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A B S T R A C T

Despite their significant functions and properties, the performance characteristics of Al2O3 ceramic particles and 
graphene oxide (GO) within hybrid copper composite coatings have been seldom investigated. This study suc
cessfully fabricated a Cu-GO- Al2O3 composite coating featuring fine particulate spherical network-like structures 
on St37 low carbon steel using an ultrasonic-electroless coating method. The effects of Al2O3-decorated graphene 
oxide hybrid reinforcement on the texture and nanomechanical properties of the copper matrix were examined. 
The tribological performance of the Cu-GO- Al2O3 composite coating under dry sliding conditions was evaluated, 
and the wear mechanism was investigated in detail. Results demonstrate that the Cu-GO- Al2O3 composite 
coating effectively reduces the wear rate and friction of the GO/ Al2O3 hybrid reinforced composite coating. 
Potentiodynamic polarization tests indicated that the Cu-GO- Al2O3 composite coating exhibits higher corrosion 
resistance compared to the copper matrix. The enhanced mechanical, tribological, and corrosion properties of the 
Cu-GO- Al2O3 composite coating are primarily attributed to: (i) the fine particulate spherical network-like 
structure; (ii) the synergistic effect of the GO and ceramic particle hybrid with a decorated structure; (iii) the 
formation of graphene oxide/ Al2O3 nanorolls in tribofilms and the excellent self-lubrication properties of gra
phene oxide. The Cu-GO- Al2O3 composite coating significantly improves the frictional and electrochemical 
properties of the copper matrix, offering new perspectives for next-generation electrical contacts and nano
electromechanical systems.

1. Introduction

Copper and copper alloys are widely used in frictional components, 
automotive micro-nano electronics and nano-devices, power materials, 
bushings, and electrical contacts due to extraordinary thermal conduc
tivity (400 W/mK), electrical conductivity(58 MS/m), corrosion prop
erties [1,2]. However, pure copper had already limited its wide 
application due to weak relative strength, hardness, and wear resistance. 
Furthermore, with the rapid development of the automobile and nano- 
device industries, there is a high demand for new materials with 
enhanced friction and electrochemical properties that maintain high 
electrical conductivity [3,4]. Therefore, designing wear and corrosion- 
resistant copper composite coatings is important for high-performance 

nano-devices.
Composite materials can be produced by different methods such as 

ball-milling, FSM etc. [5–7]. Electroless coatings are a coating technique 
that has been used for many years. Especially in the last fifty years, it has 
come to the fore with its excellent corrosion and wear resistance [8]. 
Electroless coatings allow many metals such as nickel and copper to be 
used as a matrix. In addition, it is very suitable for producing compos
ites, which makes this technique stand out [9]. Currently, re
inforcements, such as molybdenum sulfide (MoS2) [10], GO [11,12], 
ceramic particles [13], are incorporated into the metal matrix to 
improve the tribological or corrosion properties. GO with a layered 
structure as reinforcement into metal matrix has attracted great atten
tion due to low friction and high wear performance, anti-corrosion 
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properties, and specific surface area [14,15]. As a corrosion inhibitor in 
metal deposition, graphene has excellent barrier properties against 
corrosive media. Moreover, the ultra-thin lamellar structure makes GO 
easy to permeate the contact interface for inhibiting direct contact 
metal-metal [16]. Fanyan et al. [17] studied the effect of graphene on 
the hardness, friction and wear of Cu-GO coating produced by spark 
plasma sintering method. It was displayed that the tribology and friction 
properties of the Cu-GO composite was improved by incorporating GO. 
Mai. [18] prepared copper-graphene oxide composite coating by elec
trodeposition. Compared with copper, the hardness was increased, 
contributing to improved friction and wear resistance. Baoyin [19] 
incorporated GO in the copper to significantly improves the corrosion 
resistance of the composites. However, its high incorporation and bad 
dispersion in coating adversely affect the metal matrix’s friction, wear, 
and corrosion properties. To achieve a notable increase in tribological 
and anti-corrosion performance, graphene oxide must be combined with 
other reinforcements. Therefore, many reports have shown that the 
hybrid composite materials are an ideal reinforcement for nano metal 
matrix composites because they can provide a synergistic effect among 
each reinforcement in the matrix and be beneficial to the dispersion and 
interfacial combination between them reinforcement and matrix 
[20–27]. Lailesh et al. [28] reported that Cu xGnP/MWCNT(multi- 
walled carbon nanotube) hybrid composites improve wear resistance 
due to exposed rich carbon layer on the wear surface. Dong et al. [29] 
investigated physico-mechanical properties of Cu-graphene matrix 
composites decorated with tungsten carbide, demonstrating yield 
strength and ultimate tensile strength have enhanced up to 112 % and 
72 %, respectively, when compared with those of Cu matrix.

So far, relevant research has mainly focused on the effects of gra
phene on the wear and corrosion properties of the copper matrix. To the 
best of our knowledge, there is currently no study reporting on the 
nanomechanical, friction, wear, and corrosion behaviors of the copper 
composite coatings reinforced by graphene oxide and Al2O3 ceramic 
particles. Therefore, this study aims to investigate the morphological, 
electrochemical and nanomechanical properties (hardness and elastic 
modulus) of Cu-Graphene Oxide-Al2O3 composite coatings, which 
exhibit superior tribological and corrosion resistance. These coatings 
were prepared using the ultrasonic-assisted electroless coating process 
and applied to St37 low carbon steel. While the Al2O3 was selected for its 
ability to enhance the mechanical strength of the coating through 
increased surface hardness, the GO reinforcement were preferred for 
their lubricating properties, their ability to improve wear and corrosion 
resistance, and their contribution to reducing surface roughness. 
Moreover, the present research further seeks the effect of nanoroll for
mation on the wear and friction performances of the copper composite 
coating reinforced by graphene oxide and Al2O3 ceramic particles.

