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A B S T R A C T

In this study, various amounts (0.25, 0.5, 0.75, 1, and 2 wt%.) of graphene nanoplatelets (GNPs) reinforced Al- 
3.5 wt% Cu metal matrix composites were produced using powder metallurgy processes consisted mechanical 
alloying and pressureless sintering. To compare the properties of the sintered composites, as-blended and 4 h 
mechanically alloyed powders were sintered to yield Al-3.5 wt% Cu matrix alloys. The microstructural, thermal 
and mechanical properties were examined using relevant characterization techniques. The formation of Al2Cu 
phase was detected at all XRD patterns of the sintered samples other than matrix and reinforcement phases. 
Mechanically alloyed powders exhibit the equiaxed particle morphology compared to the as-blended ones, their 
mechanical properties were found better than as-blended and sintered samples. Additionally, mechanical 
alloying led to the dispersion of GNP reinforcements into the Al–Cu matrix. The highest hardness value (around 
153 HV) was obtained for 2 wt% GNP reinforced composite. The highest wear resistance was recorded for 1 wt% 
GNP reinforced composite with 2.07 ± 0.2 mm3/N.m×10− 3 wear rate. Additionally, composites’ compressive 
strength improved with adding 1 wt% GNP (~68.5 MPa). The good dispersion of the optimum amount of GNP’s 
via mechanical alloying provide to obtain preferable mechanical properties.

1. Introduction

Graphene that consists of sp2 hybridized carbon atoms has two 
dimensional (2D) honeycomb lattice structure [1–3]. Lightweight 
(planar density of 0.77 mg/m2), high transparency, high electrical and 
thermal conductivity, and high toughness, and strength are some 
excellent properties of graphene [4]. Graphene nanoplatelets (GNPs) are 
consisted of multiple graphene layers (10–30 graphene sheets) which 
their thickness varies between 0.7 and 100 nm [5–7]. GNPs and multi- 
layer graphene are cheaper and easier to produce than the single-layer 
graphene; also both of them have similar superior properties to single- 
layer graphene [5,7,8]. Low density, great thermal, and electrical con
ductivity, high hardness, large surface area and high aspect ratio are 
some of the remarkable properties of planar-shaped GNPs [9,10]. Due to 
their superior physical, thermal, electrical, and mechanical features, 
GNPs are preferred as reinforcement materials for metals, ceramics and 

polymers to constitute composites [5,7]. Among the GNPs reinforced 
composites, aluminum-based metal matrix composites have been 
worked on a lot. Al-based metal matrix composites are favored by the 
automotive, marine, defense, electronic, and aerospace industries for 
their superior performance due to their light weight, high strength, wear 
and corrosion resistance, low thermal expansion, etc [11–15]. Among 
the Al-based materials, Cu could be added as an alloying element to 
improve mechanical properties via the formation of Cu-rich interme
tallic phases such as metastable Al2Cu [16,17]. According to the Al–Cu 
phase diagram, the solubility limit of Cu in Al at a temperature of about 
548 ◦C is ~5.65 wt% [18]. The in-situ formed Al2Cu phase prevents the 
dislocation movements, causes precipitation hardening and improves 
the alloy’s strength, corrosion resistance, and hardness [19–23].

Homogeneous dispersion of GNPs and interfacial bonding between 
GNP and matrix are essential, especially in improving the mechanical 
properties of composites [24,25]. Because the homogeneously dispersed 
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GNP phase led to grain refinement and decreased dislocation mobility. 
Additionally, stress/load transfer to well-dispersed GNP and mechanical 
properties of the composites are improved [24]. It should be also noted 
that GNP has been a remarkable material since its discovery due to its 2D 
honeycomb structure. In addition, it has become an attractive rein
forcement material that can be preferred in many application areas 
thanks to its ability to improve both mechanical and thermal properties 
even with the smallest amount of reinforcement [26,27].

Although many Al-based composites are produced in solid and liquid 
states, mechanical alloying (MA), one of the solid phase production 
techniques, gains attention in terms of homogeneous distribution of 
reinforcements into the matrix. Room-temperature solid-state powder 
metallurgy method named MA can be used to incorporate or disperse 
reinforcement materials in a metal matrix, resulting in a homogenous 
particle distribution in the microstructure caused by superior mechan
ical properties [27–30]. Rashidi et al. [31] mentioned that the GNPs 
embedded in Al matrix via high-energy ball milling increased the 
dispersion of phases. For instance, Zheng et al. [32] synthesized 5 vol% 
GNP reinforced Al composites via continuous high-energy ball milling, 
subsequent spark plasma sintering and hot extrusion. Zheng et al. [32] 
mentioned that the improvement in mechanical properties via GNP 
reinforcement is related to the load transfer capacity of the homoge
neously distributed reinforcement particles. Rashad et al. [33] investi
gated the mechanical properties of GNP-reinforced pure Al composites, 
and they showed the hardness and tensile strength improvements. 
Zhang et al. [24] achieved the 115.1 % hardness increment with addi
tion of 1 vol% graphene nanosheets into Al matrix. Pérez-Bustamante 
et al. [10] showed that both GNP addition (up to 1 wt%) and milling 
time (1, 3, and 5 h) improved the hardness of sintered materials. 
Akçamlı et al. [34] enhanced hardness to 199.4 ± 1.88 HV and reduced 
the wear volume loss to 0.4476 mm3 with the addition of 0.5 wt% GNP 
into Al matrix.

