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In this study, Cu-based AlICrFeCuNi high-entropy alloy (HEA) composites reinforced with
graphene were fabricated using a mechanical-alloying-assisted spark plasma sintering (SPS)
technique. The HEA reinforcement content was kept constant at 20 wt pct for all samples, while
the graphene content was varied at 0, 0.5, 1.0, and 2.0 wt pct to investigate its influence on the
microstructure, hardness, and tribological performance. The results indicate that both the HEA
particles and graphene exhibit an almost homogeneous distribution within the matrix; however,
increasing graphene content led to noticeable graphene accumulation along grain boundaries.
With higher graphene fractions, the relative density decreased from 97.51 to 94.92 pct, whereas
the hardness increased up to the 1.0 wt pct graphene addition, reaching 134.16 HB, followed by
a slight decrease to 129.25 HB at 2.0 wt pct. Furthermore, graphene reinforcement significantly
improved the tribological behavior of the composites, providing a substantial reduction in wear.
The addition of graphene significantly decreased the coefficient of friction from about ~ 0.70 in
the Cu—HEA alloy to 0.08 at 2.0 wt pct graphene. Graphene also suppressed the pronounced
frictional fluctuations observed in the base alloy, leading to a much more stable sliding behavior.
As a result, wear loss was reduced by nearly 99 pct, primarily due to the formation of a
continuous lubricating tribofilm on the contact surface.
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I. INTRODUCTION

COPPER, with its high electrical and thermal con-
ductivity, is one of the most preferred metals in
engineering applications. It has a wide range of uses in
industry, from cables to cooling systems. Its high
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ductility and formability make it suitable for the
production of many different geometries.' > However,
pure copper has some mechanical and tribological
limitations. While pure copper provides high conduc-
tivity, its low hardness and wear resistance make it
inadequate for long-term operation under heavy loads.
This leads to performance losses, particularly in friction
and contact surfaces. Industrial requirements are
increasing the need for materials that combine both
high conductivity and advanced mechanical properties.
Therefore, the use of copper in the form of metal matrix
composites (MMC) offers a significant advantage.
MMC production allows the addition of different
reinforcement phases to the copper matrix. These
reinforcements can increase hardness, wear resistance,
fatigue strength, and thermal stability.*® This trans-
forms copper into an engineering material that provides
both high performance and long life in specific
applications.

The use of high-entropy alloys (HEAs) as reinforce-
ment phases in MMC designs represents an innovative
approach that offers versatile advantages compared to
conventional ceramic or metallic reinforcements.”:'"’
Owing to their complex structures composed of multiple
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principal elements, HEAs exhibit high strength, superior
wear resistance, thermal stability, and stable phase
formation. Their ability to maintain mechanical prop-
erties over a wide temperature range, together with
effective deformation hardening mechanisms and
microstructural stability, extends the service life of
MMCs.P”" In particular, the AlICrFeCuNi HEA pro-
vides both mechanical and tribological benefits due to its
multiphase (FCC/BCC) nature, high hardness, and
thermodynamic stability. This reinforcement enhances
load-bearing capacity, suppresses surface wear mecha-
nisms, and improves the composite’s resistance to
elevated temperature conditions. For example, in our
previous study,!'” we reinforced the AA5083 alloy with
10 pct AICrFeCuNi HEA and achieved increases of 60
pct in hardness, 35 pct in tensile strength, and 60 pct in
wear resistance. In another study, Ozkaya incorporated
varying amounts of AlCrFeCuNi HEA into the ZA40
alloy and reported significant improvements in both
mechanical and tribological properties.') The highest
performance was observed in samples containing 20 pct
HEA, where hardness increased by 95 pct, tensile
strength by 64 pct, and wear resistance by a factor of
19. Based on these findings, AICrFeCuNi HEA stands
out as an effective reinforcement material that markedly
enhances both functional and structural performance in
MMCs.

Various ceramic and carbon-based reinforcement
phases are used in copper-based MMCs. These rein-
forcements include materials such as SiC, Al,Os, B4C,
TiC, CNTs, and graphene.'* ' Graphene is a two-di-
mensional carbon nanomaterial that makes a significant
contribution to tribological systems due to its high
thermal conductivity, high elastic modulus, and excel-
lent lubricity.!"®2% Graphene is expected to reduce the
coefficient of friction and form a protective film on the
surface. In case of using HEA and graphene together, it
is expected that the HEA reinforcement will increase the
structural strength in the composite to be formed, while
the graphene will improve the friction performance and
provide a more stable wear mechanism. Moreover, both
HEAs and graphene offer advantages not only in
structural strengthening but also in enhancing thermal
stability and functional performance. HEAs exhibit
remarkable resistance to thermal softening, while
graphene contributes to heat dissipation due to its
superior thermal conductivity. These characteristics
make the HEA-graphene combination particularly
attractive for applications where thermal management
and tribological reliability are critical. Additionally, the
simultaneous improvement of thermal stability, electri-
cal conductivity, and wear resistance positions this
reinforcement strategy as a promising approach for
next-generation copper-based MMCs.

Many methods are used for the production of
copper-based MMCs.['*212% However, each of these
methods faces certain limitations, particularly when
combining copper with high-melting-point reinforce-
ment phases. Powder metallurgy-based methods offer
advantages in maintaining the structural integrity of the
reinforcement phases because they require lower pro-
cessing temperatures. Among these methods, spark
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plasma sintering (SPS) stands out for its rapid sintering
capabilities and reduced grain growth. SPS, thanks to its
high heating rates and short processing times, enables
composites to achieve a homogeneous and dense struc-
ture.l'*?32% Passing electrical current directly through
the powder mixture significantly accelerates sintering
kinetics compared to traditional methods. It also allows
for high density at low temperatures. This is a significant
advantage, particularly in preserving the sensitive prop-
erties of copper, such as thermal conductivity. The SPS
device promotes effective bonding between particles by
applying pressure at high temperatures. This improves
both mechanical properties and tribological behavior.
There are many studies demonstrating successful results
using SPS in various MMCs.1?7 3