2. Experimental

2.1. Fabrication of Cu-GO-Al2O3 composite coatings

According to our previous report, graphene oxide was synthesized by 
an improved Hummers method [30]. The thickness of graphene oxide 
(wall thickness) is 6–8 nm and the nominal particle size (surface area) of 
graphene oxide is between 2 and 6 μm. The electroless plating was 
carried out in a cell placed in a thermostatically controlled bath. The 
plating bath was ultrasonically stirred during deposition. Ultrasonic 
agitation was used for homogeneous dispersion and deagglomeration of 
graphene oxide and ceramic particles in the electrolyte during the 
deposition. The size of the Al2O3 (aluminum oxide) particles (CAS No: 
1344-28-1, Sigma Aldrich) was approximately 50–100 nm which used as 
reinforcement in this study. The pH value was maintained at 9–9.5 and 
the temperature was kept at 65 ◦C. The bath compositions and the 
parameter for electroless copper composite coatings are displayed in 
Table 1. The low carbon steel (St37, chemical composition; C (0.11 wt 
%), Si (0.03 wt%), Mn (0.56 wt%), P (0.007 wt%), S (0.005 wt%), Cr 

(0.07 wt%), Ni (0.03 wt%)) used as substrates were pretreated by pol
ishing with silicon carbide (SiC) papers, then cleaned in acetone fol
lowed by degreasing in alkali solution. Before coating the substrate 
subject to a treatment process that consisted of various steps such as 
sensitization and activation treatments: (1) The polished specimens 
were pickled in a 2 M solution of nitric acid (HNO3) (2) Sensitization was 
carried out by ultrasonication in a bath containing 10 g/L SnCl2 and 100 
mL/L HCl for 20 min (3) activation was performed by ultrasonication in 
a bath containing 0.25 g/L palladium chloride (PdCl2) and 3 mL/L hy
drochloric acid (HCl) for 30 min. Between every step, the samples were 
rinsed in distilled water. The production process of composite coating is 
shown in Fig. 1.

2.2. Characterization

The characterization steps were given in Fig. 2. The coating surface 
morphologies and chemical compositions were identified using Phillips 
XL30 Field Emission Scanning Electron Microscopy (FESEM) coupled 
energy-dispersive X-ray spectroscopy (EDS). The phase and structure of 
coatings were investigated by X-ray diffractometer (Rigaku RINT 2200, 
Japan) using Cu Kα radiation operated at 40 kV. Raman spectra were 
measured using Raman spectrometer. The crystallite size and micro
strain of the samples were estimated via the Williamson Hall equation 
according to the FWHM of all peaks of the coating [30–32]. The coating 
thickness was calculated from the cross-sectional by Field Emission 
Scanning Electron Microscopy. The coating surface roughness was 
measured using a surface profilometer. The amount of incorporating 
reinforcement in the coating was determined using image analysis by 
the energy-dispersive X-ray spectroscopy (EDS).

Nanohardness and elastic modulus of the coatings was determined 
from cross-section with an instrumental nanoindenter using a load of 
100 mN and a time of 10 s with a Berkovich diamond indenter by 
applying the Oliver-Pharr analysis [33]. Five readings were taken at 
different places on each deposit and then the values were averaged. 
Tribological tests were carried out using a reciprocating type pin-on-disc 
tribometer (TRB model CSM Instruments device) at a load of 1 N with a 
sliding speed of 200 mm/s against M50 balls (62 HRC) with a diameter 
of 10 mm. The behavior of the coatings was examined during the wear 
tests and a single repetition was performed.To calculate the area of the 
worn coating was used surface profilometer (KLA Tencor P6). After 
tribological tests, wear tracks and wear mechanisms were analyzed by 
FESEM and SEM equipped with EDS. The wear rate was calculated by 
the volumetric loss [34].

The corrosion performance of the coatings was evaluated by poten
tiodynamic polarization curves and electrochemical impedance spec
troscopy (EIS) at room temperature. Electrochemical tests were carried 
out using a classical three electrodes cell at the sodium chloride (NaCl) 
solution with saturated calomel electrode SCE (+0.242 V versus SHE) as 
the reference electrode, platinum as the counter electrode, and the 
coating with an exposed area of 1 cm2 as a working electrode. The 
potentiodynamic polarization curves were performed using a GAMRY at 
a constant voltage scan rate of 0.3 mV/s. Electrochemical impedance 
spectroscopy (EIS) measurements were carried out using Reference 600 

Table 1 
Bath composition and operating parameters for fabrication of composite 
coatings.

Composition Cu Cu-Al2O3 Cu-GO Cu-GO-Al2O3

CuSO4⋅5H2O 10 g/L 10 g/L 10 g/L 10 g/L
Na3C6H5O7⋅2H2O 20 g/L 20 g/L 20 g/L 20 g/L
H3BO3 15 g/L 15 g/L 15 g/L 15 g/L
NaH2PO2⋅H2O 8 g/L 8 g/L 8 g/L 8 g/L
Temperature 65 65 65 65
pH 9–9.5 9–9.5 9–9.5 9–9.5
Al2O3 – 10 g/L – 2 g/L
GO – – 200 mg/L 200 mg/L
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Gamry potentiostat within the frequency range from 100 kHz to 0.01 Hz 
with a low AC perturbation of 1 mV.

3. Results

The surface morphology of the pure Cu, Cu-Al2O3, Cu-GO, and Cu- 
GO-Al2O3 coatings has been investigated and displayed in Fig. 3. As 
noted, the surface of pure copper coating exhibits compact morphology 
with irregular pyramid-like shapes. The surface of the Cu-Al2O3 com
posite coating possesses a more compact and smoother surface 
morphology compared with a pure copper coating, as exhibited in 
Fig. 3a. The white dots are related to the Al2O3 ceramic particles 
incorporated in the copper matrix; Al2O3 particles are well dispersed 

with little agglomeration in the copper matrix. The dimensions of the 
ceramic particles range from 100 to 200 nm. On the other hand, it is 
undoubtedly understood that incorporating graphene oxide (GO) 
significantly affects the surface morphologies of copper composite 
coating (Fig. 3c-Fig. 3d). It can be observed that the substrate was well 
deposited and fully covered with copper without any surface cracks, 
which may be due to minimal interfacial strain at the interface of the 
coating and substrate for Cu-GO and Cu-GO-Al2O3 composite coating. 
Compared to Cu coating, the surface roughness of Cu-GO and Cu-GO- 
Al2O3 composite coating is reduced (Table 2). While calculating sur
face roughness values, more than one surface roughness was taken from 
the sample and the average roughness values were given with their 
standard deviations. The SEM images of the cross-section of the pro
duced pure Cu, Cu-Al2O3, Cu-GO, Cu-GO-Al2O3 coatings are displayed 
in Supplementary Material Fig. S1. The thickness, incorporated Al2O3 
and graphene oxide in the matrix are listed in Table 2. The additional 
contents (GO and Al2O3) were determined by EDS analysis. The surface 
morphology of Cu-GO-Al2O3 composite coating consists of fine spher
ical nodular, which indicates that the co-deposited graphene oxide and 
ceramic particles are uniformly distributed in the copper matrix. The 
composite coating became finer, and the compact structure was ob
tained when graphene oxide and Al2O3 particles were simultaneously 
incorporated into the copper matrix.