Most of the GNP reinforced Al-based composites have been studied 
with only pure Al matrix. There are a few studies focused on the Al–Cu 
based matrix. Zheng et al. [35] fabricated GNP-reinforced Al2024 
(consisted Al, Cu, Mg, and Si) via thermomechanical treatment. Al-Cu- 
Al2O3/graphene nanocomposites were synthesized by El-Kady et al. 
[36], and they declared the increase in corrosion resistance with the 
addition of graphene and Al2O3. Powder metallurgy assisted Al2024/1 
wt% TiC/1 wt% GNPs nanocomposites is another related study that 
shows the improvement in compression resistance [37]. Another study 
focused on Al2024-based matrix reinforced with in-situ formed SiC and 
GNP and reported increase in the thermal conductivities of composites 
[13]. Süzer et al. [38] synthesized GNP reinforced (0.1–1 wt%) recycled 
Al composites with ~1.16 GPa average hardness and they obtained the 
highest wear resistance (with ~0.00225 mm3/Nm wear rate) for 0.7 wt 
% GNP reinforced and recycled Al composite.

In the presented study, various amounts (0.25, 0.5, 0.75, 1, and 2 wt 
%.) of GNP-reinforced Al-3.5 wt% Cu matrix composites were produced 
using powder metallurgy routes consisting mechanical alloying, cold- 
pressing and pressureless sintering. Although there are many studies 
related to GNP-reinforced Al-based composites, manufacturing of GNP- 
reinforced Al-3.5 wt% Cu composites using powder metallurgy routes is 
declared first time to the best of our knowledge. To compare the prop
erties of the composites and show the effect of ball milling and GNP 
addition, non-milled and non-reinforced samples were also manufac
tured. The sintered composites were investigated based on their phys
ical, microstructural and mechanical properties. Therefore, the obtained 
results contributed to the literature by showing the effect of GNP rein
forcement on the Al-3.5 wt% Cu matrix.

2. Experimental procedure

Aluminum (Al, Alfa Aesar, 99 % purity, ≤ 44 μm), copper (Cu, Alfa 
Aesar, 99 % purity, ≤ 44 μm) and graphene nanoplatelets (GNPs, Alfa 
Aesar, <10 nm) are used as raw materials. XRD patterns of raw materials 

were presented in Fig. 1a. Existence of pure Al (ICDD Card No: 01–089- 
2837, Bravais Lattice: face-centered cubic, a = b = c = 0.405 nm), Cu 
(ICDD Card No: 01–089-2838, Bravais Lattice: face-centered cubic, a =
b = c = 0.361 nm) and C (ICDD No: 00–026-1076, Bravais lattice: 
hexagonal, a = b = c = 2.456 nm) phases were seen from their XRD 
patterns. Additionally, Raman spectra and SEM images of GNPs are 
given in Fig. 1b and c. Raman spectrum confirms the graphene content 
based on ID/IG value (0.5), and SEM images also show their agglomer
ated platelet morphologies.

3.5 wt% Cu and 96.5 wt% Al powders were weighed and blended 
using a WAB T2C Turbula blender for 30 min to produce as-blended 
powders. Then, both Al-3.5 wt% Cu powders and various amounts 
(0.25, 0.5, 0.75, 1 and 2 wt%) GNPs reinforced Al-3.5 wt% Cu powder 
mixtures were filled into milling vials into a MBRAUN glovebox under 
Argon (Ar, Linde, 99.999 % purity) atmosphere. Additionally, 2 wt% 
stearic acid (C18H36O2, ZAG, 99.5 % purity) was added into each milling 
batch as a process control agent against cold welding of ductile materials 
during milling. Stainless steel milling vials and balls were preferred for 
milling studies; also, the ball-to-powder weight ratio was used as 7:1. 
Prepared milling vials were placed into a high-energy ball mill (SPEX 
8000D Mixer/Mill) and milled for 4 h. After milling, obtained powders 
consolidated using a uniaxial hydraulic press (MSE MP-0710). Cold- 
pressed samples were subjected to debinding process using a Protherm 
PTF 14/105/450 tube furnace with a quartz reactor that heated to 
420 ◦C (heating and cooling rate of 2 ◦C/min) for 2 h under Ar gas flow. 
During the debinding step, stearic acid was removed from the samples. 
Then, samples were sintered at 550 ◦C (heating and cooling rate of 
10 ◦C/min) for 2 h under Ar gas flow using the similar tube furnace at 
debinding. Powder preparation, mechanical alloying, pressing, debind
ing and sintering process to obtain sintered products are illustrated in 
Fig. 2. The compositions of the prepared samples with their abbrevia
tions are shown in Table 1.

