copper is approximately 268 MPa®. To achieve a good
interaction between particles, the plastic deformation must
be greater than the yield stress, Fig. 4 shows the change
in the porosity of the copper matrix with respect to the
compaction pressure’!. A quantitative analysis performed
on a sample compacted at 400 MPa revealed the presence
of oxygen Fig. 4d, which is attributed to residual porosity
formed during compaction. This porosity facilitates oxygen
penetration, especially in the interstitial regions of the copper
matrix, where insufficient plastic deformation prevents full
particle consolidation. The first composite consisted of
rounded Cu particles and 5% intermetallic particles Fig. 5.
The intermetallic particles were embedded in the Cu matrix;
thus, more pores were formed along the interstices. The same
detachment was observed owing to polishing, as shown in
Fig. 5(a) (400MPa) It was observed that the compaction
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Figure 3. The sintering temperature was maintained in the oven
under a controlled atmosphere.

pressure was not sufficient to achieve good plastic deformation
of the copper-intermetallic particles in comparison with
Fig. 5(c) (1000 MPa), which has a larger surface. uniform,
with only a few loose particles being polished. Furthermore,
an area quantitative analysis (Fig. 5d) with intermetallic
reinforcement in a sample containing 5% (Ni,Cu),Al revealed
an average composition of 90.59% Cu, 5.42% Ni, 2.11%
Al, and 2.7% O. The matrix was confirmed to be copper,
while the intermetallic reinforcement phase corresponds to
(Ni,Cu),Al The presence of oxygen is attributed to residual
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Figure 4. a) Cu matrix with 0% intermetallic compacted with a pressure of 400 MPa b) Cu matrix with 0% intermetallic compacted
with a pressure of 600 MPa ¢) Cu matrix with 0% intermetallic compacted with a pressure of 1000 MPa d) Quantitative analysis image
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corresponding to the Cu matrix, compacted at 400 MPa.

porosity and surface oxidation, especially within the pores
formed during compaction. By adding 10% intermetallic
particles to the copper matrix, it began to saturate with
intermetallic particles, which generated greater porosity
at three compaction pressures (400, 600, and 1000 MPa)
(Fig. 6). A point quantitative analysis performed on an
intermetallic particle in the sample with 10% intermetallic
compacted at 1000 MPa (Fig. 6d) revealed a composition
of 98.91% Cu and 1.09% O. The presence of oxygen is
attributed to the thin oxide layer that naturally forms on the
surface of the copper particles upon exposure to air shortly
after powder production. This surface oxidation is common
in freshly prepared copper powders and does not significantly
alter the overall metallic characteristics of the matrix. At a
concentration of 15%, 400 MPa was no longer sufficient
for plastic deformation in the copper matrix, resulting in
poor sintering. In Figs. 7(a) and 7(b), a clear decrease in
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Figure 5. a) Cu matrix with 5% intermetallic compacted with a pressure of 400 MPa b) Cu matrix with 5% intermetallic compacted
with a pressure of 600 MPa ¢) Cu matrix with 5% intermetallic compacted with a pressure of 1000 MPa. d) Quantitative analysis image
corresponding to the Cu matrix with 5% intermetallic, compacted at 400 MPa.
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the number of pores is observed as the compaction pressure
increases. This reduction in porosity highlights the influence
of pressure, indicating that higher pressures facilitate more
efficient packing of particles and promote better sintering,
leading to a more compact structure. A point quantitative
analysis was carried out on an intermetallic particle in the
15% sample compacted at the same pressure (Fig. 7d).

3.2. Porosity analysis

For the porosity analysis, images at 500x magnification were
taken using an optical microscope to obtain the relationship
between the areas with and without pores. In Fig. 8(a), it
can be observed that pure copper compacted at 400 MPa
deformed and filled the voids after sintering, whereas when
5%, 10%, and 15% of the reinforcement particles were added,
the compaction pressure was insufficient to deform the copper
owing to the obstruction of the reinforcement particles, as shown
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Figure 6. a) Cu matrix with 10% intermetallic compacted with a pressure of 400 MPa b) Cu matrix with 10% intermetallic compacted
with a pressure of 600 MPa ¢) Cu matrix with 10% intermetallic compacted with a pressure of 1000 MPa d) Point quantitative analysis
of an intermetallic particle in the sample with 10% intermetallic compacted at 1000 MPa.
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Figure 7. a) Cu matrix with 15% intermetallic compacted with a pressure of 600 MPa b) Cu matrix with 15% intermetallic compacted
with a pressure of 1000 MPa ¢) SEM image at higher magnification of a Cu matrix with 15% intermetallic phase, compacted under a
pressure of 1000 MPa d) Point quantitative analysis of an intermetallic particle in the sample with 10% intermetallic compacted at 1000
MPa (1: matrix 2: intermetallic particle)