The higher magnification FESEM images of the Cu-GO and Cu-GO- 
Al2O3 composite coatings are shown in Fig. 4. As shown in Fig. 4a, the 
surface of the Cu-GO composite coating possesses a uniform and dense 
particular-like structure with a dimension of ~50–100 nm. It can be seen 
clearly that the graphene oxide is well incorporated into the copper 
coating and the co-deposited composite is growing as a network-like 
structure shown in the inset of Fig. 4a, as pointed out by the red 
dashes. On the other hand, the Cu-GO-Al2O3 composite coating structure 
is more compact and refined than the Cu-GO composite coating, as 
demonstrated in Fig. 4b. It can be seen in the inset of Fig. 4b that 
alumina oxide particles are decorated on the wrinkled surfaces of gra
phene oxide. Literature has reported [35,36] that fine wrinkles are signs 
of homogeneous distribution of graphene oxide, which is clearly seen in 

Fig. 1. Schematic of production of Cu-based composite coatings.

Fig. 2. Flow-chart of characterization of Cu-based composite coatings.
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our study and the white dots are linked to the Al2O3 ceramic particles 
with a diameter of about 100–300 nm attached to the graphene oxide 
(inset in Fig. 4b). Al2O3 decorated with the graphene oxide was depos
ited as a cage network-like structure and uniformly anchored to the 
copper grains in the matrix under ultrasonic power, indicating that the 
coating is entirely dense. This may be attributed to the introduction of 
ultrasonic power, which reduces hydrogen absorption at the coatings, 
leading to a compact structure [37]. It is thought that graphene oxide 
decorated with Al2O3 significantly improves the nanomechanical, 
corrosion, and tribological properties of composite coating by acting as a 
spacer against the aggregation of individual graphene oxide.

Fig. 5 exhibits the element distribution maps of the Cu-GO- Al2O3 
composite coating. This result confirms that the composite comprises 
Cu, C, Al, and O elements, and all the elements are evenly distributed. 
Additionally, the element distribution maps from cross-section of the 
Cu-GO- Al2O3 composite coating is shown in the Supplementary Mate
rial Fig. 2S. Besides the ultrasonic power, the reinforcement of graphene 
oxide was significant for the growth and nucleation of Cu-GO- Al2O3 
coating. The Cu-GO- Al2O3 composite coating shows that new nucle
ation sites are formed when graphene oxide and ceramic particles are 

incorporated into the copper matrix. The reason might be the high 
growth rate of copper crystals and deposition rate with ultrasound 
conditions [38]. Under ultrasonic conditions, the graphene oxide 
dispersion and its amount in the copper matrix were improved. This may 
be due to acoustic streams that stem from ultrasonic power, which re
sults in violent vibrations and high-pressure waves [39]. Another reason 
for improving the surface morphology of coating may be that microjets 
derived from ultrasonic cavitation energy could only be treated on the 
substrate [40]. Therefore, new nucleation sites appear on graphene 
oxide, forming an equiaxed cage network-like on the surface, which 
prevents the regular growth of the nodular grains.

The electroless coating consists of a redox reaction, which is the 
reduction of Cu2+ ions and the oxidation of hypophosphite ions [41]. A 
catalytic surface is required for electroless coating. Before electroless 
coating, the pre-treatment process is applied to the substrate materials to 
form the catalytic surface. Therefore, before coating, the substrate was 
sensitized by SnCl2 solution, in which Sn+2 ions were adsorbed on the 
substrate to enhance the adsorption of palladium ions and then exposed 
to a solution containing Pd+ ions for activation. In this way, copper ions 
are easy to be deposited on the activated surfaces of the substrate. In the 
activation process, the palladium ions were reduced to the substrate, 
resulting in the reaction Sn2+ with the Pd2+ to form uniform Pd catalytic 
nuclei, leading to an easy reaction with copper ions on the substrate, as 
shown in Eq. (1) and Eq. (2) [42]. After electroless copper coating be
gins, the absorbed copper atoms will diffuse along the lateral surface of 
the substrate, then move to the proper nucleation sites, and at least the 
reduced Cu2+ ions were continuously deposited on the substrate (Eq. 
(3)). Graphene oxide and ceramic particles in the solution are trans
ported to the substrate via ultrasonic stirring, and then when GO and 
Al2O3 arrive in the matrix, the copper subsequently traps them. Copper 
ions have reduction priority due to reduction potential, and the reduc
tion reaction of graphene oxide occurred after Cu2+ was reduced to 
metallic copper. There are many defects and carboxylic groups at the 
edges of graphene oxide, resulting in a stronger interaction between 

Fig. 3. FESEM images of (a) Cu, (b) Cu-Al2O3, (c) Cu-GO, and (d) Cu-GO-Al2O3coating.

Table 2 
Thickness, surface roughness, incorporated Al2O3 content and incorporated GO 
content of the samples.

Coatings Thickness 
(μm)

Surface 
roughness 
(μm) (Ra)

Incorporated 
Al2O3 content 
(wt%)

Incorporated GO 
content (wt%)

Cu ~24 140,11 ±
8.55

– –

Cu-Al2O3 ~25 125,25 ± 6.2 8.5 –
Cu-GO ~28 90,81 ± 1.25 – 7,2
Cu-GO- 

Al2O3

~30 105,83 ±
3.76

0,5 6,5
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graphene oxide and copper and providing reaction sites for chemical 
bonding [43]. Therefore, the surface of graphene in the electrolyte was 
simultaneously reduced to copper from copper ions due to a defect in the 
graphene oxide, which enables more active sites for copper deposition. It 
can be seen that the Al2O3 particles decorated by graphene oxide existed 
at the surface with a typical wrapped structure, which oxide hydroxyl 
functional groups on the surface of graphene oxide and defect in the 
graphene oxide which led to the presence of additional nucleation sites 
for the copper deposition [43]. Moreover, GO acts as a catalyst surface, 
accelerating the reaction rate during electroless copper deposition. In 

other words, the growth rate in the surrounding area of GO and Al2O3 
particles is slower than the nucleation rate of copper crystals. As a result, 
the introduction of GO and Al2O3 significantly refines the grains of the 
matrix. The surface morphology changes from the polyhedral pyramids 
to finer spherical–cage-like network structure, as shown in Fig. 6. 

Pd2+
+ Sn2+→Sn4+ +Pd0 (1) 

Pd+Cu2+→Pd2+
+Cu (2) 

Cu2+ +2HCHO+4OH− →Cu0 +2HCOO− +H2O+2H2O (3) 

Fig. 4. High-magnification FESEM images of a) Cu-GO b) and Cu-GO-Al2O3 coating.

