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ARTICLE INFO ABSTRACT

Keywords: Graphene has become a promising candidate to protect surfaces against friction due to its strength and lu-
Thermal spray bricating ability. In this study, graphene nano platelets (GNP) thin films have been deposited onto stainless steel
SHVOF substrates by axially injecting GNP suspension through high velocity oxy fuel thermal spray gun. The tribological
Graphene nanoplatelets performance of the films under dry sliding wear was investigated through unlubricated ball on disc sliding wear
Wear . test against a sintered alumina counter body ball under 5 N load. The understanding of the behaviour of the
Nanoparticles .3 . . . . . .

Tribology GNPs under sliding wear will be useful for improving the performance of graphene-based coatings which are in

demand for wear resistant applications. A film was deposited showing significant improvements in friction with
coefficient of friction value reduced by 7 times compared to uncoated stainless steel, even for a discontinuous
film. A morphological analysis shows sliding wear led to change in particle shape from angular flakes into
randomly oriented circles. Interatomic bonding and structural analysis performed reveals oxidation defect for-
mations during wear test. Structural degradation and oxidation of GNPs during the process led to formation of
amorphous carbon from graphene. Amorphous carbon formation reduces the lubricating ability and strength of

the film, leading to failure.

1. Introduction

Graphene is an allotrope of carbon characterized by a 2D network of
sp? hybridised carbon atoms bonded to each other in a hexagonal lat-
tice. Graphene is also the basic structural unit of carbon nanotubes
(CNT), graphite and fullerenes. From chemistry point of view, the term
graphene is used to refer to a single layer only and particles with more
than one layer are known as graphite. However, many researchers use
graphene containing names such as graphene nano-platelets (GNPs) or
multilayer graphene (MLG) to define a few layers (usually up to 20) of
graphene according to the convention in their respective field. Stacks of
more than more than 20 layers are usually referred to as thick graphene
sheets [1]. Graphene is known as the strongest material discovered so
far and that is why it attracted the interest of surface engineers. Studies
performed on elastic properties and intrinsic strength of pristine gra-
phene via atomistic simulations and atomic force microscopy (AFM)
showed that the in plane Young’s modulus is = 1 TPa and the tensile
strength value is higher than 100 GPa [2-4]. Depending on the pro-
duction method of graphene, it can be polycrystalline and have grain
boundaries which might lead to weakness compared to pristine
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graphene. A study performed on chemical vapour deposition (CVD)
grown graphene shows that the elastic stiffness is the same as pristine
graphene and strength is only reduced by approximately 20 GPa [5].
Also, graphene has good thermal conductivity and electrical con-
ductivity. Molecular dynamic simulations, Raman spectroscopy and
thermal conductivity measurements performed on graphene in different
studies led to a broad range of values from 1000 to 5000 W/mK [6-8].
Assumptions about the absorbance of graphene and dimension of the
samples used during the studies are the main factors that yield this
broad range of values. The electrical conductivity of graphene also
depends on the shape of samples tested and the packing density. Ac-
cording to studies performed on graphene compacted into various
shapes and with different pressure electrical conductivity varies from =
100 S/m to = 1000 S/m [9,10]. In addition, graphene has lubrication
ability, enhanced surface properties and chemical inertness due to its
low reactivity once dangling bonds are passivated. Outstanding prop-
erties of GNPs mentioned above made them a promising reinforcement
material for composite manufacturing. After their discovery, GNPs have
been added to metal, ceramic, cermet (metal & ceramic) and polymer
matrices via various manufacturing methods to improve the mechanical
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properties of the matrix material. Hardness, yield strength and ultimate
tensile strength are a few of the improved mechanical properties re-
ported due to the addition of GNPs. Range of improvements in me-
chanical properties are varied form 20% to even more than 100% de-
pending on the concentration of the GNPs [11-19].