The phase identifications of mechanically alloyed powders and sin
tered composites were conducted using Bruker D8 Advanced Series X- 
ray powder diffractometer (XRD) using CuKα (λ = 0.154 nm) radiation. 
The data of the XRD were also taken in the range of 10–90◦ with 2◦/min 
rate and 0.02◦ step size. The International Center for Diffraction Data® 
(ICDD) powder diffraction database was used for phase identifications. 
Average crystallite sizes and lattice strains of powders were calculated 
using Bruker-AXS TOPAS software. The morphologies of the powders, 
sintered composites and wear tracks were analyzed using Thermo
Scientific Quattro S and JEOL-6000 Neoscope scanning electron mi
croscope (SEM) equipped with energy dispersive spectroscopy (EDS). 
Thermal properties of the powders were determined using a Linseis 
PT1600 differential scanning calorimeter (DSC) by heating up to 700 ◦C 
with 10 ◦C/min heating/cooling rate using alumina crucibles under Ar 
atmosphere. Densities of the sintered products measured using Archi
medes’ method. The microhardness test was performed using Shimadzu 
HMV microhardness tester (with Vickers indenter). After the 30 suc
cessful indentations, average hardness values were calculated with their 
standard deviations. First, different loads (25 g, 50 g, 100 g, 200 g, 300 
g, 500 g, 1 kg, 2 kg) were applied at hardness test and traces of hardness 
indenters taken by Carl Zeiss Axiolab-5 optical microscope were exam
ined to determine the appropriate load. After all samples were analyzed, 
a test load of 25 g (245.2 mN) was determined as optimum one. The 
wear performance of the sintered samples was determined using a 
reciprocating wear tester (Tribotechnic oscillating tribotester trib
ometer) using a 100Cr6 steel ball (ϕ 6 mm) under a 4 N load for a 25,000 
mm total sliding distance with 5 mm/s sliding speed. Based on the wear 
tracks, wear volume losses were calculated using 2D contact surface 
profilometer (Veeco Dektak-6 M). The wear tracks were monitored using 
a Zeiss Stereo Discovery V.20 stereo microscope. Additionally, Shi
madzu Autograph AGS-J was used for compression tests (loading rate of 
0.18 mm/min). Average compression results were determined after 
three successful compression tests conducted for each sample.
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3. Results and discussion

XRD patterns of the as-blended Al3.5Cu and 4 h mechanically 
alloyed Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu- 
0.75GNP, Al3.5Cu-1GNP, and Al3.5Cu-2GNP powders are presented in 
Fig. 3a and b. There is no trace for GNP phase at the reinforced samples 
because of its low crystallinity and low amount compared to Al at the 
final composition [16,39,40]. Also, the reinforcement amounts are 
lower than the detection limit (nearly 2 wt%) of XRD. All XRD patterns 
show the existence of Al phase whose peaks are located around 2θ=38.5, 
44.5, 65, 78, and 83◦ and represent diffraction from (111), (200), (220), 
(311), and (222) planes, respectively. Moreover, the peaks belonging to 
the Cu phase placed around 43 and 50◦ are more visible at as-blended 
and milled Al3.5Cu powder than those of the reinforced ones within 
the detection limits. Intermetallic formation and contamination could 
not detected within the detection limits of XRD based on the patterns of 
all powders. Average crystallite size and lattice strain values were 

Fig. 1. a) XRD patterns of Al, Cu, and GNP powders, and b) Raman spectrum and c) SEM images of GNPs.

Fig. 2. Schematic illustration of experimental set-up (Created by BioRender.com).

Table 1 
Compositions and mechanical alloying time of the samples with their 
abbreviations.

Sample Mechanical alloying time 
(h)

Al-3.5 wt% Cu (wt 
%)

GNP (wt 
%)

Al3.5Cu-as- 
blended

0 100 –

Al3.5Cu 4 100 –
Al3.5Cu- 

0.25GNP
4 99.75 0.25

Al3.5Cu-0.5GNP 4 99.5 0.5
Al3.5Cu- 

0.75GNP
4 99.25 0.75

Al3.5Cu-1GNP 4 99 1
Al3.5Cu-2GNP 4 98 2

S. Mertdinç-Ülküseven et al.                                                                                                                                                                                                                  Diamond & Related Materials 157 (2025) 112493 

3 

http://BioRender.com


determined based on three most intense Al peaks and are given in Fig. 3c 
and d. Average crystallite size of Al3.5Cu-as-blended, Al3.5Cu, Al3.5Cu- 
0.25GNP, Al3.5Cu-0. 5GNP, Al3.5Cu-0.75GNP, Al3.5Cu-1GNP and 
Al3.5Cu-2GNP are 263.76 ± 49.1, 91.8 ± 29, 87.8 ± 33, 76.2 ± 21, 57 
± 5.8, 45.2 ± 8.4, 37.1 ± 6 nm, respectively. Average lattice strain of 
Al3.5Cu-as-blended, Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0. 5GNP, 
Al3.5Cu-0.75GNP, Al3.5Cu-1GNP and Al3.5Cu-2GNP are 0.08516 ±
0.01278, 0.17307 ± 0.04633, 0.28935 ± 0.12551, 0.29407 ± 0.1173, 
0.35754 ± 0.13814, 0.56868 ± 0.06322, 0.68133 ± 0.06268 %, 
respectively. There is a dramatic decrease in crystallite size (263.76 ±
49.1 nm to 91.8 ± 29 nm) with 4 h milling. Lattice strain increased 
nearly 2 times by the effect of 4 h milling. Plastic deformations during 
milling led to strain increasing and crystallite size reduction [11,41,42]. 
Şenyurt et al. [41] mentioned that crystallite size of 1 wt% few layered 
graphene reinforced Al-5.5 wt% Cu powders reduced nearly 200 nm to 
44 nm with 4 h MA. Also, crystallite size of the 4 h milled 1 wt% GNP 
reinforced Al3.5Cu composite powders that obtained in this study is 
45.2 nm, and approximately the same value reported in the literature 
was obtained in this study for similar compositions. Increasing the 

amount of reinforcement led to further crystallite size reduction and 
lattice strain increase. The average crystallite size decreased from 91 to 
37 nm, and lattice strain increased from 0.17 to 0.68 % with 2 wt% GNP- 
addition into Al–Cu matrix alloy. Balci et al. [42] also show a similar 
tendency that explains the increasing reinforcement amount into Al 
matrix led to crystallite size reduction and lattice strain increment.

