
23 June 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Comparison of the Tribological Behaviour of Various Graphene Nano-Coatings as a Solid Lubricant for Copper / Goti, E.,
Mura, A., Wang, H., Ji, X., Kong, J.. - In: APPLIED SCIENCES. - ISSN 2076-3417. - 13:14(2023).
[10.3390/app13148540]

Original

Comparison of the Tribological Behaviour of Various Graphene Nano-Coatings as a Solid Lubricant for
Copper

Publisher:

Published
DOI:10.3390/app13148540

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2980775 since: 2023-07-29T09:01:04Z

MDPI



Citation: Goti, E.; Mura, A.; Wang,

H.; Ji, X.; Kong, J. Comparison of the

Tribological Behaviour of Various

Graphene Nano-Coatings as a Solid

Lubricant for Copper. Appl. Sci. 2023,

13, 8540. https://doi.org/10.3390/

app13148540

Academic Editor: Aimin Yu

Received: 14 June 2023

Revised: 18 July 2023

Accepted: 21 July 2023

Published: 24 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Comparison of the Tribological Behaviour of Various Graphene
Nano-Coatings as a Solid Lubricant for Copper
Edoardo Goti 1 , Andrea Mura 1,* , Haozhe Wang 2 , Xiang Ji 2 and Jing Kong 2

1 Department of Mechanical and Aerospace Engineering, Politecnico di Torino, 10129 Torino, Italy;
edoardo.goti@polito.it

2 Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA; wanghz@mit.edu (H.W.); xji08thu@gmail.com (X.J.); jingkong@mit.edu (J.K.)

* Correspondence: andrea.mura@polito.it; Tel.: +39-01-1090-5907

Abstract: Among the amazing properties of graphene, superlubricity is one of the most promising
properties. This property can be used in industrial field components to reduce friction without
using liquid lubricants, and therefore, improve machines’ efficiency and reliability with low envi-
ronmental impact thanks to the elimination of oil or grease lubricants. In this paper, copper alloy
samples for electrical purposes were coated with graphene by four different deposition processes.
The investigated synthesis processes are direct grown graphene on bulk Cu, transferred graphene,
and self-assembled graphene from graphene flakes. Ball-on-disk tests were performed to evaluate
the tribological performance of samples. The aim was to compare the effect on the tribological
performance given by different types of coatings, taking also into consideration industrial scalability.
Interestingly, not all graphene nano-coatings being compared proved effective in reducing friction
and wear in gross sliding conditions. The results show that the cost-effective self-assembled graphene
is the longer-lasting nano-coating among those investigated in this work, and can reduce both friction
and wear. Tests revealed that graphene coatings can be applied as a solid lubricant, reducing friction
up to 78%, and reducing the average wear volume up to 40%.

Keywords: graphene; copper; friction; wear

1. Introduction

Friction and wear phenomena are among the primary reasons for the reduced opera-
tional efficiency of both mechanical components and electrical components, and may lead
to early components replacement.

Lubricants are needed to reduce friction and wear at the interface of sliding parts.
As for mechanical components, liquid or semi-solid lubricants (such as oils and grease)
have always proved effective. However, traditional lubricants have to meet increasingly
stringent performance and environmental compatibility constraints because they are ex-
tremely polluting substances when replaced and disposed of. Moreover, lubricants may
be incompatible with electrical components due to their insulating properties. For these
reasons, there has been a growing interest in solid lubricants and high lubricity coatings,
including 2D nanomaterials [1], as an alternative to traditional lubricants. For instance, the
papers by Spalvins [2], Zhu et al. [3], Friedrich et al. [4], Vamsi Krisha et al. [5], and Huai
et al. [6] provide examples of present and prospective applications of solid lubricants in
many fields of industry. In particular, issues related to wear associated to copper electrical
contacts is a problem of actual importance that still needs a solution [7–10].

Low friction coatings have many advantages compared to fluid lubricants when
applied to reduce friction and wear. No lubrication system is needed in mechanical
systems, whose design can be simplified, and no leakages or relubrication issues are
present (operation and maintenance are more effortless). On the other hand, troubles
may arise when coatings are applied to electrical components like connectors or switches.
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Many of them are insulating materials (e.g., ceramics or polymer composites), and their
presence would impair the fundamental function of the systems, i.e., to conduct electricity.
Efforts are being made to develop conductive low friction coatings and hard coatings to
improve tribological properties and reduce wear in electrical devices without impairing
their conductive properties. For instance, Schoff et al. [11] provided a broad overview of the
electric conductivity properties of many solid coatings, highlighting that the most expedient
route to enhance the conductivity of traditional coatings is the inclusion of carbon pigments
or other metals pigments while boosting their corrosion resistance too. Islam et al. [12]
reported the effect of reinforcement of carbon nanotubes and graphene nanoplatelets on
electrical conductivity of plasma-sprayed Al2O3 coatings. Among the variety of materials
used as friction reduction coatings, graphene layers have been investigated for the past few
years by many authors in the scientific literature [13] for both mechanical and electrical
applications since it was first isolated in 2004 [14]. Being a carbon compound, graphene is
ideal for electrical application, thanks to its extremely high electrical conductivity, while
serving as solid lubricant as well. Fascinating lubricant properties are attributed to graphene
by Penkov et al. [15], who collected and revised in his paper many results from previous
tribological investigations at the nanoscale and macroscale on a number of substrates.
Zhang et al. [16] reported that the use of multi-layer graphene coating can effectively
reduce the wearing-out of tiny electrical connectors and protect them from tribo-oxidation
damage, without affecting the electrical conduction through the pair. Lin et al. [17] explored
the synergistic effect of TiN–Ag coating and MLG-rich grease to improve the friction, wear,
and conduction of copper connectors. Jabith et al. [18] and Sendhil Kumer et al. [19]
studied copper matrix composites and aluminium matrix composites with added graphene,
respectively. Their results showed that the presence of graphene enhanced the tribological
behaviour while increasing the hybrid composition. The wear performances of other types
of composite materials have been investigated in [20,21].