GNP strength, shearing ability and chemical inertness also give rise
to enhanced wear resistance in addition to improved mechanical
properties of composites. Mechanical failure due to wear and genera-
tion of friction are the most common forms of failure in moving and
rotating parts. Hence, wear resistance and tribology properties have
high importance for composites used in moving parts. Incorporation of
GNPs into ceramic and metal matrices improve the wear resistance via
combination of two different mechanisms. Improved wear performance
has been linked to both improvements in fracture toughness and
hardness, and formation of protective tribofilms due to the exfoliation
of GNPs. A major contributor mechanism to the improved wear re-
sistance has not been identified yet; some studies reported fracture
toughness as the main contributor while other studies did not. Two
different studies investigate the tribological performance of alumina /
GNP composites via unlubricated ball on disc tests and wear resistance
improved by two order of magnitude at 10 N load against alumina
counter-body [20] and one order of magnitude at 25 N against tungsten
carbide counter-body [21]. According to the first study, the main
reason behind the improved wear performance is the improved loca-
lised mechanical properties and fracture toughness rather than a tri-
bofilm formation. Silicon nitride is another ceramic which was in-
vestigated in both lubricated (isooctane) and unlubricated conditions.
Wear performance of SiN / GNP composites against a silicon nitride
counter-body in the presence of isooctane shows that the wear re-
sistance was increased. It has been also reported that due to the ex-
foliation of GNPs a protective tribofilm was produced [22]. Wear per-
formance of silicon nitride in unlubricated conditions also shows
improvements in wear resistance by 5.5 times against an alumina
counter surface and by 8.5 times against borosilicate counter surface
[23]. In a study performed on wear performance of alumina / GNP
composite at 40 N load against a ceramic counter-body, Archard wear
equation was used to calculate the theoretical wear loss and hence wear
rate. The Archard wear equation relates the volume worn per unit
sliding distance to the normal load and the hardness of the softer sur-
face [24]. Theoretical results showed a 21.7% increase in wear re-
sistance as a result of hardness. However, experimental results showed
an increase around 65% [25]. The formation of a tribofilm was also
observed during the test and this is reported to be the dominant me-
chanism for improved wear resistance in this case. Improvements in
wear resistance for the metal matrix were also obtained. Incorporation
of GNPs into a magnesium matrix lead 40% and 60% reduction in depth
and width of the wear track respectively compared to pure magnesium.
GNP particles were pulled out during the test and acted as a solid lu-
bricant [26].

GNP incorporated composites have been studied extensively, how-
ever, wear or tribological performance of GNP films alone have not
been studied in detail, which might help to understand the mechanisms
responsible for improved wear properties in composites. Atomic force
microscopy (AFM) and friction force microscopy (FFM), micro trib-
ometer and micro stracth test methods were used to investigate the
tribological performance of graphene at the nano and micro scale level
[27-34]. Test were performed on either single or few layers of de-
posited or grown graphene films for applications in electronic devices
mostly and analysis was carried out in atomic scale. However, macro
scale tribological performance was not investigated in detail where a
bulk amount of graphene film subjected to larger loads (in Newtons, N
instead of mN) over a bigger contact area than a FFM or AFM tip. There
are a few studies involving graphene spread over a surface contact area,
as a solid lubricant in which bonding between surface and graphene
was not aimed. Although there was not any mechanical or chemical
bonding between the graphene and the applied surface, results showed
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promising improvements in coefficient of friction (down to around 0.2)
and wear performance [35,36]. In recent studies, GNP films were de-
posited using a thermal spray flame to achieve a film on the surface,
which again led to a reduction in coefficient of friction down to 0.1 as a
result of a GNP tribofilm formation [37,38].

In this study a pure GNP film was produced by using suspension
high velocity oxy fuel (S-HVOF) thermal spray technique. S-HVOF is a
modified version of HVOF thermal spray which requires the use of li-
quid suspension feedstock instead of powder. Suspension feedstock al-
lows the usage of nano and sub-micron sized particles to be sprayed
through HVOF thermal spray system and is a promising technique to
form films with tailored microstructures. HVOF thermal spray tech-
nique is widely used in industry, as it leads to the production of coatings
with lower porosity, higher bonding strength and hardness in shorter
period of time. It is a fast and effective method to deposit GNPs over
extended surfaces. Potential usage of the deposited film as a protective
layer against wear is discussed by analysing sliding wear test results and
structural changes of graphene throughout the test. Once all the me-
chanisms responsible for failure and the main reason for improved
tribological performance are understood, GNPs can be engineered to
improve the service life or performance of GNP films and GNP in-
corporated composites.