Representative DSC thermograms belong to as-blended Al3.5Cu 
matrix alloy and 4 h milled Al3.5Cu-2GNP powders are presented in 
Fig. 4a. The endothermic peaks located at 656.27 and 639.41 ◦C for as- 
blended Al-3.5Cu and Al3.5Cu-2GNP powders, respectively. Peaking 
point of 656.27 ◦C represents the melting point of the Al. DSC thermo
gram of the mechanically alloyed Al3.5Cu-2GNP powders has an 
endothermic peak at 639.41 ◦C. These high intense peaks stated the 
melting point of proeutectic α-Al phase based on the Al–Cu binary 
phase diagram [43]. This melting point confirms the solubility of the Cu 
in the pure Al matrix via MA. The peak shifts to lower temperatures 
when compared to the as-blended ones. Here, there is a leftward shift in 
the DSC peak with the reinforcement material. Şenyurt et al. [41] also 
observed a leftward shift in the peaks relative to the matrix when they 

Fig. 3. a, b) XRD patterns, c) Average crystallite sizes and d) Average lattice strains of as-blended and mechanically alloyed Al3.5Cu and those GNP rein
forced powders.
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added few-layered graphene reinforcement to the Al-5.5 wt% Cu matrix. 
The shift in the peaks increased as the amount of reinforcement material 
by weight increased due to the changing of lattice strain and crystallite 
size. Different studies have observed a shift in peaks after MA 
[16,34,38]. Based on the DSC thermograms, sintering temperature was 
determined as 550 ◦C. Akçamlı et al. [34] found an endothermic peak 
around 660 ◦C at DSC thermograms of Al-2GNP powders, so sintering 
temperature was selected as 600 ◦C. Furthermore, Süzer et al. [38] ob
tained the endothermic peaks between 647 and 651 ◦C at DSC ther
mograms of GNP-reinforced recycled Al alloy with different amounts of 
GNP (0–1 wt%), and there is a slight increase at their thermograms from 
600 ◦C. Therefore, Süzer et al. [38] selected the sintering temperature as 
590 ◦C that is the temperature below their melting points. Additionally, 
the absence of any other peaks may indicate that no interface was 
formed between Al and graphene after milling [34] within the detection 
limits.

SEM images of the as-blended Al3.5Cu and 4 h mechanically alloyed 
Al3.5Cu, Al3.5Cu-0.25GNP, and Al3.5Cu-2GNP powders are given in 
Fig. 4b,c,d, and e. The morphology of the as-blended powders (Fig. 4b) 
was completely different than the milled ones (Fig. 4c–e) with their 
ductile irregular shapes. However, the morphology changed to semi- 
equiaxed particles after 4 h milling. This difference originated from 
the repeated welding, fracturing and rewelding during MA [34]. During 
the MA of powder mixtures containing Al, Cu and GNP powders, rein
forcement materials were embedded and homogeneously distributed 
into the matrix, so they were not seen individually at the microstructure 
[10]. Khanna et al. [44] mentioned that the GNPs were coated with Al 
matrix during the ball milling. Well-dispersed reinforcement nano
particles led to a perfect mechanical bond between matrix and rein
forcement materials [34].

Sintered compacts from as-blended Al3.5Cu, and 4 h mechanically 
alloyed Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu- 
0.75GNP, Al3.5Cu-1GNP, and Al3.5Cu-2GNP samples were character
ized using XRD for 2θ range from 10 to 90 ◦C (Fig. 5a–b). Similar to the 
XRD patterns of powders, no peaks observed belong to GNP within the 
detection limits of XRD. Additionally, based on the peaks located around 
20.5, 29.2, 37, 42.3, 47 and 47.6◦, consistency of the Al2Cu phase was 
clearly seen with the highly intense Al peaks. Additionally, the magni
fied XRD pattern of Al3.5Cu samples shows the location of Al2Cu peaks 
in detail. Formation of Al2Cu phase after sintering of Al–Cu composites 
is an expected phenomenon [17,45]. Due to the solubility of Cu in the Al 

matrix, Cu peaks were disappeared after sintering and Al2Cu phase 
occurred [17]. The degree of diffusion between Al and Cu is governed by 
the formation of Al2Cu. All intermetallics in the Al–Cu system (Cu9Al4, 
CuAl2, and CuAl) have negative formation enthalpies and they are 
thermodynamically stable. Among them, Al2Cu (− 6.1 kJ/mol) has a 
lower formation enthalpy and it is more likely to form at Al–Cu systems 
[46,47]. Phase diagram of Al–Cu system show the formation of Al2Cu 
expected after 520 ◦C, so phase diagram confirm the formation of Al2Cu 
phase at the composites sintered at 550 ◦C [47]. Additionally Murray 
et al. [43] mentioned that MA improves the solid solubility of Cu into Al 
matrix even though it is hard to obtain non-equilibrium phases at room 
temperature. In these synthesized composites both MA and sintering at 
550 ◦C might trigger the formation of Al2Cu intermetallic phase. Addi
tionally, thermochemical calculations demonstrate the potential reac
tion between the Al and Cu (given in Fig. S1).