Fewer investigations have addressed graphene as nano-coating for macroscale dry
sliding contact conditions on copper alloys. To the best of the authors’ knowledge, the essen-
tial literature on this topic is represented by the papers referred to below. Yildiz et al. [22]
tested graphene transferred to a connecting rod journal bearing and observed that even
single-layer graphene could protect the rough substrate surface reducing macroscale wear
even under severe conditions despite a relatively high coefficient of friction compared to the
bare material. Won et al. [23] investigated the effect of the growth time in CVD graphene
on copper. Berman et al. [24,25] tested SLG and MLG graphene coating on steel substrates
prepared by CVD and solution-processing in a variety of dry, liquid, and inert gas humid
environments. Shi et al. [26] investigated the combined effect of graphene coatings and
textured substrates, claiming that the friction-reducing effect of graphene was enhanced by
the surface texturing. Bhowmick et al. [27] investigated the role of vacuum and humidity
in reducing the sliding friction of a titanium sphere being slid against MLG deposited on
Ni and tested in a pin-on-disk setup. Interestingly, the lowest was measured when the tests
were conducted in an air atmosphere with 45% RH, and it was argued that in the presence
of hydrogen the defects in the carbon network generated during sliding resulted in the sp2

to sp3 transformation and amorphization during of the graphene.
The scientific literature also reports several methods to produce graphene sheets for

various applications [28], e.g., mechanical delimitation or ‘scotch-tape’ exfoliation [29],
chemical and electrochemical exfoliation of graphite [30,31], unrolling/unzipping of carbon
nanotubes (CNTs) [32], arc-discharge in various media [33], inkjet printing [34], solution-
processing of graphene flakes with drop-casting of graphene films [24], and others. How-
ever, few of them are suitable for the production of continuous graphene sheets large
enough to cover wide areas of mechanical or electrical components. Among the others, two
methods which promise to meet this requirement were considered for this paper:

• Low-Pressure Chemical Vapor Deposition (LPCVD) on Cu or Ni foils [35,36];
• Self-assembly of graphene nano-platelets (GNPs) via sonication in distilled water [37].
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In the previous works of Mura et al. [38–40], these two deposition techniques were
compared for the production of graphene layers deposited onto both metallic and polymeric
substrates. These results showed that low-quality MLG produced with cost-effective
deposition methods usually outperform high-quality and high-purity SLG by CVD in
terms of tribological performance.

More recently, Van Sang et al. investigated solid lubricant particles by combining
graphene and iron nanoparticles [41] and the lubrication of graphene for the iron con-
tacts [42]. Song et al. [43] and Savjani et al. [44] investigated, respectively, the performance
of copper ions in situ incorporated into graphene oxide nanosheet and copper metal matrix
composites reinforced with fluorinated graphene oxide nanosheets as coatings as solid
lubricant. Buzio et al. [45] analysed wet-transferred solution-processed graphene flakes
in solid lubrication. Wang et al. [46] used multi-layer graphene/silicon dioxide coating
as solid lubricant, and García-Alonso et al. [47] investigated the tribological behaviour of
graphene-based solid lubricants biofunctionalized with hyaluronic acid.

In this paper, copper for electrical purposes is used as a substrate. Four different
kinds of coating produced according to the above-mentioned methods were tested. The
aim of this work is to investigate how graphene nano-coatings synthesized by different
processes can modify the macroscale tribological performance of copper. This would allow
identifying the most promising one for those industrial applications where improved
friction and wear behaviour are required without impairing the interface conduction, while
also considering costs and industrial scalability. Among the others, graphene directly
grown on a bulk thick copper substate by CVD is explored, which, to the best of the authors’
knowledge, has been investigated only for dielectric substrates [48] and for bulk metals by
the authors in a previous paper [49].

This paper is the continuation of a series of comparative investigations by the authors
about the macroscale tribological performances of different kinds of graphene nano-coatings
deposited on a variety of metallic and polymeric substrates [38–40].

2. Materials and Methods
2.1. Preparation of the Samples and Graphene Nano-Coatings

The material for the tribological samples was a technically pure copper Cu-ETP (EN
13599:2014) widely used for electrical purposes. Table 1 reports the standardized chemical
composition of the Cu-ETP copper grade and its mechanical properties. Five rectangular
samples of size 12 × 10 mm2 and about 5 mm thick were cut from a square conductor for
electrical cabinets (ItalWeber, Assago, Italy) [50]. The choice of this copper grade is in line
with previous experimental investigations [23]. The surface of the samples was prepared
by grinding with sandpaper and polishing with diamond slurries to achieve high planarity
and a high surface finish. The average roughness was Ra 0.182 µm. After cleaning in an
ultrasonic bath with acetone for 10 minutes and drying with a lint-free tissue, samples were
coated with graphene. Preparation of samples was performed at the MIT Laboratories
(Cambridge, MA, USA).

Table 1. Material properties of the copper substrate.

Chemical Composition

Cu Bi Pb O
99.90% Max 0.0005% Max 0.005% Max 0.040%

Mechanical properties

Tensile
strength Yield strength Elongation at

break
Specific
weight Electrical resistivity Hardness HV

220 MPa 160 MPa 33% 8.89 g/cm3 0.017 µΩ·m 100
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Four different types of graphene nano-coating were synthesized and deposited on one
sample. Five samples were tested overall, including one bare copper sample to identify the
reference tribological behaviour of the substrate:

◦ 1 sample was coated with graphene directly grown onto the bulk copper substrate
by APCVD;

◦ 1 sample was coated with a high-purity graphene sheet synthesized by LPCVD on a
Cu foil and then transferred to the end copper sample;

◦ 1 sample was coated by self-assembled graphene flakes after 3 h of sonication in the
DI (see Section 2.1.3), referred to as 3 h-percolative;

◦ 1 sample was coated by self-assembled graphene flakes after 6 hours of sonication,
referred to as 6 h-sonicated;

◦ 1 bare copper sample.

2.1.1. Transferred CVD Graphene

The thermally activated Chemical Vapor Deposition (CVD) process was performed
inside a hot wall fused silica tube reactor (ThermoFisher Scientific Lindberg/Blue M™ Tube
Furnace, Waltham, MA, USA) using H2 as inert gas and methane as the gas-phase precursor
of graphene. For the transferred graphene coating, the SLG film was grown on a sacrificial
25 µm thick Cu foil (Alfa Aesar #13382, Shanghai, China), with 99.8% purity, that acted
as the metal catalyst body, following a standard low pressure chemical vapor deposition
(LPCVD) procedure. After evacuation of air by means of a vacuum pump, the chamber
was filled back with hydrogen and heated at 1000 ◦C keeping pressure to about 120 Pa.
Heating was maintained for 30′ for annealing and removing the native oxide on the copper
surface as well as to increase the grain size; then a flow of CH4 (35 sccm) and H2 (50 sccm)
was guaranteed through the chamber for the whole growth time. After cooling to room
temperature in pure hydrogen, a layer of ethylene-vinyl-acetate (EVA) was spin-coated on
the graphene/copper foil to be used as a transfer supporting layer and baked in the oven
at 80 ◦C. The copper foil was etched away (Copper Etchant TFB, Transense, Oxfordshire,
UK) and the resulting EVA/graphene stack was rinsed in DI water. The Eva/graphene
stack was subsequently transferred onto the copper sample surface by immersion into the
DI water bath, and the sample heated at 80 ◦C into N2 environment for one hour so that
graphene grabbed onto the metallic surface. Finally, the EVA was removed from the sample
using Xylene at 90 ◦C.