2. Experimental
2.1. Feedstock preparation

GNP suspension in deionised water was prepared using 1 wt% GNPs
(product no. AB 304022, ABCR, Germany) which have 6-8 nm nominal
thickness and 5 pm average lateral size. Fig. 1 shows the morphology of
the GNP particles used in this study. Sodium dodecyl sulphate, SDS
(product no. 71725, Sigma —Aldrich, United Kingdom) was added as a
surfactant to promote dispersion of GNPs. The amount of surfactant
added was 1 wt% of the GNPs used. The prepared suspension was
stirred by using a FB-505 Ultrasonic Processor (Fischer scientific,
United Kingdom) which operates at 20 kHz with two seconds pulse
every five seconds for one hour.

2.2. Substrate surface preparation

AISI 304 stainless steel (SS) substrates with nominal composition of
Fe-19.0Cr-9.3Ni-0.05C (all in wt. %) were used, which have dimensions
of 60 X 25 X 2 mm. Substrates were grinded by using sequential si-
licon carbide (SiC) grinding pads which had grit sizes P240, P400, P800
and P1200, respectively. This surface treatment was followed by pol-
ishing, utilising diamond polishing pads of average particle diameter of
6 um and 1 pm, respectively. Prior to spray, the substrate surfaces were
cleaned with industrial methylated spirit (IMS).

Fig. 1. SE micrograph of as - received GNP powder before forming suspension
in deionised water.
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2.3. Thermal spray preparation

GNPs were deposited onto the polished SS substrates by using a
TopGun SS (GTV GmbH, Germany) S-HVOF thermal spray system. This
suspension spray gun utilises hydrogen gas as fuel which combusts with
oxygen in a 22 mm long combustion chamber. Suspension was injected
axially into the combustion chamber through an injector of 1 mm
diameter from a mechanically stirred reservoir by a pressurised sus-
pension feeder. Substrates were attached to a rotating carousel with a
diameter of 260 mm. The carousel rotates with a speed of 73 rpm
during the spray runs which gives rise to a 1 m/s linear velocity for the
attached substrates. In the meantime, the spray gun moves vertically
with a traverse speed of 5 mm/s, which leads to a 4 mm overlap be-
tween tracks from subsequent passes. [39]. Four different thermal spray
runs were performed to investigate the effect of spray parameters, flame
power, stand-off distance and suspension flow rate on the deposition
efficiency. Flow rates of suspension, oxygen and hydrogen were varied
for different runs depending on the required flame power and suspen-
sion input. Flame powers were calculated from combustion calculations
by using flow rates of oxygen and hydrogen gases. Each run was per-
formed until 10 passes of the gun were completed. Compressed nitrogen
gas directed to the carousel was used to prevent overheating of the
samples. Here, nitrogen was chosen instead of air to minimise the
possibility of oxidation of GNPs once deposited on the substrates and
still hot and reactive. An overview of the runs and parameters used in
each run are given in Table 1.

2.4. Wear testing

A ball on disc unlubricated rotational sliding wear test was per-
formed by using a rotary tribometer (Ducom Instruments, The
Netherlands). Microscale tribological performance of deposited films
was investigated at 5 N load. 10 mm diameter circular wear tracks were
created by using 6 mm diameter alumina (99.9% aluminium oxide)
counter body balls (Dejay distributions, United Kingdom). The Samples
rotated at 57 rpm for 30 min giving rise to 29.8 mm/s sliding linear
speed and 53.7 m sliding distance.

2.5. Material characterisation

2.5.1. Scanning electron microscopes (SEM)

Surface morphology imaging of deposited coatings and worn sur-
faces after the tribology tests was performed by using a Quanta 600
SEM (FEL The Netherlands) in SE mode with 10 kV accelerating voltage
and 12 mm working distance. The average coverage obtained was es-
timated by applying threshold to SEM micrographs on imageJ (NIH,
USA) software. A 7100F field emission gun scanning electron micro-
scope (FEG-SEM) (JEOL, Japan) was used for high resolution imaging
of worn areas in SE mode with 5 kV accelerating voltage and 10 mm
working distance. SE mode was chosen as detected electrons originate
mainly from the surface and allow a better topography analysis of the
samples, especially in the case of thin GNP films.