SEM and color SEM images at different magnifications and EDS re
sults of representatively selected sintered composites (Al3.5Cu, Al3.5Cu- 
0.5GNP, Al3.5Cu-1GNP and Al3.5Cu-2GNP) are shown in Fig. 6. Ac
cording to the EDS and color SEM images, it is understood that the white 
particles belong to the Cu phase. Similar white-colored Al2Cu interme
tallic phase regions that distributed on the Al matrix were detected at 
sintered Al–Cu based composites presented in literature [41]. This 
phase is above 15 % atomically and even up to 20 % (Al3.5Cu-2GNP, 
point 2 and 3). In addition, as seen in Al3.5Cu, the matrix belongs 
entirely to Al. The Cu phase exhibits a semi-homogeneous and partially 
irregular distribution on Al. Carbon-containing regions were encoun
tered in Al3.5Cu-0.5GNP, and these regions are attributed to the GNP 
reinforcement. The fact that the carbon phase could not be detected in 
the XRD phase indicates that it is below 2 % by weight. In addition, 
carbon was detected regionally in an irregular manner. It can be said 
that the dark areas in the composites contain GNP reinforcement.

SEM images (both with low and high magnifications) of the fracture 
surfaces of Al3.5Cu (a-d) and Al3.5Cu-2GNP (e-g) are demonstrated in 
Fig. 7 to explain the interphase existence with EDS analyses. Fig. 7a–c 
presents the position of Fig. 7d, which is the EDS-conducted area for the 
Al3.5Cu composite. While point A contains 74.7 wt% Al and 25.3 wt% 
Cu, dark colored point B contains 35.5 wt% Al and 64.5 wt% Cu. Point B 
might be interphase region with different contrast. As a representation 
of the Al2Cu phase formed between Al and Cu in different studies con
ducted in literature, the phase formed between Al and Cu was seen to 
have different contrasts [5,48–51]. Li et al. [5] mentioned that strip- 

Fig. 4. a) DSC thermograms of the as-blended Al3.5Cu matrix alloy and 4 h mechanically alloyed Al3.5Cu-2GNP powders, and SEM images of b) as-blended Al3.5Cu, 
and 4 h mechanically alloyed c) Al3.5Cu, d) Al3.5Cu-0.25GNP and e) Al3.5Cu-2GNP powders.
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shaped Al2Cu interphase placed at grain boundaries, also Fig. 7c and 
d exhibit similar strip-shaped formations with different contrasts. Wasik 
et al. [52] explain the Al2Cu precipitates located at the grain boundaries 
based on EDS results that show the Cu-rich areas. Myapati et al. [51] also 
show the blurred region between Al and Cu-rich phases, so Fig. 7c has a 
blurred interface between matrix and Al2Cu. When the GNP-reinforced 
composites’ fracture surfaces were investigated by SEM (Fig. 7e–g), 
similar regions were detected (Fig. 7g) at magnified SEM images with 
different contrast, as explained in Fig. 7d.

Table 2 shows the density measurements of as-blended and sintered 
Al3.5Cu, 4 h mechanically alloyed and sintered Al3.5Cu, Al3.5Cu- 
0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu-0.75GNP, Al3.5Cu-1GNP, and 
Al3.5Cu-2GNP samples. The highest relative density was obtained from 
as-blended and sintered Al3.5Cu matrix sample (96.85 %). The addition 
of reinforcement materials reduced the density of sintered samples in the 
reported previous Al–Cu alloys [17,53]. Relative densities of 4 h me
chanically alloyed and sintered Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu- 
0.5GNP, Al3.5Cu-0.75GNP, Al3.5Cu-1GNP, and Al3.5Cu-2GNP samples 
are 91.65, 93.05, 93.47, 92.68, 93.04 and 95.19 %, respectively. Among 
the 4 h mechanically alloyed and sintered ones, the highest density value 
was obtained from the Al3.5Cu-2GNP samples (95.19 %). Otherwise, 
there is no significant difference between the density values of sintered 
samples reinforced with different amounts of GNP that were milled at 
the same time due to weak bonds [34]. According to Akçamlı et al. [34], 
density values of 4 h milled and pressureless sintered 0.5, 1 and 2 wt% 
GNP-reinforced Al composites were 90.23, 90.30, 89.03 %, respectively. 
These density values were close to the measured GNP-reinforced AlCu 
matrix composites. GNPs has tendency to agglomeration, so mechanical 
alloying helps to GNPs and secondary phases to be distributed well in the 
microstructure and thusthe density gradually changed up to 2 GNP 
addition. In this study, theoretical densities were calculated according to 
the composite rule of mixture. However, secondary phases or porosities 
formed are not considered here, although they directly affect the density 
values. The exact determination of secondary phase amount could not be 
possible by applying Rietveld method due to their peak intensities.