Fig. 5. Element distribution maps of Cu-GO-Al2O3 coating.
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Fig. 7a shows the XRD patterns of the Cu, Cu-Al2O3, Cu-GO, Cu-GO- 
Al2O3 coatings. As seen in Fig. 7a, all the coatings observed that the 
peaks at 43.31◦, 50.44◦, and 74.12◦, belong to (111), (200), and (220) 
crystals with face-centered cubic (fcc) structures of copper, respectively 
(PDF No: 01–070–3038) [44,45]. The peak of the Al2O3 and graphene 
oxide were not noticed because the amount of graphene oxide and Al2O3 
particles in the matrix was too small to measure. Furthermore, the effect 
of graphene oxide and Al2O3 particles on the micro-strain and crystallite 
size in the copper matrix was determined by using the Williamson-Hall 
method [33]. The average crystallite size of the copper matrix and 
micro-strain were calculated from XRD pattern and exhibited in Table 3. 
The functional groups such as carboxyl (COOH) and hydroxyl (OH) also 
provide nucleation sites for copper growth. The smallest crystallite size 

for Cu-GO-Al2O3 coating may be attributed to graphene oxide, and ce
ramics particles provide more nucleation sites for copper grains and 
retarded the grain growth of the copper matrix, which is due to a 

Fig. 6. Schematic of electroless composite coating mechanism of Cu-GO-Al2O3 coating.

Fig. 7. (a) X-ray diffraction patterns (b) Texture orientation (c) Raman spectroscopy of Cu and Cu-Al2O3, Cu-GO, Cu-GO- Al2O3 coatings.

Table 3 
The average grain size and microstrain values of Cu grains crystallized in 
different orientations.

Coatings Crystallite size (nm) Microstrain

Cu 89 12.12 × 10− 4

Cu-Al2O3 75 23.22 × 10− 4

Cu-GO 42 63.59 × 10− 4

Cu-GO-Al2O3 29 98,25 × 10− 4
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uniform distribution as network-like of graphene oxide in the matrix. 
Meanwhile, the micro-strain of the Cu-GO-Al2O3 coating was approxi
mately 8.1 times higher than that of the pure copper coating. After 
incorporating the GO and Al2O3, the microstrain of the Cu-GO-Al2O3 
coating increased. The diffraction peak intensity and texture of the 
copper coating were changed with the incorporation of graphene oxide 
and ceramic particles. The preferred orientation of copper coatings for 
the four major Cu peaks, (111), (200) and (220) was carried out with the 
texture coefficient (Tc) calculated by Eq. 4 [46]: 

RTC =
Ihkl

ΣIhkl
x

ΣI0hkl
I0hkl

(4) 

where I (hkl) is the intensity of the hkl peak of the produced coatings, 
and I0 (hkl) refers to a standard reference pattern. The relative texture 
coefficients of pure Cu, Cu- Al2O3, Cu-GO, Cu-GO- Al2O3 coatings are 
displayed in Fig. 6b. It is clearly seen from XRD analysis that the Cu 
phase crystallizes in different directions with the added Al2O3 and GO 
reinforcements. Relative texture coefficients (RTC) were calculated for 
pure Cu, Cu-Al2O3, Cu-GO and Cu-GO-Al2O3 coatings and are shown in 
Fig. 6b. Addition of Al2O3 and GO to the Cu matrix caused significant 
changes in the crystallographic orientations of the Cu phase. For pure Cu 
coating, the crystal growth orientations occurred mainly in the (111) 
and (200) planes. While the densities of the (200) and (220) planes 
decreased in Cu- Al2O3 coatings, the growth orientation of the Cu phase 
was in the (111) plane. Crystallization and growth of Cu grains in the 
(111) plane occurred as a result of grain boundary formation, which was 
affected by the microstructural interaction of Al2O3 reinforcement par
ticles with the Cu matrix, and grain growth kinetics, which varied ac
cording to pure Cu coating. On the other hand, the addition of GO to the 
Cu matrix caused the growth to occur in a much different plane and the 
Cu grains preferred the (220) growth plane. This change is due to the 
stress distribution and grain boundary mobility that GO causes to 
change when it enters the structure during the coating process. In the 
Cu-GO- Al2O3 coating, where GO and Al2O3 are used together as rein
forcement, the growth of Cu grains occurring in the (220) plane is more 
evident. Has been realised. The synergistic effect caused by GO and 
Al2O3 is an indication that there is an interaction between GO and Al2O3 
particles. In addition, the dominance of Cu grain growth in the (220) 
plane in Cu-GO-Al2O3 coatings reveals that GO is the reinforcing particle 
that is effective in the grain growth mechanism.

Raman spectrum is extensively used to characterize crystallization 
defects and the structure of graphene-based composites. The Raman 
spectra of Cu-Al2O3, Cu-GO, Cu-GO- Al2O3 composite coatings, and 
original graphene oxide are shown in Fig. 7c. There are two 

characteristic peaks of the graphene oxide at 1330 cm− 1 and 1590 cm− 1, 
which relate to carbonaceous materials D and G peaks, respectively 
[47]. G peak corresponds to the first-order scattering of E2g mode for sp2 

C–C double bond in graphene plane, while the D band is related to the 
presence of structural disorder in graphene due to epoxide and hydroxyl 
functional groups. From Fig. 7c, it is clear that D and G peaks were 
observed in the copper coatings, indicating graphene oxide was suc
cessfully added to the coating with electroless coating. The intensity 
ratio of D to G peak I(D)/I(G) can also determine by Raman spectroscopy 
to characterize structural defects [48]. We can see that the ratios of I(D)/ 
I(G) are changed Cu-GO, Cu-GO-Al2O3 composite coatings compared 
with that of the original graphene oxide. The variations of I(D)/I(G) in the 
defects of Cu-GO, Cu-GO- Al2O3 coatings are 0.74 and 0.77, respectively, 
increase compared to that in the original graphene oxide, indicating a 
higher density of the structural defects in Cu-GO- Al2O3 coating.

The elastic modulus and nano hardness of the pure Cu, Cu- Al2O3, Cu- 
GO, Cu-GO- Al2O3 coatings were characterized by nanoindenter by a 
Berkovich tip. Both load-depth and hardness-depth (Fig. 8a) curve 
evident that all composite coatings exhibited higher hardness than pure 
copper. It can be seen from Fig. 8b that compared with those of pure Cu 
samples, the nano hardness and elastic modulus values of Cu-GO coat
ings are 1.67 GPa and 272 GPa, which are improved by ~22,75 % and 
~14,7 %, respectively. The elastic modulus of Cu-GO-Al2O3 coatings 
was found to be 340 GPa, which is ~1.5 times higher than that of the 
pure Cu coating. The nanohardness of Cu-GO-Al2O3 composites is 
increased to 3.4 GPa compared to those of Cu-GO composite coating, 
which is attributed to the excellent interfacial and synergetic strength
ening of graphene oxide and Al2O3 particles. As a result, the Cu-GO- 
Al2O3 coating has a higher elastic modulus and nanohardness among all 
the coatings. The nanohardness and elastic modulus enhancement can 
be explained by several mechanisms such as load transfer, grain 
refinement, and Orowan looping [49–52]. The load transfer is an 
important mechanism in enhancing the nanomechanical properties of 
graphene-based copper coatings. It suggested that OH− and COOH−

functional groups on the graphene oxide can increase interaction with 
Cu2+ and occur chemical bonds between GO and Cu2+ ions, effectively 
transferring load from the Cu matrix to GO and improving the me
chanical properties [52]. It was clear that graphene oxide was incor
porated as a network structure like into the Cu matrix, and porosity was 
not observed in the coating surface, indicating a high interfacial strength 
due to strong interfacial bonding between the GO and metal matrix [53]. 
Therefore, the Cu matrix could effectively transfer the load from the Cu 
matrix to the graphene oxide under external force via shear stresses. As 
discussed, graphene oxide and Al2O3 are known to refine grain size 
during electroless coating because they act as nucleating sites for grain 