There are numerous studies on copper matrix com-
posites in the literature.l'”-*!31733 Some of these studies
focus on ceramic reinforced composites, while others
have investigated the tribological effects of carbon-based
reinforcements.** 3¢ Meanwhile, research on HEA-re-
inforced copper composites is increasing. These studies
show that high-entropy alloys increase mechanical
strength and improve wear behavior in the copper
matrix.*” ! Studies on graphene-reinforced copper
composites reveal that graphene, due to its high surface
area and two-dimensional structure, positively affects
friction behavior.*®4% % However, there is no study in
the literature in which HEA and graphene are produced
in the same composite system within a copper matrix
using the SPS method. Therefore, a holistic evaluation
of the production and behavior of the hybrid reinforced
Cu-HEA-graphene system is anticipated to fill an
important scientific gap. In our study, Cu-based MMCs
with constant HEA content and varying graphene
amounts were produced using the SPS method, and
the microstructure, density, hardness, and tribological
behavior of the produced MMCs were investigated in
detail.

II. EXPERIMENTAL PROCEDURE

A. Materials and Composite Fabrication Process

In this study, high-purity copper powder (99.99 pct,
dsy: 21 um, Nanografi, Turkey) was used as the matrix
material. HEA powder which consisting of the elements
Fe-Ni-Al-Cu-Cr in equal-mass composition (dsg:
11.7 um) and graphene nanoparticles (dso : 100 nm,
Nanografi, Turkey) were selected as reinforcement
phases. The HEA reinforcement was kept constant in
all samples and added at 20 wt pct. Graphene rein-
forcements were varied at 0.5, 1.0, and 2.0 wt pct to
investigate their contribution to the mechanical and
tribological properties of the composites. Sample codes
and reinforcement contents are presented in Table I.

Milling was performed to ensure homogeneous mix-
ing of all powders. This process was carried out in a
Retsch PM100 planetary ball mill for 2 hours at a
rotation speed of 400 rpm, with a ball-to-powder weight
ratio of 10:1. 2 wt pct methanol was added as a process
control agent to prevent powder adhesion and cold
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Table I.

The Sample Codes and Milling Parameters

Reinforcement Content

HEA (Wt Pct)

Sample Code Milling time (h)

Graphene (Wt Pct)

Milling Speed (rpm) Ball-to-Powder Weight Ratio

Cu-HEA 2 20
Cu-HEA-0.5Gr 2 20
Cu-HEA-1.0Gr 2 20
Cu-HEA-2.0Gr 2 20

0

0.5
1.0
2.0

400 10:1
400 10:1
400 10:1
400 10:1

welding during the process. These selected parameters
were found to be optimal based on preliminary trials, as
they prevented insufficient dispersion at low energy
levels and excessive cold welding at high energy levels.

After mechanical alloying, the hybrid powder mix-
tures were densified using a Celmak SPS-160V SPS
system. Sintering was carried out under a heating rate of
150 °C/min, a pulse on/off ratio of 12:2, a sintering
temperature of 800 °C, a holding time of 4 minutes, and
a uniaxial pressure of 35 MPa. The production atmo-
sphere was vacuum and nitrogen controlled. These
parameters were optimized as a result of preliminary
studies to obtain high density, prevent excessive growth
of grains, and limit undesirable interface reactions
between copper and HEA /graphene phases.

B. Characterization

After the SPS process was completed, the hybrid
composite samples were metallographically prepared to
be suitable for microstructure and phase analyses.
Detailed microstructural characterization of these bulk
materials was carried out using a Thermo Scientific
Apreo 2S model field emission scanning electron micro-
scope (FE-SEM) integrated with Thermo Scientific
UltraDry energy dispersive spectrometer (EDS). The
scars and surface deformations resulting from the wear
tests were also examined by scanning electron micro-
scope (SEM) in order to better understand the wear
behavior and mechanisms. Quantitative grain size anal-
ysis was performed using ImageJ software. SEM images
obtained at x500 magnification were evaluated from
three randomly selected representative areas for each
sample to ensure statistical consistency. Grain dimen-
sions were measured along orthogonal directions (hor-
izontal and vertical), and the average of these
measurements was taken as the representative grain
size. The reported values correspond to the mean grain
size calculated from all analyzed regions. Phase analyses
were determined by X-ray diffraction (XRD) measure-
ments performed with a PANalytical X’Pert3 Pro
instrument equipped with a CuKoa (4 = 1.541874 A)
X-ray source in the range of 30 to 90 deg 26, with 0.01
deg steps, using a scanning speed of one second at each
step. Archimedes’ Principle was used to determine the
density values of the Cu-based composites samples.
Hardness measurements were performed using the
Brinell method (Innovatest—-Nemesis 9000, 31.25 kg
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load). Average values were obtained from six points
for each sample.

The tribological response of the composites was
evaluated at ambient temperature using a ball-on-disk
type friction and wear tester (UTS Tribolog equipped
with reciprocating module, Trabzon, Tiirkiye). In all
tests, 100Cr6 bearing steel balls with a diameter of 6 mm
and a hardness of ~ 60 HRC were used as a counterface
materials. In the literature, copper-based metal matrix
composites are typically examined under light to mod-
erate loads, and for Cu—h-BN-B4C-type hybrid systems,
the commonly used load window is 2.5 to 20 N, where 1
N is considered the lower limit and 20 N the upper
limit."**** In preliminary trials of the present work,
however, applied loads exceeding 10 N resulted in
extensive surface damage, which hindered reliable
assessment of wear mechanisms. For this reason, the
applied normal loads were selected as SN to obtain
reproducible and meaningful results. The total sliding
distance in the friction tests was fixed at 60 m (corre-
sponds to 5000 reciprocating cycles) for all Cu-based
composites. All tests were carried out following the
standards of ASTM G133. During sliding, the stroke
length and oscillation frequency were chosen as 12 mm
and 3 Hz, respectively. Each condition was tested three
times with a new steel ball to improve statistical
reliability. After testing, volume loss and depth profile
of wear scar were determined using an 3D surface
profilometer (Nanofocus uscan, Germany).