2.5.2. Raman spectroscopy
A Jobin YVON LabRAM HR spectrometer (Horiba jobin YVON,

Table 1
Spray parameters used to perform each S-HVOF thermal spray run.
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Japan), modified by addition of an automated xyz stage (Marzhéauser,
Germany) was used to perform Raman spectroscopy. Before the spectra
collection, the instrument was calibrated using a standard Si (100)
reference band at 520.7 cm ™! and the Rayleigh line at 0 cm ™. Spectra
were obtained by using a red laser with wavelength of 660 nm together
with 300 um pinhole and an objective yielding 100x magnification. A
1% laser filter was applied to attenuate the intensity at the sample, as
normally used to prevent damaging of carbon based samples. A 300
lines/mm rotatable diffraction grating was employed for scanning a
range of Raman shifts during each acquisition. The detection of signals
to create spectra was done by using a Synapse detector (Horiba, Japan).
Each individual spectrum was collected for 180 s and repeated for 3
times to eliminate artefacts generated by cosmic rays and to improve
signal to noise ratio. Raman spectra from 5 different points were ob-
tained and averaged for each spectrum here reported. Spectra were
corrected by applying linear baseline subtraction to eliminate fluores-
cence and normalised to the intensity of the characteristic carbon G
band by using Labspec 6 software (Horiba jobin YVON, Japan).

2.5.3. Field emission gun — transmission electron microscopy (FEG-TEM)

As-received GNP powder and worn GNP particles (wear debris
formed after the wear test mentioned at section 2.4) from the wear
track was collected and suspended into propan-2-ol solution.
Suspension was then transferred onto holey carbon TEM grids and left
to dry. A 2100F FEG-TEM (JEOL, Japan) operated at 200 kV was used
for bright field imaging for both powders. Electron energy-loss spec-
troscopy (EELS) was performed using an Enfinium detector (Gatan,
USA) with 2 mm aperutre and an acquisition time of 0.262 s. Gatan
Microscopy Suite software (GMS3) was used to analyse EELS spectra
and subtract background signal. Furthermore, Fast Fourier’s Transform
function of the software (Live FFT) was applied to high magnification
TEM micrographs to analyse the crystal structure of the sample in
chosen areas.

2.5.4. Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed via
an Asylum Research MFP-3D (Oxford instruments 1td., UK) instrument
in amplitude modulated tapping mode (AC). Scratches were made onto
the GNP film / substrate surface with tweezers in order to remove GNPs
from the surface and variation of height across the scratches was
measured to estimate the thickness of the film.

2.5.5. Surface analysis

Alicona G5 infinite focus (Alicona imaging GmbH, Austria) instru-
ments was used to perform surface texture measurements. Data was
obtained from 161 um X 161 pm square areas via a 100x objective lens
followed by noise and tilt corrections. Surface texture measurements
obtained were used to estimate the thickness of the film.

3. Results
3.1. Coating characterisation

Fig. 2 shows surface morphology of the deposited films for each run
at both high and low magnification. Both angular and tiny GNP flakes

Spray runs Spray parameters
Flame power (kW) Stand-off distance (SoD) (mm) GNP suspension flow rate (ml/min)
Run #1 (baseline) 25 85 70
Run #2 (Effect of flow rate) 25 85 125
Run #3 (Effect of SOD) 25 100 125
Run #4 (Effect of Flame Power) 50 100 125
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Fig. 2. Low and high magnification SE micrographs showing the surface morphology of GNP films produced by Run #1 (a,e), Run #2 (b, f), Run #3 (c, g), Run #4(d,

2.

Table 2

Percentage area coverage by the deposited film for
each run estimated by applying contrast threshold to
SEM micrographs and measuring the area fraction via
ImageJ software. The associate error is the standard
error of the mean.

Samples Area Coverage (%)
Run #1 315 = 26
Run #2 49.5 £ 0.5
Run #3 58.0 = 4.0
Run #4 7.0 = 0.6