To determine the mechanical properties of matrix alloys and 

composites, hardness, sliding wear tests and compression tests were 
performed. Microhardness values, measured with a 25 g test load, of 
matrix alloys and composites are presented in Fig. 8a. The as-blended 
and sintered matrix alloy has the lowest hardness value (104.51 ±
7.79 HV) among the sintered samples. The highest hardness value 
(153.55 ± 15.14 HV) was acquired from Al3.5Cu-2GNP composite. 
Hardness value of 4 h mechanical alloyed and sintered Al3.5Cu, 
Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu-0.75GNP, Al3.5Cu-1GNP 
samples are 120.81 ± 9.12, 135.15 ± 9.12, 138.2 ± 12.32, 146.3 ±
17.47, 150.3 ± 16.26 HV, respectively. Mechanically alloyed and sin
tered Al3.5Cu samples are 1.15 times harder than the as-blended and 
sintered ones. Strain hardening during mechanical alloying led to 
hardness increase [29,31]. Increasing amount of GNP reinforcement 
increase the hardness of sintered composites. There is a remarkable 
hardness increase up to the 1 wt% reinforcement because there is a 
shallow increase between 1 wt% and 2 wt% reinforced ones. Moreover, 
uniformly distributed Al2Cu and GNP phases improve the hardness of 
the composites by blocking the dislocation motions [54,55]. Hardness 
tests for 4 h milled and sintered Al3.5Cu-1GNP matrix alloy were 
applied using different loads (25 g, 50 g, 100 g, 200 g, 300 g, 500 g, 1 kg, 
2 kg) and the average hardness values with standard deviations and 
indentation tracks’ optical microscope images (using Carl Zeiss Axiolab- 
5 microscope) are presented in Fig. 8b, representatively. These mea
surements were carried out to show the effect of Vickers load on hard
ness values. Increasing the applied load reduced the average hardness 
values.

Fig. 9a demonstrates the wear volume rates with standard deviations 
and wear resistances of sintered samples. Wear volume losses of as- 
blended and sintered Al3.5Cu, 4 h mechanically alloyed and sintered 
Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu-0.75GNP, 
Al3.5Cu-1GNP, Al3.5Cu-2GNP samples are 2.511 ± 0.362, 0.907 ±
0.105, 0.316 ± 0.017, 0.291 ± 0.03, 0.222 ± 0.01, 0.207 ± 0.021 and 
0.218 ± 0.01 mm3. As-blended and sintered Al3.5Cu sample had the 
highest wear rate (25.11 ± 3.62 mm3/N.m × 10− 3) when it compared to 
the all sintered samples. Among the 4 h milled and sintered samples, 
Al3.5Cu sample had the highest wear rate (9.07 ± 1.05 mm3/N.m ×

Fig. 5. XRD patterns of the sintered samples: a) Al3.5Cu as-blended, Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP and b) Al3.5Cu-0.75GNP, Al3.5Cu-1GNP, Al3.5Cu- 
2GNP. (Zoom-in XRD pattern representing the Al2Cu phase formation for the as-blended and sintered Al3.5Cu sample is also inserted.)
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Fig. 6. SEM and color SEM images and EDS results of the representative sintered samples.
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10− 3). When these two matrix alloy samples (both as-blended and mil
led) are examined, it is seen that the wear resistance increases 2.8 times 
with 4 h mechanical alloying. Deaquino-Lara et al. [55] mentioned that 
the wear rate depends on the grain size; reduction in grain size increases 
the wear resistance of samples. Therefore, mechanical alloying led to 
grain size reduction and phases were homogeneously distributed into 
the microstructure, and wear resistance was improved. Adding of 0.25, 
0.5, 0.75, 1 and 2 wt% GNP, wear rates are obtained as 3.16 ± 0.17, 2.91 
± 03, 2.22 ± 0.1, 2.07 ± 0.21 and 2.18 ± 0.1 mm3/N.m × 10− 3, 
respectively. The highest wear resistance was obtained with wear rate of 
2.07 ± 0.21 mm3/N.m × 10− 3 for Al3.5Cu-1GNP composite. Wear 
resistance of the composites improved nearly 12 times both 1 wt% GNP 

addition and 4 h mechanical alloying. Following this the highest wear 
resistant sample, 0.75 and 2 wt% GNP reinforced composites were also 
showed 11 times the wear resistance compared with as-blended and 
sintered Al3.5Cu matrix alloy. An increasing amounts of GNP could act 
as a lubricant and might be caused the carbide formations [34,56]. 
However, up to 2 wt% GNP addition did not negatively affect the wear 
resistance of Al3.5Cu based composites based on the wear analyses.

Fig. 9b shows the stereo microscope images of wear tracks of as- 
blended and sintered Al3.5Cu, 4 h mechanically alloyed and sintered 
Al3.5Cu, Al3.5Cu-0.25GNP, Al3.5Cu-0.5GNP, Al3.5Cu-0.75GNP, 
Al3.5Cu-1GNP, Al3.5Cu-2GNP samples. Wear tracks confirm the wear 
volume loss values given in Fig. 9a. Whereas the narrowest wear track 
was observed 4 h milled and sintered Al3.5Cu-1GNP samples, the 
deepest and broadest wear track was detected as-blended and sintered 
Al3.5Cu sample. Detailed wear tracks were investigated using SEM and 
SEM images with EDS results of representative samples (as-blended and 
sintered Al3.5Cu and 4 h milled and sintered Al3.5Cu-0.5GNP) are 
presented in Fig. 9c and d. Deep groves, debris and delaminated parts 
were seen from the SEM images of the Al3.5Cu sample’s wear track 
(Fig. 9c). EDS analyses of worn surface show the existence of 9.95 wt% 
Al, 1.57 wt% Cu and 4.48 wt% O. During the sliding wear test, the worn 
surface oxidized and formed hard Al-oxides, reducing the wear resis
tance. Because increased stress between the oxides and matrix initiates 
the crack formation and delamination [12]. Delaminated areas were 
observed from worn surface of Al3.5Cu-1GNP sample in Fig. 9d. Smaller 

Fig. 7. SEM images with representative EDS results of fracture surfaces of Al3.5Cu (a–d) and Al3.5Cu-2GNP (e–g).