The transferred graphene has a high-quality low-defect structure characterised as
about 95% monolayer according to some authors [51,52]. It gives the freedom to cover
any kind of substrate, that could be also much rougher [49], but its production in large
quantities may be expensive due to the cumbersome transfer process.

2.1.2. Direct Growth Graphene

For the direct growth graphene, Ambient Pressure Chemical Vapor Deposition (APCVD)
was performed with slightly different process parameters compared to transferred graphene.
The bulk copper sample was loaded into the furnace instead of the cooper foil. The fused
silica tube was evacuated and pressurised again to ambient pressure with H2; the tem-
perature was then increased up to 1030 ◦C in 30′ under 10 sccm flow of hydrogen. The
annealing process was also performed by maintaining the bulk copper sample at 1030 ◦C
for 30′. The graphene synthesis started by setting the flow of mixed methane and hydrogen
(10 sccm of CH4 and 100 sccm H2) through the chamber. After growth, the samples were
quickly cooled to room temperature in H2.

The direct growth process allows synthesizing large-area graphene directly on the
sample surface, avoiding the time-consuming transfer process. For this reason, it is of
great interest in the perspective of applying high-purity graphene coatings to industrial
components directly. To the best of the authors’ knowledge, no researcher has ever tried
to produce CVD graphene inserting a bulk and thick copper body into the CVD furnace
directly. The sole earlier attempt of performing direct growth of graphene on a bulk metallic
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body was by Mura et al. [40], who obtained a layer of graphene directly grown on the
surface of a bulk steel sample. Direct growth lets one avoid the complicated transfer
process, which induces the defects, residues, and tears that degrade the performance of the
graphene sheet [48].

2.1.3. Percolative Graphene by Self-Assembly of Graphene Flakes

An Ultrathin Graphene Film (UGF) can be produced by self-assembly of graphene
nano-platelets (GNPs). This method is a variant of the solution-processing-based methods
of graphene flakes and follows the procedure described by Li et al. [37]. Graphene flakes
were prepared in-house by electrochemical exfoliation from a bulk graphite rod (Sigma-
Aldrich, Darmstadt, Germany) within an electrolyte solution, applying 10 V bias to a
platinum wire as grounded electrode. The flakes were collected by filtration and then
dispersed in dimethylformamide. To get high-quality flakes and narrow the flakes thickness
distribution, the solution thus obtained was centrifuged to remove side products like
thick graphite particles. Centrifuged flakes were re-dispersed in ethanol with a mass
concentration of 1 mg/mL and the ethanol solution injected on the surface of the DI water.
The graphene flakes spread on the DI water surface due to the Marangoni effect and tied
with each other as ethanol evaporated. The shaping of the continuous UGF by the self-
assembly process was facilitated by sonicating the DI bath. In this work, two sonication
times were tried out: 3 h and 6 h. Previous Raman analysis [38] showed that with increasing
the sonication time, the amount of graphene agglomerations increases too. The UGF was
transferred onto the sample surface by immersion of the sample into the DI water solution,
and the samples were finally dried at 75 ◦C.

The few-layered graphene structure thus obtained, also called percolative graphene, is
said to have high structural uniformity [37], even though it may suffer from clamping-up
of flakes due to imperfect binding of flakes. Although relatively cheaper and easier to
produce, there are several factors that may potentially play a role in the overall quality of
the graphene layer, e.g., size of flakes, quality of flakes, and sonication time.

2.2. Sample Surface Inspection and Tribological Testing

Figure 1a shows the topography of the five samples after preparation and the corre-
sponding value of the 3D areal surface roughness as per ISO 25178. Figure 1b illustrates the
appearance of the sample surface under the optical microscope. The significant increment of
roughness measured for the sample coated by directly grown graphene is presumably due
to the curious globular-like structure observed on the surface of the sample during FESEM
analysis (Figure 2). Some details are provided on this aspect in the following sections.

The samples were inspected with FESEM (Zeiss, Jena) with an ultra-high-resolution In-
lens EsB detector to image the carbon nano-coatings; images are grouped in Figures 2 and 3.
Except for direct growth graphene, a transparent grainy structure was perceived on the
surface of the sample through which one can see the roughness pattern of the substrate
surface. It corresponds to the ultra-thin layer of sp2-bonded carbon atoms. The transferred
graphene coating appeared as a uniform patchwork with patches of similar colour, and
it looked like the bilayer graphene structure reported by Ullah et al. on copper [53]. The
patches are single-crystalline graphene islands grown at nucleation sites on the catalyst
foil. As for self-assembled graphene coatings, the enlarged images suggested that the
recombination of GNPs was effective in covering the surface of the sample, but the pattern
of dark and light patches hints that the carbon layer is uneven, as expected, with regions of
locally increased thickness due to folds (see also the inset of Figure 3) or superpositions of
many flakes. This graphene structure appeared very similar to the eight-layer graphene
reported by Ullah et al. [53].
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Figure 3. SEM imaging of the percolative graphene nano-coatings with magnification 500× and
15 kX. Inset shows defective recombination of GNPs resulting from the production process of the
graphene sheet.

The surface of the direct growth graphene appeared covered by a structure of spher-
ical nodules protruding from the surface. The authors found no other evidence of CVD
graphene on copper with a similar surface texture in the scientific literature. A possible
explanation of this phenomenon could be that this peculiar globular structure is made
of relatively hard amorphous carbon nodules. Hu et al. suggested that amorphous car-
bon can originate on the surface of copper foils during the CVD process if an insufficient
flow of precursor gas is supplied and, thus, an insufficient amount of C solubilizes into
the substrate [54]. The concentration of the carbon precursor is an important influenc-
ing factor in triggering the graphene nucleation, irrespective of the reactor temperature
(800–1000 ◦C) and the nature of the catalyst metal. This argumentation led the authors to
raise the hypothesis that the globular structure visible under FESEM inspection is some
form of agglomerated amorphous carbon grown in place of the pristine graphene layer
at the nucleation sites. The reasons for this phenomenon are yet unclear. The flow rate
or the partial pressure of CH4 inside the reactor might have been insufficient to promote
the supersaturation of C atoms on the surface of a thicker copper substrate compared to
the case of deposition on Cu foils. At the same time, the state-of-the-art understanding
of the deposition process evidences that carbon solubility decreases with cooling down,
and carbon precipitation triggers the surface crystallization of the graphene lattice [55].
Therefore, it might also be that the cooling of the thick copper target inside the reactor
after CH4 inflation was not fast enough to allow for crystallization at the nucleation sites.
Deeper investigations are necessary to clarify these aspects in the future.