in Figs. 8(b), 8(c), and 8(d). In Figs. 9(a), 9(b), 9(c), and 9(d),
it is evident that with a compaction pressure of 600 MPa,
there is no significant change in porosity because the pressure
exerted on the samples was sufficient to achieve good plastic
deformation. However, Figs. 10(a), 10(b), 10(c), and 10(d)
show a significant reduction in the number of pores. This
suggests that 1000 MPa is the optimal compaction pressure
for incorporating intermetallic particles (Ni,Cu),Al as
reinforcement in the copper matrix. At this pressure level,
not only does the number of pores decrease, but the size
of the pores generated by both the copper matrix and the
intermetallic reinforcement is also significantly reduced due
to the improved particle rearrangement and densification.
Although increasing the intermetallic reinforcement above
5% tends to increase porosity due to the obstruction of copper

d) Quantitative results
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plastic deformation, this effect stabilizes around 15% because
the particle network begins to form a more rigid framework
that limits further pore formation. In other words, additional
reinforcement beyond this point contributes less to porosity
growth, as the system reaches a microstructural saturation
in terms of particle-particle interaction and pore nucleation.
Furthermore, at 1000 MPa, the porosity remained relatively
constant beyond 10% intermetallic addition, because the
high compaction pressure maximized the densification
efficiency, and the remaining porosity became primarily
trapped or isolated within the rigid intermetallic framework.
The reinforcement particles act as barriers that restrict further
compaction, and as their concentration increases, the ability
of'the copper matrix to accommodate additional densification
diminishes, resulting in a plateau in porosity reduction.
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Figure 8. Porosity analysis with a compaction pressure of 400 MPa a) Cu b) Cu-5%(Ni,Cu),Al ¢) Cu-10%(Ni,Cu),Al, and d) Cu-

15%(Ni,Cu),AL

The equations 1-3 show the relationship between the
concentration (wt%) of reinforcement particles added to
the composite materials and the porosity, as it relates to the
pressure used during powder compaction. In Fig. 11(a), fora
pressure of 400 MPa, an exponential curve is obtained because
the pressure is insufficient to cause plastic deformation in the
copper matrix, which decreases the number of pores in the
samples. Fig. 11(b) shows that at a pressure of 600 MPa, a
linear relationship was obtained between the porosity area
percentage and the addition of intermetallic particles. Finally,
at a pressure of 1000 MPa, it can be seen from Fig. 11(c),
that the porosity percentage remains relatively low, even
after adding 10% or more reinforcing particles.

y=yo+ ae% (Eq. 1)

y=yo+mx (Eq. 2)

Y= —ae% (Eq. 3)
v : Porosity.

vo : Initial porosity value.

a: constant that scales the exponential term.

t: constant parameter that controls the “rate of change”
in the function.

m : slope coefficient

3.3. X-ray diffraction

X-ray diffraction was used to analyze the initial Cu
powders (Fig. 1(c)) and intermetallic powders milled for 8 h
(Fig. 2(c)). The diffraction pattern of the initial bulk copper
powder revealed three characteristic peaks at 43.04 ©, 50.17 °,
and 74.15 °, corresponding to Miller indices of (111), (200),
and (220), respectively. The intermetallic phase, which was
composed of a solid solution of Ni Al with substitutional
copper atoms, showed characteristic peaks at 43.58 °, 50.53
°, and 74.48 ° and a lattice parameter of 3.54 Angstroms
was obtained. However, the intensity of the peaks decreased
(Fig. 12) because of the deformation caused by milling. The
fragmentation of Cu particles during milling results in a
reduction in the size of the crystalline domains, leading to
abroader peak and a decrease in intensity?2. Due to stability
of the intermetallic reinforcement its peak phase show no
shift and show a FWHM change produced by deformation
introduced by milling process®. Furthermore, the diffraction
patterns of Cu and (Ni,Cu),Al had very similar peaks with a
difference of only 0.54 °, which resulted in the overlapping
of peaks when obtaining the composite pattern®. This
behavior was also observed for the addition of 10% and
15% reinforcing particles, indicating that no phase changes
occurred, regardless of the amount of intermetallic added.
This is shown in Figs. 13 and 14.
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Figure 9. Porosity analysis with a compaction pressure of 600 MPa a) Cu b) Cu-5%(Ni,Cu),Al ¢) Cu-10%(Ni,Cu),Al, and d) Cu-