Table 2 
Archimedes density measurements and relative densities of sintered samples.

Sample Archimedes density 
(g/cm3)

Relative density 
(%)

Al3.5Cu-as-blended 2.63 96.85
Al3.5Cu 2.49 91.65
Al3.5Cu-0.25GNP 2.52 93.05
Al3.5Cu-0.5GNP 2.53 93.47
Al3.5Cu-0.75GNP 2.50 92.68
Al3.5Cu-1GNP 2.51 93.04
Al3.5Cu-2GNP 2.50 95.19

Fig. 8. a) Hardness values of sintered samples, b) Representative hardness measurements under different loads for Al3.5Cu-1GNP composite with optical microscope 
images of indentions.
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grooves are seen from Fig. 9d, that confirm the low wear rate value. 
Additionally, 92.93 wt% Al, 2.86 Cu, 2.95 wt% C and 1.25 wt% O 
content were detected using EDS analyses. Oxidation was seen during 
the sliding of the ball on the composite’s surface, but the oxide amount 
was lower than the as-blended and sintered samples. Shallower grooves 
and delaminations are also seen from Fig. 9d, so it is possible to say that 
main wear mechanism is abrasive wear. Because, grooves, debris and 
cracks are evidence of the abrasive type of wear [12]. Additionally, 
formed hard oxide phases increased wear rate. Fig. 9e observed the 
stereo microscope image of the counter surface of the stainless steel ball 
after the sliding wear test with two different magnifications. Dark- 
colored areas were clearly seen in the middle of the ball as a line, 
which confirms that the sample was transferred onto the ball. Wakhi 
Anuar et al. [57] mentioned that both abrasive and adhesive wear 

mechanisms were occur simultaneously at the Al-based metal matrix 
composites. Therefore, dark colored adhesive parts were also confirming 
the adhesive wear mechanism.

The hard reinforcement particles made the matrix brittle is expected 
to decrease the wear rate or increase the hardness value, as seen here 
[58]. Another theory states that the graphene reinforcements’ grain 
boundary pinning results in grain refinement, which increases the 
composite’s strength by reducing dislocation motion across the Al ma
trix and graphene interface [44]. In addition, the homogeneous distri
bution of GNP without agglomeration also positively affects the 
mechanical properties. Morever, it can be said that the GNP reinforce
ment has a lubricating effect on Al, thus exhibiting a positive behavior 
on the wear rate. The regular clustering of GNP particles also allows the 
wear rate to decrease with the amount of reinforcement [59]. In their 

Fig. 9. a) Wear rate and wear resistance values of sintered samples, b) Stereo microscope images of wear tracks, SEM images and EDS results of c) Al3.5Cu-as- 
blended, d) Al3.5Cu-1GNP and d) Stereo microscope images of abrasive ball surface.
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study, Akçamlı et al. [34] related the wear rate values to agglomeration, 
the lubricating property of GNP and the hardness values of the material. 
On the other hand, the fine grains of secondary phases and matrix alloy, 
high densification rate, low porosity, and uniform dispersion of gra
phene nanoplatelets, which also have a lubricating effect in the Al ma
trix composites, lower the wear rate of an in-situ MA [16]. Furthermore, 
in comparison to the composite material, graphene, which creates a 
smooth tribo-layer, increases wear resistance [60]. Additionally, due to 
weak bonding to the matrix phase and particle clustering, the excess 
graphene concentration decreases wear characteristics [59]. The trans
formation of GNP to more brittle graphite also reduces the mechanical 
properties [61]. According to El-Ghazaly et al. [59], the irregular dis
tribution of clustered GNPs in the Al matrix forms a tribolayer, which 
increases the wear rate. In this study, it is thought that the presence of 
secondary phases, the amount of porosity, and the distribution of GNP 
may directly affect the mechanical properties.

Compressive stress-strain plots of as-blended and sintered Al3.5Cu 
(Fig. 10a) and 4 h milled and sintered Al3.5Cu-0.5GNP, Al3.5Cu- 
0.75GNP, Al3.5Cu-1GNP, Al3.5Cu-2GNP (Fig. 10b) composites are 
presented. Moreover, maximum compressive stress values of composites 
are given in Fig. 10c. Lower ultimate compressive strength value (32.4 
MPa) was detected at as-blended and sintered Al3.5Cu samples 

compared to other 4 h milled and GNP reinforced samples. The highest 
compressive strength (68.5 MPa) was acquired for Al3.5Cu-1GNP 
composite. Also, compressive strength of Al3.5Cu-0.5GNP, Al3.5Cu- 
0.75GNP, and Al3.5Cu-2GNP were 45.9, 58.0 and 64.7 MPa, respec
tively. The increase in compressive strength with the addition of re
inforcements and milling can be attributed to Hall-Petch effect that led 
the uniform distribution of reinforcement particles [54,56]. Further
more, reducing crystallite size and uniformly distributed reinforcements 
act as obstacles limit the dislocation motion, inhibit the fracturing and 
improve the strength [27,57]. Khanna et al. [44] found the 70 MPa 
compression strength for 1 wt% GNP-reinforced Al composites, so the 
results in this study are in a comparable range. Khanna et al. [44] also 
improved the pure Al’s compression strength by adding GNP as rein
forcement. After the certain amount of reinforcement led to agglomer
ation and cluster formations that reduce the mechanical strength of 
composites [44]. Therefore, 2 wt% GNPaddition slightly reduces the 
strength of composite.