The higher magnification tilted view FESEM image and the results of the AFM analysis
in the centre of the sample supported this hypothesis (Figure 3). The height profile allows
quantifying the average size of the nodules equal to about 150 nm high and 300 nm wide.

Therefore, the direct growth CVD process on bulk copper (Figure 4) presented in
this research is considered unsuccessful since it did not provide a graphene sheet but a
degraded carbonic structure. Nonetheless, the tribological tests performed on the available
sample treated by direct growth CVD are presented in Section 3.2. However, the direct
growth CVD sample results will not be directly compared to those obtained with actual
graphene nano-coatings because it would be meaningless.
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Figure 4. 43 kX FESEM image of the surface of the direct growth sample (on the (left)); 10 µm × 10 µm
AFM height map in the centre of the sample coated with direct growth graphene (on the (right)). The
line profile shows the characteristic dimensions of the globular structure.

Optimization of the direct-growth deposition process is needed because little is known
in the scientific literature about the optimum deposition parameters for direct growth CVD
on bulk metal specimens. No researchers have ever tried to produce CVD graphene by
catalysing the reaction with a bulk and thick specimen placed inside the CVD furnace.
Unfortunately, there was no time to achieve this optimisation goal within the bounds of
this thesis work.

This failure gives the feeling of the challenge related to the scalability of this approach
intended to avoid the cumbersome transfer procedure of the graphene sheet. The direct
growth process would allow synthesising a graphene layer on the surface of the com-
ponents directly, avoiding the time-consuming transfer process. For this reason, it is of
great interest in the perspective of applying high-purity graphene coatings to industrial
components directly.

2.3. Tribological Testing

Tribological testing was performed in air at 27 ◦C and 33% humidity with a pin-on-disk
tribometer (Anton Paar TriTec, Switzerland) against a 6 mm AISI 52100 (100Cr6) steel ball
under 2 N load. The tribological characterisation was carried out at Politecnico di Torino
and the friction coefficient (CoF) was recorded during the tests. Unidirectional rotating
wear tests were run under 2 N load and 15 mm/s speed, and the total sliding distance
was 30 m. The selected load and speed conditions aimed to avoid excessive graphene
layer damage and wear. Three tribological tests were carried out on each sample with an
increasing radius of the wear track, i.e., 2 mm, 3 mm, and 4 mm. The dimension of the
specimens prevented running more than three wear tests per sample. Berman et al. [56]
argued that graphene protection is more pronounced at lower loads, while under higher
loads, the graphene layer is quickly worn out and removed out of the wear track with
a reduced beneficial effect for the system. The corresponding average Hertzian contact
pressure at the beginning of the test was 336 MPa, calculated via the HertzWin [56] software,
considering the effect of roughness on the contact stress state (Ra 0.092 µm for the steel
sphere and Ra 0.182 µm for copper). The initial contact pressure was consistent with
previous works on the frictional behaviour of graphene coatings [23,24,54].

2.4. Wear Volume Calculation

The surface of the samples was scanned with an InfiniteFocus G5 Focus Variation (FV)
3D digital microscope by Bruker Alicona (Raaba, Austria) with a 20× high-resolution lens
to measure the amount of wear. The surface enclosed in the square area around the three
concentric wear tracks in Figure 5a was acquired at once to have a single reference plane to
estimate the wear volume of the three tracks.
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The volume of removed material and deposited or plastically displaced material were
calculated with the Volume Parameters Topographic method based on the Abbott-Firestone
curve. The method is schematically represented in Figure 6 and relies on Equations (1)–(3).
Further details are reported by Leach [57], Waterworth [58], Genta et al. [59],
and Maculotti et al. [60]. This calculation method of the wear volume was proved by
Maculotti et al. to be the most robust from a statistical point of view. It has higher accuracy
and lower uncertainty than the method suggested by the standard ASTM G99-17 and ISO
18535 based on the profilometry of the wear tracks

VVP = Vm(mr) + Vv(mr) (1)

Vm(h0) = K
∫ h0

0
Smc(h)dh (2)

Vv(h0) = K
∫ 1

h0

(1− Smc(h))dh (3)

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 23 
 

Volume calculations were performed through the open-source software Gwyddion 
[61]. Rough topographic datasets were imported into Gwyddion, where three annular 
masks identified three regions of interest (ROI), as Figure 5b shows. Setting suitable ROI 
was necessary to exclude from the volume computations any contributions from rough-
ness and other topographical features of the surrounding surfaces that are not related to 
the tribological tests. The dataset outside the three annular masks, i.e., the region in black 
in Figure 5c, was exploited to fit a polynomial function through which the rough topo-
graphic acquisition was planarized by shape removal. This practice is imperative to cor-
rect the residual error of planarity, and thus, to identify the reference section plane repre-
senting the unworn surface accurately. This plane at z = h0 was identified as the median 
value of the dataset filled in with black filler in Figure 5c. The Abbott-Firestone curve was 
computed for each wear track individually by elaborating the data inside each annular 
region of the mask. The integration of the Abbott-Firestone curve schematically repre-
sented in Figure 6 provided the quantification of the material removed and displacement 
during the sliding interactions. 

 
Figure 6. Void and material volume parameters of the Abbott-Firestone curve. 

3. Results and Discussion 
3.1. Friction 

The effect of graphene on friction is clearly observed in Figure 7. The friction curve 
related to the bare copper sample (the blue curve) is the reference trend to understand the 
impact of the carbon coatings. This curve has an initial friction ramp representing the run-
ning-in of the sliding contact that brings the CoF to stabilise at about 0.8 after a few metres. 
Looking at the other curves in the same diagram, it appears evident that the presence of a 
graphene layer makes the CoF curve deviate from that of the bare copper sample, espe-
cially in the first few meters of sliding. All the graphene nano-coatings could reduce the 
CoF from about 0.7–0.8 to 0.15–0.25. However, this beneficial effect endured relatively 
shortly. Figure 7b is the zoomed view of the first 7 metres of the tests in Figure 7a, where 
the difference among the curves is most evident, while Figure 8 displays the whole set of 
the friction curves for every sample (except those of the direct growth CVD specimen, as 
anticipated in Section 2.1.2). 

Figure 6. Void and material volume parameters of the Abbott-Firestone curve.

In Equations (1)–(3), Vm and Vv are the material volume and the void volume, re-
spectively, VVP is the total damage volume, h is the surface height, Smc the cumulative
probability distribution of the surface heights (i.e., the Abbott-Firestone curve), and K is a
conversion factor that represents the area of the projected surface topography on a horizon-
tal plane. Given a specific horizontal section plane representing the average position of the
unworn surface whose height is h0, Vm represents the volume of material enclosed below
the measured surface and above this plane, whilst Vv is the volume of missing material
above the surface and below this plane.