15%(Ni,Cu) AL

3.3.1. Peak simulation in x-ray results

Using the highest concentration of the reinforcement
particles, a simulation was carried out where the two
characteristic peaks of Cu and the intermetallic (Ni,Cu),Al were
obtained. The superposition of these peaks could hinder the
accurate identification of each phase; therefore, a simulation
was performed to clearly separate the peaks and allow for a
more precise interpretation of the individual contributions
from Cu and the intermetallic compound?. The characteristic
peak of the compound was simulated and compared to the
experimentally obtained peak, as shown in Fig. 15.

3.3.2. Crystallite size

The addition of intermetallic particles of (Ni,Cu),Al
considerably decreases the size of the crystallite. This effect is
primarily due to the deformation of the copper lattice during
milling, where the intermetallic particles act as microballs
that facilitate the breaking and reorganization of the copper
structure. As milling progresses, repeated collisions between
the milling balls and the powder, along with the shear forces
generated, promote the fragmentation of larger crystallites into
smaller ones. The intermetallic particles not only enhance this
mechanical deformation by providing additional nucleation
sites for the formation of finer grains but also hinder the
growth of these grains by pinning the grain boundaries. This

resulted in a more refined microstructure with a significantly
reduced crystallite size. Fig. 16%. In the case of milling larger
than the 8h the crystallite refinement is not very effective
because of the logarithmic nature of the process, whereas
the internal deformation could lead to a larger FWHM in
the diffraction peaks of larger times.

_k
B Cosb

where:

*  D: Average crystallite size (nm).

*  k: Scherrer constant.

* A X-ray wavelength Cu Ko average = 1.54178 A.

e B: Full Width at Half Maximum (FWHM) of the
diffraction peak (rad).

*  0: Diffraction angle corresponding to the peak in
the XRD pattern (rad).

3.3.3. Characterization of Material Microstructure
through X-Ray Diffraction Post-Sintering

In the X-ray diffraction analysis after sintering, the
characteristic peaks of Cu and (Ni,Cu),Al can be seen,
as shown in Fig. 17. When the compound was heated to
the sintering temperature, the copper matrix underwent
recrystallization?’, resulting in an increase in the intensity
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Figure 10. Porosity analysis with a compaction pressure of 1000 MPa a) Cu b) Cu-5%(Ni,Cu),Al ¢) Cu-10%(Ni,Cu),Al, and d) Cu-

15%(Ni,Cu),AL

of'the crystalline peaks. This process led to the appearance
of more defined peaks, indicating that the material reached
a higher level of structural organization. Furthermore, in
this recrystallized state, the characteristic peaks of the
intermetallic particles were clearly observed, confirming the
dispersion of the intermetallic particles within the copper
matrix. This behavior reflects the interaction between
the copper matrix and intermetallic particles during the
sintering process, contributing to the improvement of
material properties, such as densification and mechanical
strength. Fig. 17(b).

3.4 Microhardness (HV)

The difference in hardness of copper with the
intermetallic is on the order of 10; therefore, by having a
good dispersion of the intermetallic particles in the copper
matrix, the mechanical properties of the compound increase
almost twice with respect to copper without reinforcement.
The variation in the compaction pressure also tends to
modify the mechanical properties owing to the decrease
in porosity, as shown in Fig. 18. The 40% increase in
hardness observed when increasing the compaction
pressure from 400 to 1000 MPa is mainly attributed to the
enhanced plastic deformation of copper particles during
pressing. At higher pressures, the copper particles undergo
greater plastic flow, which leads to more intimate contact