Fig. 8. a) typical load vs. depth curves b) The nanohardness and elastic modulus of pure Cu, Cu-Al2O3, Cu-GO, Cu-GO-Al2O3.
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refinement. The graphene oxide and Al2O3 particles were uniformly 
distributed in the coating, and the grain size was reduced, which 
simultaneously increased the grain boundaries. Therefore, the graphene 
oxide and Al2O3 particles prevent the movement of the dislocations, 
resulting in the increase of dislocations and stress, which contribute to 
the improved mechanical properties of the coating. Additionally, refined 
copper grains via the pinning effect also played an important role in 
enhancing the nanomechanical properties of graphene-based copper 
coatings. The incorporation of ceramic particles and GO into the copper 
matrix led to a distortion of the copper lattice due to the formation of a 
compressive micro-strain.

Fig. 9 shows the friction coefficients and wear rate for pure Cu, Cu- 
Al2O3, Cu-GO, Cu-GO-Al2O3 under a 1 N load and 200 mm/s sliding 
speed. As shown in Fig. 9a, the coefficient of friction of all the composite 
coating displayed decreased compared to the pure copper coating. For 
the pure copper coating, the friction coefficient increased to a high value 
of approximately 0.6. As for Cu- Al2O3 coating, the friction coefficient 
fluctuated during all tests and remained at a value of roughly 0.4–0.5. It 
is also noticed that the friction coefficient of copper and Cu- Al2O3 
composite coatings fluctuate much more intensely than that of 
graphene-based composite coating. This fluctuation of friction coeffi
cient may be attributed to repeated localized adhesion of worn debris 
and the breakdown of the adhered wear debris. It can be seen from 
Fig. 9a that the friction coefficient of the Cu-GO- Al2O3 composite 
coating is around 0.17, which is much smaller than 0.6 for pure copper 
coating and 0.45 for Cu-Al2O3. The reduced friction coefficient may be 
due to Al2O3 decorated graphene oxide can serve as spacers reducing 
shear force, which hinders the rough contact between coating and ball. 
(decrease the metal-to-metal contact) [53]. Another reason for friction 
coefficient is the combined effect of Al2O3 and graphene oxide, which 
provides a self-lubricating impact on the copper matrix in a reduced 
coefficient of friction. This result is in very good agreement with the 
other researcher [54,55]. The friction coefficients of Cu-GO-Al2O3 
composite coating more smoothly than that of Cu-GO composite coating, 
indicating that incorporating graphene oxide and ceramic particles into 
the metal matrix is beneficial to tribological properties. During the tests, 
the wear rate of the pure copper, Cu-Al2O3, Cu-GO, Cu-GO-Al2O3 is 
summarized in Fig. 9b. The unreinforced Cu deposition copper coating 
shows the highest wear rate with the range of 4.2 × 10–5 mm3/Nm This 
indicates that unreinforced Cu deposition is subject to severe damage 
during the sliding wear test. Compared with the pure copper coating, the 
wear rate for Cu-Al2O3, Cu-GO, Cu-GO-Al2O3 were reduced by 10.1 %, 
35.6 %, and 57.6 %, respectively.

Fig. 10 displays the morphology of the worn pure copper, Cu-Al2O3, 
Cu-GO, Cu-GO- Al2O3. From Fig. 10a, it is clearly seen that the severe 
plastic deformation of the pure copper due to the high adhesion between 
the counterball and the pure Cu, followed by the flowing of wear 

products to the worn surface. Due to the plastic deformation hardening 
of copper and the wear products deposited on the worn surface, very 
finely dispersed delamination products are observed on the surface. 
Adhesive wear is considered to be the dominant wear mechanism for 
pure copper and this wear mechanism is in consistent with its higher 
wear rate [56]. The FESEM image in Fig. 10b shows the plastic defor
mation of the Cu matrix again, but the intensity of the adhesion effect 
has been decreased together with some abrasive grooves, and a few wear 
debris for Cu-Al2O3 composite coating. It can be concluded that the 
predominant wear mechanism is again adhesive for Cu- Al2O3 coating. 
In the case of the Cu-GO composite coating, the appearance of the worn 
surface is relatively smooth with only a few microploughs microcracks 
observations. It has been evaluated that, because of the improved load- 
bearing effect of the GO reinforcements and the lubrication contribu
tion, both the adhesion and the abrasion are decreased on the worn 
surface as the grooves reveal fine scratches on the worn surface. The 
microcracks are evaluated as evidence that the thin layer of plastic 
deformation results in fatigue crack generation and expectation of 
delamination wear mechanisms by joining the lateral fatigue cracks 
beneath the surface. On the contrary, the worn surface of Cu-GO- Al2O3 
composite coating shows that the deep grooves disappear and are 
observed to be smoother worn without any obvious microcrack. The 
grooves become fine and shallow compared with Cu-GO composite 
coating (Fig. 10c-d). Reinforcing the Cu matrix with GO- Al2O3 de
creases the adhesion and abrasion effects since the load-bearing capa
bility can improve the tribological behavior. In this hybrid composite 
deposition condition, Al2O3 reinforcement contributed mainly to the 
load-bearing ability and improved the surface sensitivity of the Cu ma
trix, and GO mainly friction for the matrix. Therefore, after incorpo
rating ceramic particles and graphene oxide into the Cu matrix, the 
crack caused by fatigue and resultant delamination has been eliminated. 
It is concluded that reinforcing the Cu matrix with GO and Al2O3 in the 
form of hybrid composite results in effectively restraining plastic 
deformation, successfully bearing the load. These results indicate the 
main wear mechanism of Cu-GO- Al2O3 composite coating is a mixed 
type of mild abrasive and adhesive wear with prevented delamination 
risks. The formation of a graphene-rich transfer film at the top of the 
wear path is only possible with a sufficient amount of uniformly 
dispersed graphene oxide in the matrix. We concluded that the low 
content and only graphene oxide reinforcements could not play a 
favorable self-lubricating role in Cu composite coating. The distribution 
of the ceramic particle decorated graphene oxide at the interface of the 
mating surface not just inhibits the copper from being oxidized but also 
improves wear performance due to the low shear strength of GO. The 
wear scar diameters of counterball of pure copper coating and Cu-GO- 
Al2O3 composite coating is shown in Fig. 10e and Fig. 10f. It can be seen 
from Fig. 10e-f that the wear scar formed on counterball for pure copper 

Fig. 9. Wear test results of samples: a) friction coefficients b) wear rate.