Volume calculations were performed through the open-source software Gwyddion [61].
Rough topographic datasets were imported into Gwyddion, where three annular masks
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identified three regions of interest (ROI), as Figure 5b shows. Setting suitable ROI was
necessary to exclude from the volume computations any contributions from roughness
and other topographical features of the surrounding surfaces that are not related to the
tribological tests. The dataset outside the three annular masks, i.e., the region in black in
Figure 5c, was exploited to fit a polynomial function through which the rough topographic
acquisition was planarized by shape removal. This practice is imperative to correct the
residual error of planarity, and thus, to identify the reference section plane representing the
unworn surface accurately. This plane at z = h0 was identified as the median value of the
dataset filled in with black filler in Figure 5c. The Abbott-Firestone curve was computed
for each wear track individually by elaborating the data inside each annular region of
the mask. The integration of the Abbott-Firestone curve schematically represented in
Figure 6 provided the quantification of the material removed and displacement during the
sliding interactions.

3. Results and Discussion
3.1. Friction

The effect of graphene on friction is clearly observed in Figure 7. The friction curve
related to the bare copper sample (the blue curve) is the reference trend to understand
the impact of the carbon coatings. This curve has an initial friction ramp representing
the running-in of the sliding contact that brings the CoF to stabilise at about 0.8 after a
few metres. Looking at the other curves in the same diagram, it appears evident that the
presence of a graphene layer makes the CoF curve deviate from that of the bare copper
sample, especially in the first few meters of sliding. All the graphene nano-coatings could
reduce the CoF from about 0.7–0.8 to 0.15–0.25. However, this beneficial effect endured
relatively shortly. Figure 7b is the zoomed view of the first 7 metres of the tests in Figure 7a,
where the difference among the curves is most evident, while Figure 8 displays the whole
set of the friction curves for every sample (except those of the direct growth CVD specimen,
as anticipated in Section 2.1.2).
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The friction curves of coated samples can be divided into two parts: Part 1, extending
from the beginning of the test to the onset of the friction transition, and Part 2, from
transition up to the end of the test.

In Part 1, friction is stable; the friction curves of the graphene-coated samples were
flat, featuring a CoF value below 0.2 and low scattering. After this initial phase, a transition
occurred that closely resembles the running-in phase observed with bare copper, but
delayed by a few metres. The related friction ramp was likely associated with the failure and
removal of the graphene coating from the contact region, similar to what was observed in a
previous work by the authors [37]. It is accepted among researchers that graphene improves
the tribological performance as long as it survives at the interface, because it separates the
metal surfaces and reduces the shear stresses at the contact spots of asperities [13,25,53].
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The duration of Part 1 was strongly correlated to the structure of the coating itself, and,
therefore, to shear strength and adhesion. The analysis of the curves in Figure 8 suggests
that the transition was completed within just 15 ÷ 20 cycles for transferred graphene.
The thickness of the transferred CVD graphene film was so tiny that Part 1 could be
hardly distinguished from an ordinary running-in of the steel-copper friction pair. The self-
assembled graphene nano-coatings could withstand the tearing-off action of the counter
body longer, and the duration was even extended to about 250 cycles on average for the
one sonicated 6 h.

Interestingly, irrespective of the initial frictional behaviour, the curves remained always
relatively smooth in Part 2 and levelled off in the second half of the test. Both the uncoated
and graphene-coated samples had a similar friction value in the last metres of sliding, equal
to about 0.8. Only the friction curves of transferred graphene showed some scattering of
the friction signal, mainly between 200 and 500 rotating cycles, which may indicate the
activation of abrasion and ploughing. Abrasion grooves are evidenced in on this sample,
which are indeed not visible inside the wear tracks of the other samples. The other friction
curves acquired with bare copper and with the samples coated by self-assembled graphene
are much smoother because a transfer layer due to a dominant tribo-oxidative mechanism
was established at the interface. Further details are provided in Section 3.2.

The average CoF values measured in Part 1, Part 2, and throughout the whole test
are compared in Figure 9. The wearing-out of the self-assembled nano-coatings in Part 1
comes with a stable average friction value equal to 0.17. Interestingly, very similar values
were reported in previous research works, as summarized in Table 2. Even with different
substrates and environmental conditions, other researchers have recorded friction curves
and average friction values with extraordinary similarities to those reported in this research,
featuring initial low friction followed by a gradual increase up to the typical CoF of the
substrate. Therefore, the value of about 0.17–0.2 should be regarded as the characteristic
friction coefficient for the graphene-steel pair regardless of the substrate nature and the
characteristic scale of the phenomenon (either microscale or macroscale interaction).
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Figure 9. Average CoF values measured in Part 1 and Part 2. The error bars were determined as
three times the standard deviation of the average CoF of the three tests carried out with each sample
(Lower part). Average lifetime of the coatings determined by the cycles accumulated at the time the
transition from Part 1 to Part 2 started.

Table 2. Coefficient of friction of graphene coating reported in previous literature.

Authors Ref. CoF Testing Conditions

Shi et al. [26] 0.22

Pin-on-disc; graphene-coated and textured
M2 steel against stainless steel; 0.5 N load;
Testing in ambient air; solution-processed

graphene coating;

Berman et al. [25] 0.19

Pin-on-disc; graphene-coated 440C steel
against 440C steel; 2 N load; Testing in

ambient air, in ethanol bath and with the
addition of droplets of graphene solution;

solution-processed graphene coating;

Berman et al. [24] 0.16–0.23

Pin-on-disc; graphene-coated 440C steel
against 440C steel; 1 N load; testing in N2 and
H2; CVD graphene and solution-processed

graphene coating;

Berman et al. [55] 0.2
Pin-on-disc; graphene-coated steel against

steel; 1 N to 5 N load; Testing in dry Nitrogen;
solution-processed graphene coating;

Won et al. [23] 0.2
Pin-on-disc; graphene-coated copper against

stainless steel; 20 mN load; Testing in
ambient air; CVD graphene;

Yildiz et al. [22] 0.19–0.4
Flat-on-flat; graphene-coated bronze against
AISI52100 steel; 10 N to 30 N load; Testing in

ambient air; CVD graphene;

Mura et al. [38] 0.15–0.25
Pin-on-disc; graphene-coated aluminum

against steel; 5 N load; Testing in ambient air;
CVD graphene and self-assembled graphene

Mura et al. [40] 0.15–0.2
Pin-on-disc; graphene-coated steel against

steel; 5 N load; Testing in ambient air;
CVD graphene

The difference between the average CoF value related to Part 2 and the overall average
value of the test is almost null with transfer graphene and 3 h-sonicated self-assembled
graphene, because Part 1 lasted very briefly. On the contrary, the 6 h-sonicated self-
assembled graphene lasted at the interface long enough to produce a significant 11%
reduction of the overall friction coefficient compared to Part 2.
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However, when the overall average friction values obtained with the graphene-coated
samples are compared to that of bare copper (i.e., comparison of the solid orange columns
in Figure 9), some reduction in the CoF was always observed. It was equal to 5% with
transferred CVD graphene, and 10% and 31% for 3 h-sonicate dan d 6 h-sonicated self-
assembled graphene, respectively. This suggests that graphene was able to provide a
beneficial effect to the steel-copper friction pair even after the failure of the nano-coatings.