between particles, reducing porosity and increasing the
effective bonding area. This affects the hardness of the
compound, which is due to the plastic deformation that
must be generated to have good contact between the Cu
and Cu particles by having an intermetallic compound in
the matrix. The copper particles had a smaller contact area
between the particles; therefore, more pores were formed
by the addition of 5% copper at a pressure of 1000 MPa.
The best properties of the compound were obtained at
1000 MPa the other concentrations began to decrease
because of the porosity generated by the two different
phases for the synthesis of the compound. When analyzing
the concentrations of 15% and 400 MPa, it was observed
that the pressure exerted by the punch was insufficient to
plastically deform the sample; therefore, the compound
became so porous that the microindentation test could
not be performed. By performing a comparative analysis
with studies related to the copper matrix, the hardness of
the compound can be improved by up to 200% (Table 1).
Although the study reported a 20% increase in microhardness
with 10% intermetallic reinforcement, a decrease was
observed when the content reached 15%. This nonlinear
behavior is not due to particle agglomeration, as confirmed
by SEM analysis but rather to the increase in porosity
caused by the saturation of intermetallic particles in the
matrix. At this concentration, the copper matrix becomes



Synthesis of Copper Based Composites Reinforced with (Ni,Cu),Al Intermetallic via Low Energy Ball Milling

60~ . S
m  Experimental data 400 MPa m Experimental data 600 MPa
—— Model 9 —— Model
a) b)
40 Con.‘%n) 1
& |Porosity=0.48+0.21¢" 2.73 S
[} : 6+
e Q
© &
2 =
g 20 g
S S 3 .
- Porosity=0.85+0.55(Conc.%)
0- R2=1 P R2=0.9905
T T T T T T T T 0 T T T T T T T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Concentration (wt %) Concentration (wt%)
m  Experimental data 1000MPa
—— Model
c) - ]
1.4 1
S
[
o
©
2 0.7+ L]
‘B
g (Con."o)
o Porosity=1.89-1.91¢" 8.17
0.0 R2=0.8457
T % T T K T ¥ T ¥ T v T ¥ T

0 2 4 6 8 10 12 14 16

Concentration (wt%)

Figure 11. Porosity analysis at different compaction pressures a) 400MPa b) 600 MPa c) 1000 MPa.

O Cu
10 (Nicupal =
L It == g8
1 2 00 88 R
8h O 0O .
5
& | 6h ‘/L A
2 |
i
8 J‘
£ 4h A
2h
i —-—" .
T T T T T T T T T T T
20 30 40 50 60 70 80

20

Figure 12. X-ray diffraction patterns of the Cu+5%(Ni,Cu),Al system mechanically alloyed at 400 rpm.

less capable of effectively accommodating and bonding  increased pore volume, ultimately reducing the overall
the added particles, resulting in poor densification and  hardness of the material.
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Figure 18. The microhardness of the composites was measured at different concentrations and compaction pressures (400, 600, and
1000 MPa).
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Table 1. Comparative study of particle-reinforced copper matrix.
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maximum aggregate

Minimum hardness Maximum hardness

Reference Composite concentration Hardness test obtained obtained
Our work Cu+(Ni,Cu),Al 15% Hv 55 118

b Cu+ALO, 15% Hv 58.9 108.5

» Cu-SiC 20% Hv 82 101

30 Cu-SiC 5% Hv 126 149

3 Cu-ZrO, 12% MPa (Hv) 293 (30) 1027 (105)

2 Cu-ZrO, 9% Hv 65.2 136.5

3 Cu-TiB, 5% Hv 62.2 120

4. Conclusion

The powder metallurgy technique proved to be an excellent
method for obtaining a high degree of dispersion of intermetallic
particles (Ni,Cu),Al in the copper matrix without the presence of
additional phases or agglomerations at 400 rpm. The incorporation
of these particles resulted in compounds possessing mechanical
properties up to 30% higher than that of pure copper owing
to their interaction with the copper matrix. The pressure used
during compaction of the powders had a direct impact on the
final properties of the compounds. As the pressure increased
from 400 to 1000 MPa, the final hardness of the compounds
increased by approximately 40%, whereas the compaction
pressure did not significantly affect the microhardness of pure
copper. However, the porosity of the copper decreased by up
to 15% at the highest compaction pressure. The mechanical
properties of copper did not improve after the addition of more
than 5% of intermetallic particles. Above this concentration,
the material became more porous, with concentrations higher
than 5% causing a reduction in hardness by approximately 10-
15%, as the intermetallic particles are very hard and difficult
to plastically deform, resulting in a compound that is sintered
with excessive porosity, thereby reducing its overall mechanical
properties. Applications of this compound include the reliability
of CU+CuAlx as a candidate for new interconnected materials.
The improved corrosion resistance of the intermetallic compound
and its better mechanical properties could lead to its application
in wire-bonding technologies. However, BTS and electrical
tests are required.
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