S. Tan et al.                                                                                                                                                                                                                                      Diamond & Related Materials 149 (2024) 111537 

8 



Fig. 10. SEM image of the worn surface of a) Cu b) Cu-Al2O3 c) Cu-GO d) Cu-GO- Al2O3 composite coating e) wear track of counterball after sliding against copper 
coating f) wear track of counterball after sliding against Cu-GO- Al2O3.

Fig. 11. Electrochemical results of the coatings tested in 3.5 wt% NaCl: a) open circuit potential (OCP) change b) Tafel curves c) Nyquist plots d) Equivalent circuit 
model used to analyze the EIS data.
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is significantly larger than that of Cu-GO-Al2O3 composite coating. The 
wear scar diameters of counterball of pure copper coating and Cu-GO- 
Al2O3 composite coating were 470 μm and 410 μm, respectively. It has 
been observed that wear debris consisting of copper and oxides were 
transferred and adhered to the surface of the counterball, which in
dicates severe wear takes place during the sliding test for pure copper 
coating (Fig. 10e). The wear track of counterball seemed to be uniform 
and smooth, with no large debris particles, which indicated slight wear 
of the counterpart(Fig. 10f).

To investigate the electrochemical behaviors of all samples, Tafel 
polarization studies were performed using 3.5 % NaCl. Fig. 11a exhibits 
the open circuit potential (OCP) change vs. time for pure copper, Cu- 
Al2O3, Cu-GO, Cu-GO- Al2O3 composite coatings in 3.5 % NaCl solu
tion. Among all samples, Cu-GO- Al2O3 composite coatings, the OCP has 
more positive values. Fig. 11b shows the potentiodynamic polarization 
curves of the pure copper, Cu-Al2O3, Cu-GO, Cu-GO-Al2O3 composite 
coatings. Table 4 are listed the electrochemical kinetic data determined 
from the Tafel curves. The Tafel curves show that the corrosion potential 
is − 0.381 V, − 0.213 V, − 0.139 V and − 0.027 V for pure copper, Cu- 
Al2O3, Cu-GO, Cu-GO- Al2O3 composite coatings, respectively. In addi
tion, the corrosion current density (icorr) values of the pure copper, Cu- 
Al2O3, Cu-GO, Cu-GO- Al2O3 composite coatings were 4.99 × 10− 5, 
4.505 × 10− 5, 1.819 × 10− 5, and 9.9 × 10− 6 μA⋅cm− 2, respectively. 
Compared to the pure Cu coating, the composite coatings displayed 
higher positive corrosion potentials and lower corrosion current den
sities, indicating that ceramic particles and graphene oxide significantly 
enhanced the corrosion resistance of the copper matrix. Notably, among 
all composite coatings, the Cu-GO-Al2O3 composite coatings displayed 
the lowest corrosion current densities and higher positive corrosion 
potentials value of 9.9 × 10− 6 μA⋅cm− 2 and − 0.0275 V, respectively. 
This may be attributed to the coating suppressing both the anodic and 
cathodic reactions because the graphene and ceramic particles form an 
intense protective layer that enhances the electrochemical properties of 
the Cu matrix even in a very aggressive Cl− environment [57]. The 
corrosion rate was calculated by Faraday law with ASTM Standard 
G10247 using the following Eq. (5) [58]: 

Corrosion Rate = Kx
Icorr
ρA

x
M
Z

(5) 

where, K is the corrosion rate constant, 3272 mm year− 1; ρ is the density 
of copper; and A is the coating surface area, M is the molar mass of the 
copper (58.69 g mol− 1); z is the electron number. The corrosion rate 
calculation shows that the pure copper, Cu-Al2O3, Cu-GO, Cu-GO- Al2O3 
composite coatings were 0.409, 0.369, 0.149, and 0.081 mpy, respec
tively. Cu-GO- Al2O3 composite coatings possessed the highest corrosion 
resistance. For the Cu-GO- Al2O3 composite coatings, the improved 
corrosion resistance may be attributed to the compact structure and 
refined grains due to the ceramic particles and the high impermeability 
of graphene oxide, which act as corrosion protection barriers to block 
the copper ion diffusion over the matrix.

Electrochemical impedance spectroscopy (EIS) was used to deter
mine the corrosion resistance of the coatings. Electrochemical imped
ance results of the samples are exhibited in Fig. 11c. Fig. 11d is related to 
the equivalent circuit of the composite coatings and the resulting data in 

Table 5. In Table 5, the Rc, Rct, Rs, CPE, and Cdl represented the gra
phene coating resistance, charge transfer resistance, solution resistance, 
capacitance of coating, and double-layer capacitance, respectively. The 
real impedance of the pure copper is much smaller than that of all 
composite coatings. The incorporation of the ceramic particle and gra
phene oxide has significantly enhanced the radius of the impedance of 
composite coatings. The composite coating prepared with Al2O3 deco
rated graphene oxide has the largest radius of impedance semicircle, 
indicating higher the corrosion resistance for Cu-GO-Al2O3 composite 
coating. Al2O3 decorated graphene oxide in the matrix has increased 
charge transfer resistance (Rct) while CPE of electric double- layer 
capacitance (CPEdl) has reduced. This may be due to structural modi
fication in the coating by the simultaneous addition of Al2O3 and gra
phene oxide reinforcements into the matrix. The Al2O3 decorated 
graphene oxide has served as a good barrier to inhibit the electrolyte 
invading the coating and decreases the structural and surface defects by 
filling micron holes and gaps in the copper matrix.

4. Discussion

It is no doubt that the copper-based composite materials for the 
application of nano-devices or electrical contact materials have excel
lent corrosion and friction properties. The reasons for the enhancement 
of tribology performance can be attributed to several mechanisms; (i) 
grain refinement-hardness, (ii) self-lubricant layer, (iii) formation 
nanorolling. Firstly, the grain refinement in the copper coating leads to 
decreasing plasticity and increasing hardness, improving wear resis
tance. Moreover, the enhancement of friction and wear for the Cu-GO- 
Al2O3 composite coating can be due directly to the increase in nano
hardness of the Cu-GO- Al2O3 coating by incorporating graphene oxide 
and Al2O3 particles and agrees with Archard’s theory. According to 
Archard’s theory [56], in which the wear rate of a material is inversely 
proportional to its hardness, the increased hardness can improve the 
tribology properties of the coatings. In this paper, incorporating gra
phene oxide and ceramic particles can improve the load-carrying ca
pacity of carbon-rich self-lubricant film layer because it can act as a low 
shear strength film that effectively reduces the friction coefficient and 
wear rate.