Interestingly, the SEM analysis (Figure 3) and the results of Raman spectroscopy pre-
sented in a previous paper by the authors [38] (it was performed on the same graphene
nano-coatings) revealed that the quality of self-assembled UGF was coarse from the point
of view of the atomic structure. The coating is a patchwork of several broken atomic layers
imperfectly arranged with an uneven thickness distribution. Despite this, the presented re-
sults support the evidence that the self-assembled nano-coatings have higher shear strength
than high-quality CVD graphene, and are the most promising for tribological applications.

3.2. Wear

The worn surface of the samples after the pin-on-disc tests is shown in Figures 10 and 11,
which collect and compare the corresponding topography of the worn-out region acquired
with the FV microscope. Samples were blown with air before the topographic analysis,
and the wear tracks were gently wiped with a dry lint-free swab to remove any residual
wear debris from the surface. The samples were not further cleaned to avoid physical or
chemical damage to the carbon layer.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 23 
 

acquired with the FV microscope. Samples were blown with air before the topographic 
analysis, and the wear tracks were gently wiped with a dry lint-free swab to remove any 
residual wear debris from the surface. The samples were not further cleaned to avoid 
physical or chemical damage to the carbon layer. 

 
Figure 10. Samples after pin-on-disc tests. (a) bare sample, (b) directly grown CVD graphene, (c) 
transferred CVD graphene coating, (d) 3 h-sonicated graphene, (e) 6 h-sonicated graphene. A trans-
parent film adhered to the central part of the metal surface is noticeable on the sample with trans-
ferred CVD graphene. The sample with direct growth graphene, whose results will be presented 
separately in Section 3.2, featured a pattern of bright patches similar to grains visible to the naked 
eye, probably the contour of the copper grains after annealing. 

 
Figure 11. Comparison of the topography acquired with the FV 3D microscope: (a) Bare Cu, (b) 
transferred graphene, (c) 3 h-sonicated graphene, (d) 6 h-sonicated graphene. 

As to the counterpart, minor damages appeared on it, and the inspection under the 
optical microscope provided no evidence of transferred or oxidized matter on the ball. 
The damage was mostly limited to a local pattern of scratches on the sphere. Therefore, 
the wearing-out of the sphere was neglected because the related wear volume was not 
confidently measurable (it was limited to minimal deviations from the initial spherical 
shape). 

The average volume data are presented in detail in Figure 12, and summarized in 
Table 3. The result of the wear tests revealed different wear behaviours for the various 
types of graphene coatings. 

  

Figure 10. Samples after pin-on-disc tests. (a) bare sample, (b) directly grown CVD graphene,
(c) transferred CVD graphene coating, (d) 3 h-sonicated graphene, (e) 6 h-sonicated graphene. A
transparent film adhered to the central part of the metal surface is noticeable on the sample with
transferred CVD graphene. The sample with direct growth graphene, whose results will be presented
separately in Section 3.2, featured a pattern of bright patches similar to grains visible to the naked
eye, probably the contour of the copper grains after annealing.
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As to the counterpart, minor damages appeared on it, and the inspection under the
optical microscope provided no evidence of transferred or oxidized matter on the ball. The
damage was mostly limited to a local pattern of scratches on the sphere. Therefore, the
wearing-out of the sphere was neglected because the related wear volume was not confi-
dently measurable (it was limited to minimal deviations from the initial spherical shape).

The average volume data are presented in detail in Figure 12, and summarized in
Table 3. The result of the wear tests revealed different wear behaviours for the various
types of graphene coatings.

Table 3. Average value of material loss and deposited/displaced material.

[mm3] Bare Cu Transfer Percolative-3 h Percolative-6 h

Average volume of
material loss 0.0030 0.0056 0.0019 0.0018

St.Dev. of the volume of
material loss 0.0009 0.0022 0.0003 0.0006

Average volume of
deposited material 0.0024 0.0045 0.0017 0.0021

St.Dev. of the volume of
deposited material 0.0007 0.0014 0.0001 0.0004
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The two samples coated by self-assembled graphene performed best, and, in particular,
the 6 h-sonicated graphene let the amount of removed material decrease by 36%, taking the
bare Cu sample as the reference. The adhered material decreased by 10–15% on average,
even though its value was slightly higher for the 2 mm and 3 mm track radii. These results
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were remarkably different from those obtained with graphene-coated aluminium samples
in a previous work by the authors [37], where no benefits in terms of wear were observed.
The relative reduction of wear was substantial, yet the early graphene removal may have
hidden the full potential of these coatings if they had endured for a more extended time.
The wear volume was measured only at the end of each test, whilst the coating failure
happened on average at 1/6th or 1/10th of the total sliding distance. Therefore, the benefits
of these high-lubricity graphene nano-coatings might have proven even more significant if
the wear volume were inspected repeatedly after shorter sliding distances or at the end of
shorter tests.

The performance of transferred graphene was underwhelming. The average amount
of lost and transferred material was two times higher than with the bare copper sample.
This evidence was surprising because it is not in line with the results of other papers in the
scientific literature; for instance, the work by Yildiz et al. [62], who observed a substantial
reduction of the wear rate by transferred CVD-graphene.