III. RESULTS AND DISCUSSION

A. Powder Characterization

Figure 1 presents the SEM micrographs and particle
size distributions of the powders used in this study. The
initial Cu powders exhibit a predominantly spherical
morphology accompanied by a high degree of particle
size uniformity [as shown in Figure 1(a)]. The particle
size distribution demonstrates a very narrow range,
reflecting the excellent homogeneity of the starting Cu
powder system [Figure 1(a’)]. In contrast, the SEM
image of the HEA powders milled for 25 hours reveals a
heterogeneous and irregular morphology, lacking any
specific geometrical order [Figure 1(b)]. Alongside small
spherical particles, the powder also contains large,
irregularly shaped particles with sharp edges, indicating
significant morphological diversity. The particle size
distribution spans a broad range and displays a clear
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Fig. 1-—(a) to (¢’) SEM image and particle size distribution of the as-received Cu powders, (b) to (»’) SEM image and particle size distribution
of 25 h milled AICrFeCuNi HEA powders, and (¢) SEM image of the as-received graphene powders.

bimodal character, with the coexistence of submicron
particles and coarse particles reaching 70 to 80 um
[Figure 1(b”)]. Furthermore, the graphene reinforcement
exhibits a nanosheet-like morphology, characterized by
thin, layered structures typically associated with two-di-
mensional carbonaceous materials [Figure 1(c)].

Figure 2 presents the EDS mapping analysis of the
AlCrFeCuNi HEA powder used in this study. In the
figure, the red, pink, blue, green, and yellow colors
correspond to the elements Cu, Fe, Al, Cr, and Ni,
respectively. The elemental maps reveal that each
element is distributed almost uniformly across the
powder surface, demonstrating that the alloying process
successfully produced a HEA with well intermixed
constituent elements at the microscale. Despite this
minor variation, the EDS analysis confirms a homoge-
neous distribution of all principal elements, consistent
with the formation of a multi-principal element HEA
structure.

The particle size and morphology of the powders used
in the SPS process have a decisive influence on the
densification behavior and the resulting properties of the

METALLURGICAL AND MATERIALS TRANSACTIONS A

consolidated component. For SPS, powders typically
within the range of 1 to 50 um exhibit a morphology
close to spherical are preferred, as such features promote
uniform packing, stable electrical contact, and efficient
heat transfer during sintering."*>*% Figure 3 presents the
SEM images and particle size distribution curves of the
powders subjected to 2 hours of milling. Since the initial
powders already possessed relatively small particle sizes,
extended milling would inevitably produce excessively
fine or even submicron particles. Such particles may
introduce agglomeration, disturb the uniform packing in
the SPS die, and ultimately impair densification. In
addition, prolonged milling of graphene-containing
systems leads to the fragmentation of graphene
nanosheets, thereby diminishing their structural integ-
rity and functional effectiveness. For these reasons, the
milling duration was limited to 2 hours, which was
found to provide an optimal compromise between
particle refinement and preservation of powder integrity.
Figure 3(a) shows that the Cu/HEA powders maintain a
nearly spherical morphology after 2 hours of milling.
Despite the relatively high fraction of HEA (20 wt pct),
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Fig. 2—SEM image and EDS mapping analysis of 25-h milled AICrFeCuNi HEA powder (Color figure online).

the short milling duration preserves the overall spherical
characteristics of the composite powders. However, the
particle size distribution reveals the emergence of a
secondary population of particles. This is attributed to
the agglomeration of submicron HEA fragments, which
combine to form clusters with typical sizes of ~ 6 um.
As a result, a bimodal distribution becomes evident
[Figure 3(a’)]. Considering that the as-received Cu
powders possessed an average size of 21 um, the
introduction of 20 wt pct HEA and 2 hours of milling
effectively reduced the average particle size to 14.91 um.
For the Cu-HEA-0.5Gr powder [Figure 3(b)], the
spherical morphology is again largely preserved, but
the presence of graphene leads to a more pronounced
decrease in particle size. The average size decreases by
approximately 15 pct compared with the Cu-HEA
sample. The addition of 0.5 wt pct graphene also reduces
the intensity of the bimodal character, gradually shifting
the system toward a narrower unimodal distribution
[Figure 3(b’)]. Graphene acts as a solid lubricant at the
particle—particle and particle-ball interfaces. By limiting
cold welding events during milling, it prevents small
fragments from bonding together into larger agglomer-
ates, thus stabilizing the refinement process and provid-
ing a more controlled decrease in particle size.[*’*"!
When the graphene content is increased to 1.0 wt pct,
the particle size continues to decrease, while the spher-
ical morphological tendency remains preserved [Fig-
ure 3(c)]. The average size decreases from 12.78 to
11.62 um, corresponding to a reduction of approxi-
mately 9 pct. At this concentration, graphene further
inhibits cold welding, allowing submicron fragments to
remain dispersed; therefore, the presence of particles
smaller than one micron is still detectable [Figure 3(c’)].
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Meanwhile, the transition toward a predominantly
unimodal distribution becomes more evident. Upon
increasing the graphene reinforcement to 2.0 wt pct,
only a modest additional decrease in particle size is
observed. The size decreases from 11.62 to 10.43 um,
corresponding to approximately a 10 pct reduction. The
spherical morphology becomes even more dominant at
this stage, as nearly all powder particles adopt shapes
approaching perfect sphericity [Figure 3(d)]. This effect
is associated with the enhanced homogenization of the
fracturing mechanism induced by higher graphene
contents. Furthermore, the population of large particles
decreases significantly, confirming that higher graphene
levels effectively suppress agglomeration and promote a
more refined and homogeneous powder structure [Fig-
ure 3(d’)]. The results demonstrate that all powder
compositions retain a morphology close to spherical
despite variations in reinforcement content. This char-
acteristic is particularly advantageous for SPS process-
ing, as spherical and uniformly sized powders promote
better packing behavior, enhanced current flow, and
improved sinterability, ultimately contributing to supe-
rior densification and mechanical performance of the
final consolidated materials.