and bigger randomly shaped agglomerated GNP blocks are present on
the surface. A uniform film was not achieved by any of the runs and
GNP particles have a random distribution on the surface. Table 2 shows
the area coverage obtained by each run, Run #1 was performed by
injecting suspension at a rate of 70 ml/min into a 25 kW flame and
substrates were positioned 85 mm away from the gun exit. This con-
figuration leads to a 31.5% area coverage (as estimated from Fig. 2 a,
e). The flow rate of the suspension was increased to 125 ml/min for Run
#2 which gives rise to an increase in coverage by more than 50% (Fig. 2
b, f). Run #3 was performed by keeping the flow rate at 125 ml/min
and increasing the stand-off distance to 100 mm. The area coverage of
GNPs increased from 49.5% to 58% as a results of the increase in stand-
off distance (Fig. 2 c, f). In the last run, Run #4, the effect of flame
power was studied by increasing the power from 25 kW to 50 kW. The
area coverage of GNPs reduced significantly compared to the other 3
runs, down to 7%. As the sample produced by Run #3 has highest area
coverage, it has been chosen for wear test and further analysis with
Raman spectroscopy, TEM and EELS. Thickness of this deposited film
was estimated via AFM by the procedure described in section 2.5.4 is
482 + 155 nm. Furthermore, surface texture measurements obtained
from alicona were used to estimate the thickness as well. As the surface
is only partially covered, height of the highest peak was assumed to be
the thickest point of the film whereas the uncovered areas were con-
sidered the zero points. Thickness estimated from this method is
483 =+ 160 nm. In addition average roughness of the film/substrate
surface is 0.020 * 0.004 pm.

Raman spectroscopy was performed on both as-received GNP par-
ticles and on the chosen deposited GNP films. Data was collected from
five different areas for both specimens and spectra intensity averaged to
form a single spectrum for each sample. Average Raman spectra
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Fig. 3. Average Raman Spectra for as-received GNP, SHVOF thermal sprayed
GNP film and GNP films inside the wear track obtained at 5 N Load. Spectra
have been baseline corrected for fluorescence, normalised to the intensity of the
G band for ease of comparison and shifted along the y-axis for clarity.

obtained exhibit three main bands showed in Fig. 3, which are finger-
prints of graphitic structure. Those are the G, D and 2D bands. The G
band is located at ~1580 cm ™" and arises from the in plane vibrations
(stretching) of sp? hybridized carbon-carbon bonds in hexagonal
carbon rings and chains. The D band — observed at ~1350 cm ™" arises
due to ring breathing mode (expansion / contraction) from sp® hy-
bridized carbon hexagonal rings, is related to disorder and defects
present in each single layer and is used to measure the amount of de-
fects present in the hexagonal carbon ring lattice structure. The 2D
band - the third characteristic band, appears at ~2700 cm ™!, is the
second order of the D band and is related to the band structure of
graphene [40,41]. Therefore, this band is related to the multi layered
structure of GNPs and yields an indication of the amount of disorder
between the layers. The comparison between Raman band intensity
ratios (Ip/Ig and I,p/Ig) was also performed and is shown in Fig. 4 to
highlight the effect of the processes on the GNP structure integrity. The
spectrum of the GNP film resembled the spectrum of the as-received
GNPs suggesting there was minimal structural change during thermal
spray. This is also proved by the consistent Ip/I ratios (0.39 + 0.03
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Fig. 4. Intensity ratios of Raman bands obtained for as received GNP, GNP film
and GNPs inside the wear track.

and 0.37 *= 0.11 for as received GNP and GNP film, respectively).
Alongside Iop/Ig ratios are 0.44 = 0.07 and 0.54 =+ 0.08 representing
increasing defects in the layered structure of GNPs upon thermal spray.

3.2. Tribological performance

The deposited GNP film leads to remarkable improvement in wear
performance by reducing the coefficient of friction (CoF) significantly,
even if a uniform film was not deposited. Fig. 5 shows CoF against
cycles for a GNP deposited surface and a bare stainless steel surface for
comparison. Each cycle represents one complete circular revolution
(10 mm diameter) of the counter-body, and the accuracy of coefficient
of friction measurements is 0.02 * 1% measured frictional force. In
the bare stainless steel case, CoF increases sharply to ~0.5 in only ~100
cycles. Then, it raises up to ~0.7 gradually with the number of cycles.
In the GNP film case, the CoF remains at 0.1 up to ~875 cycles and then
sharply increases to 0.5 in a few cycles. Afterwards, it follows the trend
as the no film scenario by gradually increasing with the number of
cycles. Repeated wear tests show the same trend. The only slight dif-
ference obtained is at the transition point, where the coefficient of
friction increases from 0.1 to 0.7. This point slightly shifts earlier or
later in cycles depending on the amount of GNPs present at the contact
point.
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Fig. 5. Coefficients of friction against cycles for GNP film sample and a bare
stainless steel substrates.
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3.3. Worn surface characterisation