Finally, The Al2O3 decorated graphene oxide nanorolls observed on 
the wear track could be the key to the significant decline of the COF and 
excellent wear performance because they serve as a roller bearing-like 
effect [25,59–61]. This prompted us to use Al2O3 particles, which may 
serve as nanoroll bearings when decorated on graphene, promoting 
superior mechanical resistance. Several studies have reported that 
ceramic nanoparticles such as Al2O3 and SiO2 might form nanorolls 
between the mating surfaces during the wear test, especially in water 
vapor-containing environments [61]. These nanoscrolls could decrease 
metal-to-metal contact and change from the sliding friction to the roll
ing- sliding friction mixture thus improving the tribological perfor
mance. Graphene nanoscrolls were observed on the surface of the 
carbonous layer during the wear test, leading to superb friction- 
reducing. Llorente et al. [62] reported the formation of graphene 
nanoscrolls from graphene-based composite materials. As seen in 
Fig. 12a, graphene oxides are incorporated into the copper surface 
parallel to the sliding direction. When graphene oxide is subject to the 

Table 4 
Corrosion current densities, corrosion potentials and corrosion rate of samples.

Samples Ecorr (V vs. 
SCE)

Icorr 
(μA⋅cm− 2)

Corrosion rate (×10− 2 mm 
year− 1)

Pure 
Copper

− 0.311 4.99 × 10− 5 0.409

Cu-Al2O3 − 0.213 4.505 × 10− 5 0.369
Cu-GO − 0.139 1.819 × 10− 5 0.149
Cu-GO- 

Al2O3

− 0.0275 9.9 × 10− 6 0.081

Table 5 
Electrochemical impedance spectroscopy data of the samples by fitting.

Samples Rs 
(Ω⋅cm2)

CPE (10− 7 

F⋅cm− 2)
Rf (Ω⋅cm2) Rct 

(Ω⋅cm2)
Cdl (μF)

Pure 
Copper

20.85 94.78 1.2 × 104 28.17 2.58 × 10− 4

Cu-Al2O3 49.57 87.45 1.31 × 104 32.45 9.7 × 10− 4

Cu-GO 53.63 79.36 1.38 × 104 39.17 2.82 × 10− 5

Cu-GO- 
Al2O3

91.58 62.66 1.45 × 104 49.75 1.68 × 10− 7
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ball during the wear process, the graphene slide over others because of 
the shear forces. Some graphene oxides are peeled off by the slider, 
producing carbonaceous debris caused to roll up to form a nanoscroll 
structure with graphene crumpled around ceramic particles that would 
enhance the bearing capability. In our present work, nanoscrolls were 
observed existing within the worn surface in dry conditions, as shown in 
Fig. 12b. As shown in Fig. 12b, the graphene oxide nanorolls were 
observed perpendicular to the sliding direction at closing the edges of 
the worn surface and region with high contact pressure. We have 
observed the formation of graphene nanorolls, for Cu-GO- Al2O3 com
posite coating. In the literature, the formation of nanorolls during the 
wear of graphene based composite materials has been described. How
ever, to the best of our knowledge, this is the first time that the forma
tion of this kind of nanoroll in Al2O3 decorated graphene oxide coating 
has been reported. Thus, we have shown that the synergies of Al2O3 
decorated graphene oxide incorporated in the copper matrix can 
significantly improve the tribological performances compared with 
those of other composite coatings.

In seawater conditions, it is generally accepted that the passivation 
layer consisting of (Cu2(OH)3Cl) or Cu2O can be formed on the copper 
surface [2]. The smaller crystallite size can further induce its formation. 
The low hydrogen overvoltage on the Cu-GO-Al2O3 composite coating 
increases preferred copper dissolution and facilitates passive layer for
mation due to the incorporation of graphene oxide and ceramic 

particles. At the coating surface or the coating/solution interface, this 
passive layer prevents the dissolution of copper atoms and protects Cu 
from further corrosion as Cu ions. What’s more, the addition of GO and 
ceramic particles can significantly refine the microstructure of coating, 
as the discussion above. The compact and without defects of surface 
morphology and finer microstructure for Cu-GO-Al2O3 coating reduces 
the active contact at the coating/solution interface against corrosion due 
to the uniformly distributed corrosion current, which may lead to 
enhancing the corrosion resistance. Another major factor in the 
improvement of electrochemical performance of Cu-GO-Al2O3 compos
ite coating may be related to forming a network structure and low 
chemical reactivity of the ceramic particle decorated graphene oxide at 
the coating/electrolyte interface, which can act as a physical barrier to 
molecules such as H2O and Cl− ions transport at the coating/solution 
interface. Additionally, the surface morphologies of the pure copper 
coating and Cu-GO-Al2O3 after electrochemical corrosion test is shown 
in the Supplementary Material Fig. 3S.

Furthermore, the uniform distribution of the graphene oxide and 
ceramic particles may contribute to the improved corrosion resistance 
due to inhibiting localized corrosion. Our study obtained the 
outstanding comprehensive properties of Cu composite coating by 
incorporating Al2O3 particles and graphene oxide. As seen in Fig. 13, the 
Cu-GO- Al2O3 coating in our research is superior to most of those 
graphene-based copper composite coating in terms of electrochemical, 

Fig. 12. High magnification FESEM micrograph showing formation nanorolls on top of the Cu-GO- Al2O3 composite coating a) 5000× b) 20,000×.

Fig. 13. The comparison of this study with the other studies in literature in terms of electrochemical, friction, wear rate and nanomechanical properties.
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friction, wear rate and nanomechanical properties compared with the 
previous study [1,17,18,62].

In addition, Zhan et al. [63] added GO and CNT to the Cu matrix and 
observed quite good increases in corrosion resistance. They reported 
that this resistance was much higher as a result of the joint reinforce
ment of GO and CNT and suggested that this was due to the synergistic 
effect of GO and CNT. When the results they obtained were compared 
with this study, the corrosion resistance was lower. In another study, Cu- 
GO electro-composite coating was applied on pure Cu foil and it was 
observed that the hardness value was almost doubled [64].

5. Conclusions

In summary, the finer particulate- spherical -like network structure 
of Cu-GO- Al2O3 coating was successfully prepared via ultrasonic 
assisted electroless coating method.

➢ The composite coating reinforced with GO and Al2O3 particles 
delivered a lattice strain of 98,25 × 10− 4, a crystallite size of 42 nm, a 
high nanohardness of 3,4 GPa and a high elastic modulus of 340 GPa, 
which are about 56 % and 62 % higher than those of the copper 
coating, respectively.