B. Microstructural Analysis

Figure 4 shows the microstructure images and grain
size graphs of hybrid composites with a Cu matrix, fixed
HEA reinforcement, and varying amounts of graphene
reinforcement. In the SEM images, dark phases repre-
sent the HEA element, while light gray phases represent
the Cu element in excess. As graphene reinforcement
increases in the 20 wt pct HEA Cu matrix composites
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Fig. 3—SEM images and particle size distributions of 2 h milled powders: (¢) to (¢’) Cu—HEA, (b) to (b’) Cu—HEA-0.5Gr, (c¢) to (¢’)

Cu-HEA-1.0Gr, and (d) to (&) Cu-HEA-2.0Gr.

produced by SPS, the grain size distribution curves
indicate smaller and more uniform grains. The grain size
distribution graphs for each sample show that the
average grain size decreases with increasing graphene
content. The measured grain sizes of Cu—HEA,
Cu-HEA-0.5Gr, Cu—HEA-1.0Gr, and Cu—HEA-2.0Gr
composite and hybrid composite samples are 13.705,
10.312, 7.823, and 7.279 um, respectively. It has also
been reported in the literature that the addition of
graphene provides significant grain refinement in metal
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matrices. For example, the presence of graphene
nanosheets in Cu—Graphene composites restricts grain
growth during sintering, resulting in a smaller-grained
microstructure.'” As the graphene content increases
from 0 to 2 pct by mass, this grain-reducing effect of
graphene becomes clear: while the grains are largest in
the sample without graphene, the finest grain sizes are
achieved in the sample with 2 pct graphene. This further
supports the fact that the presence of graphene reduces
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Fig. 4—Microstructure images and grain size graphs of Cu-HEA (a), Cu-HEA-0.5Gr (b), Cu-HEA-1.0Gr (¢), Cu-HEA-2.0Gr (d).

grain size, which increases P/ield strength according to
the Hall-Petch relationship.!'”

HEA phase, which is present at 20 pct in the
composites, positively affects microstructural stability
during and after sintering. HEAs are known for their
“sluggish diffusion” effect, which slows grain growth
kinetics at high temperatures. The literature emphasizes
that slow atomic diffusion in HEAs stabilizes the
microstructure by leading to high thermal stability,
limited grain growth, and even the formation of
nanoprecipitates. Therefore, the addition of HEA par-
ticles to the Cu matrix helps prevent excessive grain
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growth during sintering; the HEA particles effectively
“anchor” grain boundaries, providing dimensional sta-
bility. Indeed, one study reported that HEA particles in
metal matrix composites increase dimensional stability
and time-dependent deformation resistance by anchor-
ing both grain boundaries and dislocation motion."*
Furthermore, the addition of HEA, as a metallic
second phase, demonstrates good compatibility with the
Cu matrix. Because HEAs possess high wettability and
similar coefficients of thermal expansion to metal
matrices, they do not create the interfacial tensions or
reactions that ceramic reinforcements can cause. For

METALLURGICAL AND MATERIALS TRANSACTIONS A



example, in a study in which HEA was added to AZ91
Mg alloy, no interphase reaction layer was observed
between the HEA particles and the matrix, and good
bonding was achieved.®” Similarly, in Cu-HEA com-
posites, because both HEA and Cu can have FCC
structures or similar lattice structures, interfacial com-
patibility is high. This compatible interface ensures
effective closure of voids during sintering and minimizes
residual stresses due to the low thermal expansion
mismatch.®”) Consequently, the HEA addition helps
maintain microstructure stability without negatively
affecting densification during sintering and contributes
to the preservation of grain structure at high tempera-
tures. This improves the long-term stability and mechan-
ical performance of the composite.

Experimental results show that the 2.0 wt pct
graphene-reinforced sample achieved the highest wear
resistance. This superior performance is directly linked
to the microstructural properties. Literature indicates
that Cu composites containing approximately 1.0 wt pct
graphene achieve the highest strength, while mechanical
properties begin to decline at higher graphene contents
due to interfacial adhesion problems. In this context, the
selection of a 1.0 wt pct graphene content yielded the
best hardness results, likely because it provided a
near-optimal reinforcement amount. In terms of wear
performance, the superiority of the 2.0 wt pct graphene
composite stems from both the increased hardness and
the solid-lubricant effect of graphene. Graphene forms a
thin film between metal surfaces during friction, lower-
ing the coefficient of friction, thus reducing adhesive
wear between the two surfaces. Indeed, in Cu/graphene
composites, the decrease in the coefficient of friction as
graphene is added results in lower wear volumes under
the same load. According to Archard’s law of wear,
higher hardness translates into lower wear. The 2.0 wt
pct graphene composite exhibits the lowest wear rate
due to the synergy of these two effects, both lowering the
coefficient of friction (due to the lubricating effect of
graphene) and higher surface hardness. For example, the
literature reports wear volume reductions of up to 99 pct
and a friction coefficient of 0.2 for Cu-based materials
containing graphene, demonstrating graphene’s tribo-
logical effectiveness.°"3 The 2.0 wt pct graphene
content in our composite minimizes surface damage by
forming a protective carbon layer on the sample surface
during wear.

The EDX maps in Figures 5 and 6 clearly show that
copper is the dominant continuous matrix phase in both
samples. The highest Cu content in Table I (similar
ratios in both samples) confirms that copper forms the
matrix. HEA elements such as Fe, Ni, Cr, Cu, and Al
appear homogeneously distributed throughout all
regions in both maps. This observation indicates that
the HEA components are dissolved as stable, discrete
phases within the copper matrix. According to Table II,
no carbon detector signal was found in the Cu—HEA
sample, while a C content of 1.95 pct was detected in the
Cu-HEA-2.0Gr sample. This difference confirms the
absence of carbon in Figure 5 and the clear presence of
carbon in Figure 6. The carbon signal is particularly
concentrated in the grain boundary regions, indicating
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that the added graphene precipitates and accumulates
primarily at the grain boundaries (Figure 6). This
phenomenon has been reported similarly in literature:
graphene nano cells have been observed to accumulate
and stabilize grain boundaries in metal matrix compos-
ites.> Therefore, the distribution in Figure 6 clearly
demonstrates that graphene particles accumulate and
concentrate at the grain boundaries. As seen in Table II,
the weight ratios of Cu, Fe, Ni, Cr, and Al are
significantly similar in both samples. The only difference
is the 1.95 pct carbon added to the Cu—-HEA-2.0Gr
sample. This indicates that graphene was successfully
incorporated into the composite, while the unchanged
proportions of other elements ensured that the copper
matrix and HEA phase remained stable. The stable sin-
gle-phase structures of high-entropy alloys are explained
by the lower Gibbs free energy due to high entropy of
mixing.