The worn surfaces were characterised by SEM, TEM, Raman and
EELS to study the wear mechanism and deformation of the deposited
film. Fig. 6 shows low magnification micrographs of wear tracks when
CoF is ~0.1 (a) after ~500 cycles and ~0.7 (b) after 1700 cycles. When
CoF is ~0.1, a two-body abrasive wear mechanism takes place. There is
no significant damage or material removal (mild wear regime) from the
substrate surface; material was shifted to the edges of the wear track
indicating ploughing wear mechanism and abrasive grooves are also
present. The wear track width is ~185 um and the surface is relatively
smooth. When the CoF is 0.7, the wear track is ~7 times wider and the
surface is rougher. Severe damage happened to the surface, wear debris
was produced and wear grooves due to material removal can be seen.
This is a clear indication that the film is no longer present on the surface
and a severe wear regime took place. Removal of material leads to a
change of wear mechanism from two body abrasive wear to three body
abrasive wear. Fig. 7 shows high magnification FEG-SEM micrographs
of wear tracks when CoF is ~0.1 (a) after ~500 cycles and ~0.7 (b)
after 1700 cycles. Alignment of GNPs in the direction of motion and
tribofilm formation can be seen when CoF is ~0.1. When CoF is ~0.7,
tribofilm is no longer present inside the wear tracks. Agglomerated
chunks of GNPs got stuck inside the wear grooves or were trapped
between the wear debris produced. Delamination of the surface due to
severe wear regime was followed by fragmentation and led to the for-
mation of wear debris flakes. Further analyses by TEM, Raman and
EELS were performed on the wear track for CoF ~0.1, the high
roughness of the wear track for CoF 0.7 prevents the calibration and
usage of Raman spectroscopy. The produced films were destroyed and
removed from the wear track at the stage when CoF is 0.7 therefore
TEM and EELS could not be performed.

Raman spectra from five different points were obtained for GNP
films inside the wear track after ~500 cycles, when the CoF was ~0.1.
The spectra were averaged into a single spectrum which this time is
dominated by 2 bands the G and D bands, as shown Fig. 3. The intensity
of the D band increased sharply, while broadening and slight shifting of
the G band occurs. Ip/Ig ratio for GNPs inside wear track is
2.02 = 0.08, which is five times higher than the as received and de-
posited GNPs, suggesting that a significant amount of structural defects
was introduced. The 2D band decreased significantly as can also be seen
from the I,p/Ig ratio (0.15 * 0.02), that indicates a disordering of the
layered structure of GNPs.

Fig. 8 shows TEM micrographs of as-received GNPs (a) and GNPs
collected from the wear track after ~500 cycles (CoF ~0.1). Initially,
GNP particles were angular and wide flakes were present in the as-
received condition. After ~500 cycles they turned into round, irregu-
larly shaped narrow particles. In addition, GNP particles were thinner
before the application of load and turned into thicker particles, which
explains the contrast difference in TEM micrographs. High magnifica-
tion TEM micrographs of two different areas from GNP films inside the
wear track after of ~500 cycles with diffraction patterns obtained from
the marked areas are presented in Fig. 9. FFTs are used to comment on
the crystal lattice structure of the particles on those specific areas. In
one of the areas, angular edges completely transformed into rounded
edges (Fig. 9 (a)). The FFT obtained from this area shows a ring pattern
which corresponds to amorphous carbon. On the other hand, individual
GNP flakes with angular edges can be seen in the second area of interest
(Fig. 9 (b)). The FFT obtained from this area has both a ring and a
hexagonal pattern showing that crystal lattice structure of the GNPs
conserved so far, with smaller presence of amorphous carbon. After
~500 cycles, not all of the GNPs have deformed as CoF remains at ~0.1
and the presence of undeformed ones survive until ~875 cycles are
reached (when CoF reaches ~0.7).