➢ It was found that the incorporation of GO and ceramic particles to 
improve the friction and wear rate of copper matrix can significantly 
improve the friction and wear rate of the copper matrix by 
decreasing the adhesion between coating and counterball and 
encouraging the stability of oxide tribo-film on the wear track. It is 
believed that the synergistic effect of GO and ceramic particles led to 
formation of graphene nanorolls in tribofilms, suggesting an addi
tional lubricating effect.

➢ The electrochemical studies in 3.5 wt% NaCl solution displayed that 
Cu-GO-Al2O3 coating has good corrosion resistance than pure Cu 
coating due to the barrier property of GO and inert ceramic particles. 
It is suggested that the formation spherical-like network structure is 
crucial for achieving extraordinary performance.

➢ The ultrasonic-assisted electroless coating process has advantages, 
such as easy and simple operation, excellent performance, and is 
suitable for industrial manufacture. The Cu-GO-Al2O3 coating is ex
pected to be used in next-generation electric contact and nano
electromechanical systems (NEMS) due to its excellent tribological, 
corrosion and nanomechanical properties.
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[21] A. Miranda-López, C.A. León-Patiño, E.A. Aguilar-Reyes, E. Bedolla-Becerril, 
G. Rodriguez-Ortiz, Effect of graphite addition on wear behaviour of hybrid Cu/ 
TiC-Gr infiltrated composites, Wear 484–485 (2021), https://doi.org/10.1016/j. 
wear.2021.203793.

S. Tan et al.                                                                                                                                                                                                                                      Diamond & Related Materials 149 (2024) 111537 

12 

https://doi.org/10.1016/j.diamond.2024.111537
https://doi.org/10.1016/j.diamond.2024.111537
https://doi.org/10.1016/j.msea.2020.140574
https://doi.org/10.1016/j.msea.2020.140574
https://doi.org/10.1016/j.jallcom.2018.11.031
https://doi.org/10.1016/j.apt.2022.103672
https://doi.org/10.1016/j.apt.2022.103672
https://doi.org/10.1016/j.compositesa.2020.106247
https://doi.org/10.1016/j.compositesa.2020.106247
https://doi.org/10.1016/j.jmrt.2021.09.082
https://doi.org/10.1016/j.jmrt.2021.09.082
https://doi.org/10.1016/j.jmrt.2022.07.026
https://doi.org/10.1016/j.jmrt.2021.08.037
https://doi.org/10.1016/j.jmrt.2021.08.037
https://doi.org/10.1016/j.electacta.2004.04.023
https://doi.org/10.1016/j.materresbull.2005.09.024
https://doi.org/10.1016/j.jmrt.2021.11.053
https://doi.org/10.1016/j.jmrt.2021.11.053
https://doi.org/10.1016/j.compositesb.2021.108850
https://doi.org/10.1016/j.apsadv.2021.100116
https://doi.org/10.1016/j.apsadv.2021.100116
https://doi.org/10.1016/j.msea.2021.141274
https://doi.org/10.1016/j.compositesb.2018.01.013
https://doi.org/10.1016/j.compositesb.2018.01.013
https://doi.org/10.1016/j.tsf.2017.05.042
https://doi.org/10.1016/j.tsf.2017.05.042
https://doi.org/10.1016/j.carbon.2015.10.023
https://doi.org/10.1038/s41598-017-01439-3
https://doi.org/10.1038/s41598-017-01439-3
https://doi.org/10.1016/j.apsusc.2017.10.014
https://doi.org/10.1016/j.apsusc.2017.10.014
https://doi.org/10.1016/j.carbon.2018.10.088
https://doi.org/10.1016/j.carbon.2018.10.088
https://doi.org/10.1016/j.jmrt.2021.11.114
https://doi.org/10.1016/j.wear.2021.203793
https://doi.org/10.1016/j.wear.2021.203793


[22] X. Chen, R. Bao, J. Yi, D. Fang, J. Tao, F. Li, Enhancing mechanical properties of 
pure copper-based materials with CrxOy nanoparticles and CNT hybrid 
reinforcement, J. Mater. Sci. 56 (2021) 3062–3077, https://doi.org/10.1007/ 
s10853-020-05440-6.

[23] G. Song, L. Sun, S. Li, Y. Sun, Q. Fu, C. Pan, Synergistic effect of Gr and CNTs on 
preparing ultrathin Cu-(CNTs+Gr) composite foil via electrodeposition, Compos. 
Part B Eng. 187 (2020) 107841, https://doi.org/10.1016/j. 
compositesb.2020.107841.

[24] H. Yin, Q. Dai, X. Hao, W. Huang, X. Wang, Preparation and tribological properties 
of graphene oxide doped alumina composite coatings, Surf. Coat. Technol. 352 
(2018) 411–419, https://doi.org/10.1016/j.surfcoat.2018.08.042.

[25] P. Wu, X. Chen, C. Zhang, J. Luo, Synergistic tribological behaviors of graphene 
oxide and nanodiamond as lubricating additives in water, Tribol. Int. 132 (2019) 
177–184, https://doi.org/10.1016/j.triboint.2018.12.021.

[26] P. Maji, R.K. Nath, P. Paul, R.K. Bhogendro Meitei, S.K. Ghosh, Effect of processing 
speed on wear and corrosion behavior of novel MoS2 and CeO2 reinforced hybrid 
aluminum matrix composites fabricated by friction stir processing, J. Manuf. 
Process. 69 (2021) 1–11, https://doi.org/10.1016/j.jmapro.2021.07.032.

[27] H. Nautiyal, S. Kumari, R. Tyagi, U.S. Rao, O.P. Khatri, Evaluation of tribological 
performance of copper-based composites containing nano-structural 2D materials 
and their hybrid, Tribol. Int. 153 (2021) 106645, https://doi.org/10.1016/j. 
triboint.2020.106645.

[28] L. Kumar, S.K. Sahoo, S.N. Alam, Effect of xGnP/MWCNT reinforcement on 
mechanical, wear behavior and crystallographic texture of copper-based metal 
matrix composite, Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 263 (2021) 
114888, https://doi.org/10.1016/j.mseb.2020.114888.

[29] L.L. Dong, Y.Q. Fu, Y. Liu, J.W. Lu, W. Zhang, W.T. Huo, L.H. Jin, Y.S. Zhang, 
Interface engineering of graphene/copper matrix composites decorated with 
tungsten carbide for enhanced physico-mechanical properties, Carbon N. Y. 173 
(2021) 41–53, https://doi.org/10.1016/j.carbon.2020.10.091.

[30] T. Cetinkaya, S. Ozcan, M. Uysal, M.O. Guler, H. Akbulut, Free-standing flexible 
graphene oxide paper electrode for rechargeable Li-O2 batteries, J. Power Sources 
267 (2014) 140–147, https://doi.org/10.1016/j.jpowsour.2014.05.081.
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