C. XRD Analysis

In three different XRD patterns analyzed in this
study, the HEA pattern data belong to the powder
sample ground by mechanical milling for 25 hours, while
the Cu—HEA and Cu-HEA-2.0Gr patterns belong to
the compact composite samples obtained after SPS
processing (Figure 7). The matrix phase in all samples is
Cu, with HEA and graphene as reinforcement phases. In
the XRD pattern of the HEA powder, characteristic
diffraction peaks belonging to the BCC phase at 44.5,
64.6, and 82.3 deg and to the FCC phase at 51.7 deg
were observed, revealing that HEA has a dual-phase
structure. The stable formation of both FCC and BCC
phases in HEA as a result of prolonging mechanical
milling is also supported in the literature. Indeed, Abbas
et al. (2024) reported that long-term mechanical milling
promotes dual-phase formation rather than 1‘[)hase sep-
aration in HEAs with similar compositions. 3 In the
XRD pattern of the Cu—-HEA composite sample after
SPS, three main peaks (JCPDS card no: #04-0836)
corresponding to the 43.4 deg (111), 50.5 deg (200), and
74.2 deg (220) planes of the Cu element were observed
quite intensely; this shows that the crystal structure of
the Cu matrix phase is preserved with SPS. In addition,
the BCC (110) peak (44.5 deg) of HEA appears quite
weak, suggesting that the HEA phase can be partially
dissolved with the matrix during the sintering process. In
the hybrid Cu—HEA-2.0Gr sample, the main Cu peaks
are still dominant, while the BCC (110) reflection
remains weak and becomes even less intense. This
behavior should not be interpreted as a direct loss of
phase stability solely based on intensity; rather, it can be
related to XRD-intensity-dependent factors such as
preferred orientation, grain refinement, and increased
microstrain introduced by graphene, which typically
broaden and attenuate secondary-phase reflections.
Consistent with the literature, graphene does not intro-
duce new diffraction peaks in Cu-matrix composites;
instead, it mainly affects the microstructure through
interfacial phenomena and refinement effects.>> There-
fore, the XRD results confirm the dominance of the Cu
matrix after SPS and show that the BCC phase of the
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Fig. 5—EDX mapping analysis of Cu-HEA composite sample.

Fig. 6—EDX mapping analysis of Cu—-HEA-2.0Gr hybrid composite.

HEA remains present, with a reduced peak intensity in addition rather than a loss of phase stability, and it is
the graphene-containing composite. This change reflects expected to influence the final microstructure and
microstructural modifications induced by graphene mechanical behavior of the composites.
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Table I1. Weight Fractions (Wt Pct) of the Elements
Identified by EDX Analyses Performed on the SEM
Micrographs of the Produced Samples (Fig. 4)

Sample Code Cu Fe Ni Cr Al C

Cu-HEA 8395 4.01 402 398 404 0

Cu-HEA-0.5Gr 83.51 4.25 389 379 410 0.46
Cu-HEA-1Gr 8322 412 392 383 398 093
Cu-HEA-2.0Gr 82.02 4.02 399 399 403 1.95

Cu(111)

Intensity (a.u)

BCC |

20 30 40 50 60 70 80 90
degree (26)

Fig. 7—XRD analyses of HEA, Cu-HEA, and Cu-HEA-2.0Gr
samples.

D. Relative Density

Figure 8 illustrates the variation in the relative density
values of the specimens fabricated via SPS. Examination
of these values clearly shows that the relative density
decreases gradually with increasing graphene content.
The Cu-HEA specimen exhibits the highest density of
97.51 pct. Despite containing as much as 20 pct HEA,
achieving such a high density is primarily attributed to
the highly effective sintering capability of the SPS
process combined with the presence of Cu within the
HEA composition. Since Cu exists both in the matrix
and in the HEA particles, a more compatible interfacial
condition is formed during sintering, which promotes
the development of sintering necks and facilitates
densification. Upon the addition of graphene, the
density decreases to 96.84 pct in the Cu—HEA-0.5Gr
sample, to 96.13 pct in the Cu—-HEA-1.0Gr sample, and
to 9492 pct in the Cu-HEA-2.0Gr sample. It is
noteworthy that, despite the relatively high amount of
graphene reinforcement, the reduction in density
remains moderate, which confirms the overall effective-
ness of the SPS process. The observed decrease with
increasing graphene content is attributed to the inher-
ently high surface area of graphene, which acts as a
physical barrier between particles, reduces direct
metal-metal contact, and restricts the formation and
growth of sintering necks.’*>”! As shown in Figure 6,
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Fig. 8—Relative density values of fabricated samples.

the amount of graphene accumulated along grain
boundaries increases with reinforcement content, which
further impedes densification. In addition, the lamellar
structure of graphene provides a solid-lubricant effect,
thereby reducing the degree of microscale plastic defor-
mation that must occur under the applied pressure
during SPS. This effect limits the collapse of pores and
hinders full consolidation."®>*) With increasing gra-
phene content, cold welding between particles becomes
further suppressed, which diminishes particle bonding
and increases the persistence of fine, poorly bonded
regions. Graphene sheets may also form discontinuous
three-dimensional networks, promoting open-pore con-
tinuity and further decreasing the overall density.
Moreover, the Joule heating mechanism intrinsic to
SPS becomes less uniform due to the anisotropic and
heterogeneous electrical conductivity introduced by
graphene, leading to localized regions with insufficient
thermal energy for proper neck growth.*” Conse-
quently, increasing graphene content results in notice-
able reductions in relative density, with the most
pronounced decrease observed in the specimen contain-
ing the highest reinforcement level of 2.0 wt pct
graphene.