The morphological analysis in Figure 13 was carried out to investigate the wear
mechanisms acting at the tribological interface. The dominant wear mechanisms appeared
to change from sample to sample, and were influenced by the production method of the
graphene nano-coatings. The wear tracks on bare copper and the percolative-graphene-
coated samples have a rather uneven width in the circumferential direction, and feature
isolated deeps and hills, suggesting the detachment of chunks of material due to local
adhesion and subsequent deposition of oxidized matter inside the sliding path. This is
also clearly visible in Figure 14, which shows that a dark grey third layer made of oxidized
matter covered the wear tracks, and was responsible for the peculiar morphology visible in
Figure 13. Therefore, tribo-oxidation activated by initial adhesion was probably the primary
wear mechanism here. In the presence of graphene, this layer may have encapsulated
lubricious carbon matter and protected the substrate from wear.
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This was not the case for the transferred CVD graphene. The wear track featured a
uniform width in the circumferential direction and the presence of longitudinal grooves
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and ridges suggested that an abrasion wear mechanism has a role here. Few traces of grey
adhered matter were visible inside the wear track, and shining areas of copper were still
visible by the end of the test in Figure 14f. Therefore, no transfer layer stabilised at the
contact interface, and tribo-oxidation had a limited effect. Abrasion was well correlated
with the friction curve recorded during the tests, which were more erratic than the others
and characterised by higher scattering of the CoF. Moreover, the contribution of abrasion
to wear may also justify the higher wear volume measured with this sample. Abrasion
might be activated by the presence of wrinkles and ripples in the transferred graphene
layer. According to Long et al., wrinkles and ripples are relatively common in graphene
produced by CVD due to the negative thermal expansion coefficient of graphene. Wrinkles
appear during the cooling process as the substrate shrinks while the coating dilates [63].
Paronyan et al. [64] also pointed out that the critical phase of the CVD method is the
cooling-down of the Cu-C system, since at about 1000 ◦C, a thin melted layer is likely to
appear on top of the catalyst body and it may run into quenching. Such undercooling
is responsible for forming a surface Cu lattice favourable to many graphene ripples, e.g.,
ripples formed due to cellular and dendritic solidification patterns. Comanescu [65] proved
that transfer from the copper foil to a super smooth surface (like SiO2) might make the
graphene sheets flatter and less defective. However, if some ripples formed during the
CVD process, they could be easily transferred to the end copper sample because the surface
finish of these samples was much higher than those employed by Comanescu. The high
shear stress experienced by the wrinkles and ripples under sliding contact interactions may
lead to structural changes from sp2 to amorphous carbon, according to Huang et al. [66],
leading to harsher tribological conditions.
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The analysis of the roughness values measured inside the wear tracks after the tests
are presented in Table 4. Interestingly, the roughness values were higher than the initial
ones and correlated with the inherent wear results. Lower Sa values than bare Cu were
measured for the two samples with the best tribological performance, and higher Sa for
the other two, which supports the evidence that graphene had a beneficial lubricious
effect only in the form of percolative graphene, at least in the sliding contact conditions
explored in this research. The Sa and Sq surface roughness parameters were calculated
after extracting a random region inside the wear track and removing the waviness shape
through a polynomial function. This evidence agrees with the results by Won et al. [23],
who claimed a reduction in the average roughness and width of the wear tracks when the
tribological performance was enhanced by graphene.

Table 4. Average roughness value inside wear tracks and track width.

Bare Cu Transfer Percolative-3 h Percolative-6 h

Initial roughness value Sa [µm] 0.071 0.236 0.098 0.096

Roughness inside
wear tracks

Sa [µm] 0.671 0.957 0.508 0.525
Sq [µm] 0.897 1.514 0.641 0.701

Wear track width [µm] 349 300 271 231

3.3. Direct Growth CVD

As to direct growth CVD, the specimen disclosed different tribological behaviour
against the steel sphere. Figure 15a compares the friction curve of the direct growth sample
with the other friction curves of bare copper and graphene-coated copper samples. High
friction was measured at the beginning of the test, with a peak of 1.4 at the onset of sliding.
A gradual decrease of the CoF followed, and stabilisation at a value slightly lower than the
other curves of the diagram. The friction curves in Figure 15b suggest that an additional
abrasive effect worked at the interface at the beginning of the test, which was detrimental to
the tribological system. The amount of material removed and displaced was also distinctly
and dramatically higher than the uncoated sample. The wear volume calculations are
presented in Figure 16 and Table 5. No previous investigation about samples prepared by
direct growth CVD reported a similar result.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 23 
 

high shear stress experienced by the wrinkles and ripples under sliding contact interac-
tions may lead to structural changes from sp2 to amorphous carbon, according to Huang 
et al. [66], leading to harsher tribological conditions. 

The analysis of the roughness values measured inside the wear tracks after the tests 
are presented in Table 4. Interestingly, the roughness values were higher than the initial 
ones and correlated with the inherent wear results. Lower Sa values than bare Cu were 
measured for the two samples with the best tribological performance, and higher Sa for 
the other two, which supports the evidence that graphene had a beneficial lubricious effect 
only in the form of percolative graphene, at least in the sliding contact conditions explored 
in this research. The Sa and Sq surface roughness parameters were calculated after extract-
ing a random region inside the wear track and removing the waviness shape through a 
polynomial function. This evidence agrees with the results by Won et al. [23], who claimed 
a reduction in the average roughness and width of the wear tracks when the tribological 
performance was enhanced by graphene. 

Table 4. Average roughness value inside wear tracks and track width. 

  Bare Cu Transfer Percolative-3 h Percolative-6 h 
Initial roughness 

value 
Sa [µm] 0.071 0.236 0.098 0.096 

Roughness inside 
wear tracks 

Sa [µm] 0.671 0.957 0.508 0.525 
Sq [µm] 0.897 1.514 0.641 0.701 

Wear track width [µm] 349 300 271 231 

3.3. Direct Growth CVD 
As to direct growth CVD, the specimen disclosed different tribological behaviour 

against the steel sphere. Figure 15a compares the friction curve of the direct growth sam-
ple with the other friction curves of bare copper and graphene-coated copper samples. 
High friction was measured at the beginning of the test, with a peak of 1.4 at the onset of 
sliding. A gradual decrease of the CoF followed, and stabilisation at a value slightly lower 
than the other curves of the diagram. The friction curves in Figure 15b suggest that an 
additional abrasive effect worked at the interface at the beginning of the test, which was 
detrimental to the tribological system. The amount of material removed and displaced 
was also distinctly and dramatically higher than the uncoated sample. The wear volume 
calculations are presented in Figure 16 and Table 5. No previous investigation about sam-
ples prepared by direct growth CVD reported a similar result. 

 
Figure 15. (a) Friction curves were measured with the sample treated by direct growth CVD and 
compared to the other samples at the median radius of 3 mm. (b) Set of friction curves measured 
with the direct growth sample. 

Figure 15. (a) Friction curves were measured with the sample treated by direct growth CVD and
compared to the other samples at the median radius of 3 mm. (b) Set of friction curves measured
with the direct growth sample.



Appl. Sci. 2023, 13, 8540 18 of 23
Appl. Sci. 2023, 13, x FOR PEER REVIEW 19 of 23 
 

 
Figure 16. (a) Removed material volume and (b) deposited or plastically displaced material volume 
for the direct growth sample. 

Table 5. Average value of material loss and deposited/displaced material for the direct growth sam-
ple. Comparison of the roughness value before and after the tribological test. 