4. Conclusions

Powder blending, mechanical alloying, cold pressing, and pressure
less sintering were applied to produce matrix alloys and composites. 

Fig. 10. Compressive stress–strain curve of a) as-blended and sintered Al3.5Cu, b) 4 h milled and sintered Al3.5Cu-0.5GNP, Al3.5Cu-0.75GNP, Al3.5Cu-1GNP and 
Al3.5Cu-2GNP samples, c) Maximum compressive stress values of samples.
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Compared to the non-milled and sintered samples, mechanical proper
ties were improved via mechanical alloying due to the homogeneous 
distribution of phases. Moreover, increasing the GNP reinforcement 
amount up to 1 wt % improves the mechanical properties of samples. 

• According to microstructural investigations, mechanical alloying 
provides a uniform distribution of the phases. This uniformity is 
essential in improving mechanical properties of composites. In the 
detection limits of XRD, only Al and Al2Cu phases were detected 
without oxides, carbides, or impurities at the XRD patterns of sin
tered samples. Al2Cu phase formed after sintering at all milled/non- 
milled and sintered samples.

• Relative densities of sintered composites that measured by Archi
medes’ method change between 91.65 and 96.85 %. No dramatic 
density differences exist between the different amounts of GNP 
reinforced sintered composites.

• The highest Vickers microhardness value (153.55 ± 15.14 HV) was 
acquired from 2 wt% GNP reinforced Al3.5Cu composite. Also, the 
average microhardness value of 1 wt% GNP reinforced composites is 
around 150 HV. The hardness of the composites improved with 
increasing GNP amount.

• Among the sintered composites, the highest wear resistance was 
detected at 1 wt% GNP reinforced Al3.5Cu composite (with the 
lowest wear rate 2.07 ± 0.2 mm3/N.m × 10− 3). The wear perfor
mance of composites was enhanced nearly 12 times with both me
chanical alloying and 1 wt% GNP addition.

• Compression test results show the compression strength increases 
with increasing reinforcement amounts up to 1 wt%. The highest 
compressive strength was acquired for Al3.5Cu-1GNP composite 
(68.5 MPa).

To sum up, 1 wt% GNP reinforcement improves mechanical prop
erties of Al3.5Cu-based composites; excess amount of GNP usage (over 2 
wt%) probably reduced the mechanical strength due to clustering or 
formation of other secobdary phases.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diamond.2025.112493.
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Çağıran, M.L. Öveçoğlu, D. Ağaoğulları, High entropy (HfTiZrVNb)B2 ceramic 
particulate reinforced Al matrix composites: synthesis, mechanical, microstructural 
and thermal characterization, Ceram. Int. 50 (2024) 26583–26595, https://doi. 
org/10.1016/j.ceramint.2024.04.386.

[31] K. Rashidi, M. Moazami-Goudarzi, A. Masoudi, Powder processing, 
characterization and mechanical properties of Al/GNP composites, Mater. Chem. 
Phys. 256 (2020) 123719, https://doi.org/10.1016/j.matchemphys.2020.123719.

[32] Z. Zheng, X. Yang, J.C. Li, X. Zhang, I. Muhammad, L. Geng, Preparation and 
properties of graphene nanoplatelets reinforced aluminum composites, Trans. 
Nonferrous Met. Soc. China 31 (2021) 878–886, https://doi.org/10.1016/S1003- 
6326(21)65546-2.

[33] M. Rashad, F. Pan, A. Tang, M. Asif, Effect of graphene Nanoplatelets addition on 
mechanical properties of pure aluminum using a semi-powder method, Prog. Nat. 
Sci. Mater. Int. 24 (2014) 101–108, https://doi.org/10.1016/j.pnsc.2014.03.012.

[34] N. Akçamli, B. Küçükelyas, C. Kaykilarli, D. Uzunsoy, Investigation of 
microstructural, mechanical and corrosion properties of graphene nanoplatelets 
reinforced Al matrix composites, Mater. Res. Express. 6 (2019) 115627, https:// 
doi.org/10.1088/2053-1591/ab511f.

[35] Z. Zheng, X. Zhang, M. Qian, J. Li, M. Imran, L. Geng, Ultra-high strength GNP/ 
2024Al composite via thermomechanical treatment, J. Mater. Sci. Technol. 108 
(2022) 164–172, https://doi.org/10.1016/j.jmst.2021.08.056.

[36] O.A. El-Kady, H.M. Yehia, F. Nouh, I.M. Ghayad, T. El-Bitar, W.M. Daoush, 
Enhancement of physical properties and corrosion resistance of Al-cu-Al2O3/ 
graphene nanocomposites by powder metallurgy technique, Materials (Basel) 15 
(2022) 7116, https://doi.org/10.3390/ma15207116.

[37] F. Lin, F. Jia, M. Ren, J. Wang, M. Yang, Z. Chen, Z. Jiang, Microstructure, 
mechanical and thermal properties of ultrafine-grained Al2024–TiC-GNPs 
nanocomposite, Mater. Sci. Eng. A 841 (2022) 142855, https://doi.org/10.1016/j. 
msea.2022.142855.
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[39] E. Tekoğlu, D. Ağaoğulları, Y. Yürektürk, B. Bulut, M. Lütfi Öveçoğlu, 
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