E. Hardness

Figure 9 presents the hardness values of the fabricated
specimens. The Cu-HEA sample exhibits an initial
hardness of 127 HV, which can be attributed to the
multi-principal-element nature of the HEA particles,
whose inherently high hardness provides a significant
strengthening contribution to the Cu matrix. During the
SPS process, the rapid thermal cycle and enhanced
diffusion promote the formation of strong metallurgical
bonds between Cu and the HEA particles, which further
amplifies the strengthening effect of the HEA phase.
With the addition of graphene, a moderate increase in
hardness is observed. The hardness increases to 132 HV
for the Cu—HEA-0.5Gr sample and reaches 134 HV for
the Cu-HEA-1.0Gr sample. Although the increase
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Fig. 9—Hardness values of fabricated samples.

between 0.5 and 1.0 wt pct graphene is relatively small,
the overall improvement compared to the graphene-free
composite suggests a beneficial reinforcement effect.
This enhancement can be associated with the high elastic
modulus of graphene and its ability to contribute to load
transfer within the composite structure.*’! When uni-
formly dispersed, graphene nanosheets may act as
obstacles to dislocation motion, contributing to a
strengthening mechanism analogous to the Orowan
bypass process. Additionally, the lamellar morphology
of graphene may support interfacial strengthening at
grain boundaries and particle-matrix interfaces.[*’!
However, when the graphene content is increased to
2.0 wt pct, the hardness decreases to 129 HV. This
reduction is attributed to the tendency of graphene
sheets to agglomerate at higher concentrations, resulting
in non-uniform distribution and the formation of weak
local regions. Such agglomerations diminish effective
load transfer, limit interfacial bonding between the
matrix and reinforcement phases, and consequently
suppress the overall hardening response. Furthermore,
an excessive amount of graphene reduces the extent of
metal-metal contact between particles, leading to sub-
optimal densification during SPS, which also contributes
to the decline in hardness relative to the 1.0 wt pct
graphene-reinforced sample.

F. Wear Properties

Figure 10 illustrates the variation of the coefficient of
friction (CoF) for the Cu—HEA and Cu—HEA /graphene
composites as a function of the repeated number of
reciprocating cycles. The addition of graphene into the
Cu-HEA matrix significantly changes the frictional
behavior of the Cu-HEA system and leads to a
remarkable reduction in the coefficient of friction. The
unreinforced Cu—HEA alloy exhibits an average CoF in
the range of 0.65 to 0.75, characterized by noticeable
fluctuations but maintaining overall stability during the
entire test period (black line). This elevated friction
coefficient is characteristic of an adhesion-dominated

3000—VOLUME 57A, JUNE 2026

tribological regime, which is commonly observed in
ductile metallic alloys under dry sliding conditions.[*
The increased CoF arises from intense plastic deforma-
tion caused by the deeper penetration of the counter
ball, which enlarges the real contact area during sliding
and consequently increases the coefficient of fric-
tion.**+63-641 Moreover, the pronounced fluctuations
observed in the Cu—-HEA composites may also arise
from the dynamic behavior of HEA particles during
sliding. These particles may detach or become dislodged
from the matrix and roll between the contacting
surfaces, acting as a third body within the interface.
This third-body effect disrupts stable sliding and con-
tributes to the observed fluctuations.!*>® The addition
of 0.5 wt pct graphene (red line) causes a marked
decrease in the CoF of the Cu—HEA alloy; however, the
behavior of the CoF is quite unstable, with the CoF
exhibiting significant fluctuations after stabilizing within
the range of 0.45 to 0.55.1”) This unstable frictional
response confirms that the graphene concentration is
below the critical level for sufficient lubrication between
the contacting surfaces. This behavior observed in the
friction coefficient can be attributed to a poorly formed
tribofilm, which undergoes intermittent rupture during
sliding and consequently gives rise to localized high-fric-
tional contacts. When the graphene content in the
matrix reaches 1.0 wt pct (blue line), the CoF notably
declines to the 0.10 to 0.15 level and exhibits a smooth,
stable profile throughout the sliding process. This
behavior indicates that a continuous and protective
graphene film forms on the surface and effectively
maintains self-lubrication during sliding.””*”) Follow-
ing this trend, the composite containing 2.0 wt pct
graphene (green line) exhibits even superior perfor-
mance, achieving an ultra-low CoF in the range of 0.05
to 0.08. These results show that once a sufficient amount
of graphene is present, the excellent lubricating film can
continuously renew itself, reducing interfacial shear
stress, preventing adhesion between surfaces, and low-
ering energy loss throughout the sliding process.

The wear-track topographies and corresponding vol-
umetric wear-loss data presented in Figures 11 and 12
evidently demonstrate a strong correlation between the
graphene content and the improved wear resistance of
the Cu—HEA/graphene composites. The unreinforced
Cu-HEA alloy displays the most severe wear damage,
with a maximum wear-track depth of approximately
155 &+ 8 um and a track width around 1775 £ 22 um.
This deep and irregular wear morphology [seen in
Figures 11 (a) and (e)] is indicative of a wear mechanism
governed by severe adhesion, abrasion, and plastic
deformation, consistent with the high and unstable co-
efficient of friction (0.65 to 0.75) observed in Figure 10.
In contrast, the addition of graphene into the matrix
drastically changes the surface morphology and reduces
material removal. With 0.5 wt pct graphene, the
maximum wear depth decreases to 35 £ 5 um, corre-
sponding to a 77.4 pct reduction relative to the Cu—HEA
reference, while the wear-track width narrows to
980 4+ 13 um [Figures 11(b) and (e)]. A more pro-
nounced improvement is achieved for 1.0 wt pct
graphene, as the wear depth is reduced to only
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Fig. 10—Variation in the coefficient of friction (CoF) as a function of the number of cycles (N) for the Cu-HEA and Cu-HEA/graphene

composites (Color figure online).