Direct Growth 
 [mm3]   [µm] 

Average volume of material 
loss 0.0307 Initial roughness value Sa 0.979 

St.Dev. of the volume of 
material loss 0.0101 

Roughness inside wear 
tracks Sa 1.176 

Average volume of 
deposited material 0.0082  Sq 1.636 

St.Dev. of the volume of 
deposited material 

0.0032 Wear track width  578 

If hard amorphous carbon formed due to anomalous activation of the carbon nucle-
ation sites, as hypothesised, it is likely that a two-body abrasive effect played a role. Abra-
sion would justify the peak of the CoF in the very first cycles of the test. During the sub-
sequent downfall of the CoF, the globular structure may have detached and turned into 
hard debris rolling at the interface. Hard globules may have mixed with copper oxides 
and strengthened the third layer covering part of the wear track. Some oxidized matter is 
visible in the middle of the wear in Figure 17b. This scenario would explain, on the one 
hand, why significant material loss continued up to the end of the test, and, on the other 
hand, would justify the slightly lower friction coefficient observed in the steady-state part 
of the tests compared to the other samples. 

 

Figure 16. (a) Removed material volume and (b) deposited or plastically displaced material volume
for the direct growth sample.

Table 5. Average value of material loss and deposited/displaced material for the direct growth
sample. Comparison of the roughness value before and after the tribological test.

Direct Growth

[mm3] [µm]

Average volume of
material loss 0.0307 Initial roughness value Sa 0.979

St.Dev. of the volume
of material loss 0.0101 Roughness inside

wear tracks Sa 1.176

Average volume of
deposited material 0.0082 Sq 1.636

St.Dev. of the volume
of deposited material 0.0032 Wear track width 578

If hard amorphous carbon formed due to anomalous activation of the carbon nu-
cleation sites, as hypothesised, it is likely that a two-body abrasive effect played a role.
Abrasion would justify the peak of the CoF in the very first cycles of the test. During the
subsequent downfall of the CoF, the globular structure may have detached and turned into
hard debris rolling at the interface. Hard globules may have mixed with copper oxides
and strengthened the third layer covering part of the wear track. Some oxidized matter is
visible in the middle of the wear in Figure 17b. This scenario would explain, on the one
hand, why significant material loss continued up to the end of the test, and, on the other
hand, would justify the slightly lower friction coefficient observed in the steady-state part
of the tests compared to the other samples.

Figure 17 shows that the wear track was large and deep with no longitudinal scratches.
Many recesses distributed along the track are shown in Figure 17c, together with chunks of
material ripped off the samples (Figure 17a). These pieces of evidence suggest that after
the transition of the CoF, the dominant wear mechanism evolved from dominant abrasion
to a mix of adhesion, abrasion, and tribo-oxidation. The wear tracks of the direct growth
sample also feature the largest amount of plastically displaced material forming hills at the
borders of the tracks, which explains why the wear scar on the ball has high ellipticity in
Figure 17a. This effect might be related to the substrate softening due to annealing at high
temperatures (1000 ◦C) during the CVD treatment.
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4. Conclusions

In this work, the tribological performance of graphene-coated copper was investigated.
Four methods to synthesize 2D carbon coatings by either transfer or self-assembly of flakes
were compared. The nature and quality of the graphene structures thus obtained were
investigated through FESEM analysis and compared to Raman spectra to confirm the
defectiveness of the layer, and the uniformity of substrate coverage.

The results of the macroscale tribological tests against a steel sphere under low load
and low sliding speed revealed that graphene coatings could serve as a solid lubricant
while reducing friction and wear of copper. However, the duration of the graphene coatings
at the sliding interface was limited because of the limited adhesion to the substrate.

- Self-assembled graphene nano-coatings lasted longer with duration up to 1/6th of the
total sliding distance of the test in the case of 6 h-sonicated graphene;

- The CoF dropped from 0.6–0.7 to 0.15–0.25 in the presence of graphene, with a maxi-
mum reduction by 78% in the case of 6 h-sonicated graphene. However, this beneficial
effect endured as long as the carbon nano-sheet withstood the tearing-off effect of the
counter body sliding against it;

- 6 h-sonicated graphene also produced a beneficial 31% reduction of the overall average
friction value of the test, despite the short lifetime of the nano-coating;

- The reduction in the average wear volume of copper was remarkable in the case of
self-assembled graphene coatings (UGFs). The reduction was about 36% and 40% for
the 3 h-sonicated and 6 h-sonicated coatings compared to the bare copper, respectively;

- Transferred CVD graphene showed no benefits on friction and produced a detrimental
increase of wear volume, which was never reported in the previous literature.

- The morphological analysis of wear tracks suggested that abrasion had a role in the
presence of the transferred graphene layer, while tribo-oxidation dominated in the
presence of self-assembled graphene;

- The deposition of direct growth graphene on copper samples failed due to issues
likely related to the use of a bulk catalytic body rather than a thin copper foil. Direct
growth of CVD graphene on copper samples could not be compared to transferred
CVD graphene.

In the end, the results of this research suggested that:

(1) Graphene synthesised through different production methods may contribute to acti-
vate different wear mechanisms at the sliding interface;
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(2) Graphene obtained from the self-assembly of GNPs is the most promising graphene
production method for tribological applications in industry, despite its defective and
uneven carbon structure;

(3) Ultra-thin, high-purity, and low-defect structures like transferred CVD graphene are
of little interest for macroscale friction and wear applications where gross sliding
dominates. It turned out to be overly thin and weak;

(4) The main benefits of self-assembled graphene are its increased thickness and the
ability to promote a lubricious third layer at the steel-copper interface;

(5) The synthesis of the direct growth of CVD graphene on bulk metal substrates, which
is a promising way to reduce the cost of CVD graphene, needs further investigation
to optimize the deposition process route.

Self-assembled graphene coatings are easy to apply, and cost-effective compared to
CVD graphene. Nevertheless, the critical aspect for their extensive use in tribological
applications is poor adhesion, which limits their endurance against a sliding counter body.
Previous research on graphene at the nanoscale [67] has proved that the weak bonding
to the substrate cannot prevent ripples and puckers in the out-of-plane direction from
arising in front of the contact. The functionalization of the substrate surface, e.g., by plasma
etching, to enhance adhesive attraction can be a promising way to strengthen graphene
nano-coatings [68] and to extend its duration in contacts subjected to gross sliding.

Moreover, graphene coatings may have higher performance in contact conditions
involving limited rubbing motion (either in time or amplitude), e.g., where fretting domi-
nates, or in cold metal-forming processes. Based on these results, comparative fretting tests
with the same kind of graphene-coated samples will be performed in the future.
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