2.0 £ 0.05 um (~ 98.7 pct reduction) accompanied by a
substantial narrowing of the wear track to 291 £ 16 um,
indicating a stable and uniform contact interface [Fig-
ures 11(c) and (e)]. The 2.0 wt pct graphene addition
further advances this performance, with an ultra-shal-
low wear depth of 1.2 £+ 0.02 um (~ 99 pct reduction)
and an extremely narrow track width of 113 £ 11 um
[Figures 11(d) and (e)]. The volumetric wear-loss results
obtained from the 3D surface topography (given in
Figure 12) exhibit a consistent trend with the wear-depth
profiles. The Cu-HEA sample exhibits the highest
volume loss of 1775 x 10~* mm?, while the 0.5 wt pct
graphene composite shows a steep reduction to
280 x 10> mm® (~ 84 pct decrease). The reduction
becomes more pronounced with higher graphene con-
tents, with the 1.0 and 2.0 wt pct composites exhibiting
wear losses of only 6.4 x 107> mm® (~ 99.6 pct reduc-
tion) and 2.3 x 107> mm?® (~99.9 pct reduction),
respectively. Similar findings have also been reported
in previous studies, where graphene-based solid lubri-
cants were shown to form stable lubricating tribofilms
that effectively decrease the interfacial adhesion and
abrasion.’’’" The remarkable coherence among the
declining friction coefficient, the reduced wear depths,
and the substantially lower volume losses provides clear
evidence that a stable, lubricating graphene film dom-
inates the interfacial dynamics at higher graphene
contents, thereby transforming the wear mechanism
from a severe adhesive and abrasive regimes in Cu—HEA
to a graphene film-controlled mild wear regime. Among
all tested compositions, the Cu—HEA-2.0Gr composite
exhibits the excellent tribological performance (most
stable and lowest CoF, negligible wear), owing to the
formation of a continuous, self-replenishing graphene
film that effectively suppresses metal-to-metal adhesion
and provides a sustained low-friction interface essential
for long-term reliability in industrial applications.
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To clarify the dominant wear mechanisms and their
correlation with the tribological performance, detailed
SEM examinations were carried out on the worn
surfaces of the Cu-HEA composites with different
contents of graphene, and the obtained SEM images
are given in Figures 13 and 14. The morphology of the
Cu-HEA worn surface, marked by significant roughness
and obvious plastic deformation, suggests the preva-
lence of an intense adhesion-driven wear regime. There
are also many wear debris and flakes on the worn
surface [Figures 13(a) through (a3)]. The lack of a
protective graphene-derived tribofilm increases the sur-
face damage, as repeated sliding of the hard 100Cr6 ball
on the soft, unreinforced sample causes severe plastic
deformation and the formation of both deep and
shallow grooves. This formation is also confirmed by
the high friction coefficient value measured for the
Cu-HEA composite sample, as well as by the fluctua-
tions observed in its instantaneous variations
(Figure 10). During the wear test, the soft Cu—HEA
alloy tends to adhere to the ball surface and subse-
quently retransfer onto the sample surface. This
repeated material transfer results in a progressively
rougher and more heterogeneous surface morphology
on the specimen. On the other hand, deep cracks also
exist on the deformed and smeared layers as clearly seen
in Figure 13(al). These cracks progress under repetitive
stresses during the sliding, causing the large lamellar
debris and a significant rise in wear loss for the Cu—-HEA
specimens (Figure 12). These findings are also confirmed
by the worn debris, which consists heavily of deformed
and flake-like particles collected from the wear surfaces
[Figure 13(a3)]. Incorporating 0.5 wt pct graphene into
the matrix partially modifies the surface morphology.
Localized tribofilm patches [Figure 13(b1)] are observed,
which provide a limited reduction in both the coefficient
of friction and wear loss; however, their discontinuous
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Fig. 11-—3D surface topography and the cross section of the wear tracks (¢) for Cu-HEA (a), Cu-HEA-0.5Gr (b), Cu-HEA-1.0Gr (c),
Cu-HEA-2.0Gr (d).

nature results in intermittent and unstable lubrication friction coefficient (Figure 10) support the formation of
between the contacting pairs. The sudden peaks and an unstable-localized film and intermittent film break-
drops observed at specific periods in the instantaneous downs during the sliding. Furthermore, the addition of a
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Fig. 12—Variations of volume loss of Cu—HEA composites with
different graphene content under the same test conditions.

small amount of graphene promotes fragmentation of
the wear debris, narrows the wear scar, and gradually
smoothens the worn surface [Figures 13(b) through
(b3)]. Despite the observed partial surface modifications,
the presence of plastic deformation on the worn surface
[Figures 13(b2) and (b3)] and the relatively high average
friction coefficient value (u, ~ 0.50 seen in Figure 10) of
the Cu-HEA-0.5Gr sample indicate that the wear
process is still largely driven by adhesion. Increasing
the graphene content in the Cu—HEA matrix to 1.0 pct
facilitated the formation of a more consistent lubricating
film, while also significantly altering the nature of the
surface interactions [Figures 14(a) through (a2)]. The
wear surface exhibits a markedly smooth and homoge-
neous appearance, with virtually no evidence of material
transfer and abrasive effects associated with plastic
deformation. It is well known that %raphene exhibits
excellent self-lubricating properties.!'”) Once the gra-
phene content exceeds a critical threshold, a more
stable and continuous tribofilm forms on the worn
surface, leading to a significant reduction in wear losses
compared to the Cu-HEA and Cu-HEA-0.5Gr speci-
mens (Figures 12, 13). The reduction in the average
friction coefficient to the level of 0.15, along with the
noticeable decrease in CoF fluctuations compared to the
Cu-HEA and Cu-HEA-0.5Gr samples, confirms the
formation of a stable and continuous tribofilm on the
surface and a significantly homogeneous contact
between the surfaces [Figures 10, 14(a) through (a2)].
Increasing the graphene content in the matrix to the 2.0
wt pct level optimized the film formation [Figures 14(b)
through (b2)] resulting in peak tribological performance.
Specifically, the friction coefficient was minimized to
0.08 level, and the wear loss reached 2.3 x 107> mm°.
This wear loss represents an exceptional 99 pct reduc-
tion compared to the Cu—HEA reference sample. This
improvement is attributed to graphene’s ability to
redirect crack initiation and propagation, which
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stabilizes the lubricating film, lowers friction, and
enhances wear resistance. Moreover, higher graphene
content refines the copper matrix grains, increasing
hardness and further improving wear behavior
(Figures 4, 9, 12)."721 Graphene mainly locates at
grain boundaries, where it acts as a barrier to disloca-
tion motion and crack propagation, while also helping a
load transfer within the matrix.””*!

To further support the identified wear mechanisms,
SEM and EDS analyses were also carried out on the
surfaces of the counter balls, and the obtained images
and findings are presented in Figure 15. The coun-
ter-ball surfaces have different appearances that clearly
reveal the differences in wear mechanisms observed in
the Cu-HEA and Cu-HEA/graphene composites. For
the ball tested against the Cu—HEA reference composite,
a heavily smeared transfer layer is evident, indicating
intense plastic deformation and dominant adhesive
interactions at the sliding interface [Figures 15(a) and
(al)]. The high coefficient of friction measured for this
sample may be directly attributed to this smeared layer,
which is repeatedly formed and fractured during sliding.
Moreover, under combined compressive and shear
stresses, the smeared tribolayer repeatedly adheres and
fractures. This recurring instability may be seen as the
primary reason for the marked fluctuations in friction of
the Cu—HEA samples. In contrast, for the ball tested
against the Cu—HEA composite containing 0.5 wt pct
graphene, both the real contact area and the smeared
regions are noticeably reduced [Figures 15(b) and (b1)].
This reduction is partially attributed to the limited
lubricating effect provided by the low content of
graphene within the matrix. However, the presence of
adhered and plastically deformed material on the ball
surface indicates that adhesion-driven wear is still active
for Cu-HEA-0.5Gr composite. On the other hand,
increasing the graphene content within the composite
matrix to the level of 1.0 wt pct and subsequently to 2.0
wt pct drastically alters the tribological interactions
occurring at the counter-ball surface. For the ball tested
against the 1.0 wt pct graphene-reinforced composite,
only a very limited real contact area is observed, and the
smeared layer is extremely thin and localized [Fig-
ures 15(c) and (cl)]. In the case of the 2.0 wt pct
graphene composite, the ball surface displays only
minimal and weakly detectable smearing marks [Fig-
ures 15(d) and (d1)]. The counter ball surface, much like
the composite’s wear track [Figures 14(b) through (b2)],
appears remarkably smooth, clearly demonstrating the
effective lubrication offered by 2.0 wt pct graphene
content. Overall, these observations evidently demon-
strate that the addition of graphene directly influences
the wear mechanisms at the sliding interface. The
reduction of plastic deformation observed with increas-
ing graphene content is a clear indication of graphene’s
effective lubrication behavior. The substantial reduction
in the coefficient of friction with higher graphene
content further supports this conclusion.

To evaluate the obtained results in a broader context,
the findings were compared with studies on some
Cu-graphene composites in the literature.’¥ As sum-
marized in this review, the addition of graphene to
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copper matrices generally leads to grain refinement,
improved load transfer, and a significant reduction in
friction and wear due to the formation of a lubricating
tribofilm. These trends are in good agreement with the
results obtained in the present study. In particular, the
dramatic reduction in the coefficient of friction and wear

3004—VOLUME 57A, JUNE 2026

volume observed with increasing graphene content can
be attributed to the same mechanisms discussed in the
review, namely graphene-induced solid lubrication and
grain boundary stabilization. However, while the review
primarily focused on conventional Cu—graphene sys-
tems, the present study expands on these findings by
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Fig. 14—SEM images of worn surfaces of Cu-HEA-1.0Gr (a¢) and Cu-HEA-2.0Gr (b) composites.

demonstrating that the addition of graphene to a Cu
matrix already reinforced with AlCrFeCuNi high-en-
tropy alloy particles provides a synergistic effect. The
HEA phase enhances load-carrying capacity and
microstructural stability, while graphene dominates the
tribological response by forming a continuous and
self-renewing tribofilm. Therefore, the present results
are fully consistent with the established Cu—graphene
literature and also provide new insights into the role of
graphene in hybrid Cu-HEA composite systems pro-
cessed via spark plasma sintering.

IV. CONCLUSION

In this study, Cu/AlCrFeCuNi/Graphene hybrid
metal matrix composites were successfully fabricated
via the spark plasma sintering (SPS) method, and the
role of varying graphene content on the microstructural,
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mechanical, electrical, and tribological properties were
systematically investigated. The key findings are as
follows:

(1) With increasing graphene content, the relative
density decreased from 97.51 to 94.92 pct,
whereas the hardness increased up to the 1.0 wt
pct graphene addition, reaching 134.16 HB,
followed by a slight decrease to 129.25 HB at
2.0 wt pct.

(2) The wear volume decreases dramatically from
1775 x 10> mm® in the unreinforced Cu-HEA
alloy to only 2.3 x 107> mm® (~ 99 pct reduc-
tion), and the coefficient of friction drops from
0.65 to 0.75 to 0.05 to 0.08 for the composite
containing 2.0 wt pct graphene, and this improve-
ment arises from the formation of a
stable graphene-based lubricating film that
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minimizes interfacial shear and suppresses metal-
to-metal adhesion.

The Cu-HEA/graphene composites exhibit pro-
gressively smoother and more stable friction coef-
ficients with increasing graphene content, in
contrast to the pronounced fluctuations observed
in the unreinforced Cu-HEA alloy, and this
improvement is directly associated with the excel-
lent friction film provided by graphene’s self-lu-
bricating capability.

The progressive transition from severe adhe-
sion-dominated wear in the unreinforced
Cu-HEA alloy to a graphene-controlled mild
wear regime demonstrates that increasing
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graphene content fundamentally alters the wear
mechanism by enabling the formation of a con-
tinuous, self-lubricating tribofilm that suppresses
plastic deformation, prevents material transfer,
and redirects crack propagation, thereby achiev-
ing exceptionally low friction and nearly complete
elimination of wear.
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