EELS spectra for as-received GNPs and GNPs collected from the
wear track after ~500 cycles (CoF ~0.1) are shown in Fig. 10. The EELS
spectrum of as-received GNPs resemble a graphite EELS spectrum as
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Fig. 7. High magnification FEG-SEM SE micrographs showing the surface morphology of the GNP particles inside the wear tracks when CoF is around 0.1 (a) and 0.7
(b). Tribofilm formation is shown in (a) as dark grey patches generated by GNPs exfoliated upon wear testing.

given in literature [42]. A broad band representing sigma (o) bonding
at ~300 eV loss followed by a shoulder is present. The band present at
~284 eV corresponds to pi (7) bonding [43]. The sigma bond is the
bonding between sp? hybridized orbitals, while the pi bond is the
bonding between unhybridized p orbitals in graphene [44]. On the
other hand, the EELS spectrum of deformed GNPs is similar to the
spectrum of amorphous carbon with an oxygen peak appearing at
~540 eV [42]. The band representing the pi bonding is un-
distinguishable, and the sigma bond band is getting narrower while the
shoulder disappears.

4. Discussion
4.1. Film deposition & transformation of GNPs in flame
From the material characterisation, it was clear that GNPs had

random distribution and orientation on the surface. Some degree of
melting of feedstock material is key for the formation of a strong bond

between the coating and substrate [45]; however, GNPs fully oxidise
and combust at 600 °C before any form of melting can take place
[46,47]. This prevents the formation of a strong bond with the substrate
and as the process continues loosely bonded particles are removed from
the surface due to the high gas velocity. Significant reduction in the
GNP amount inside the wear tracks also indicates the presence of weak
bonding between the coating and the substrate surface as the loosely
bonded GNPs were removed due to the load exerted by the counter-
body. Spray parameters used during the deposition have influence on
the area coverage of the film. Instead, suspension flow rate and flame
power have a major effect on coverage. Increasing flow rate leads to a
higher area coverage as a result of increased number of particles
sprayed per unit time. Conversely, the flame power increase has an
adverse effect on deposition, leading to less than 10% area coverage at
50 kW. Higher temperature and velocity at 50 kW compared to 25 kW,
lead to more combustion and removal of GNPs from the surface. The
stand-off distance has a minor effect on the area coverage, only leading
to less than 10% increase. The GNP deposited on substrates that are

Fig. 8. TEM Micrographs of unprocessed GNPs (a) and GNPs after wear tests of 5 N while CoF is 0.1 (b).



K. Derelizade, et al.

Applied Surface Science 528 (2020) 146315

Fig. 9. High magnification TEM micrographs of GNPs after wear test and FFTs of the marked areas obtained by Gatan GMS 3 software.

—— GNP Wear Track

—— GNP Unprocessed
2.0 0
oxygen
T
15
2
5
n [e2
> 10
£
a
Q
< 054
T
0.0
T T T T T T T T
200 300 400 500 600

Energy Loss (eV)

Fig. 10. EELS Spectra of the unprocessed GNPs and spectra from the wear track
of the 5 N when CoF is 0.1. Spectra heave been baseline corrected for back-
ground signal, normalised to the intensity of the highest peak for ease of
comparison and shifted on the y-axis for clarity.

further away from the flame are protected more against removal due to
high gas velocities. However, stand-off distance cannot be increased
significantly as the particles would lose their momentum before
reaching the substrate. In similar studies performed via radially in-
jecting the GNP suspension into the thermal spray flame instead of
axially into the combustion chamber, led to better deposition efficiency
(92% coverage) [37,38]. Radial injection reduces the degradation of
GNPs inside the flame as they are subjected to the heat for a reduced
amount of time. In addition higher suspension flow rate (170 ml/min)
and larger standoff distance (300 mm) were used. In our study, it has
been seen that increasing both flow rate and standoff distance increases
the area coverage. However, the radial injection doesn’t allow the full
exploitation of the thrust from the thermal spray flame. Also, a too long
stand-off distance could lead to a reduction of the particles velocity and
raise problems of gas turbulence. These effects would ultimately lead to
a poorer bonding with the substrate.

Raman spectra obtained from as-sprayed regions have all three
characteristic bands (D, G and 2D) of graphene which confirms the
survival of GNPs throughout the suspension preparation and thermal
spray. Both suspension preparation and thermal spray processes did not
induce significant defects into the graphene (no change in Ip/Ig) and
did not lead to a change in the layered structure (no change in Ip/Ig).
Small differences in both Ip/Ig and I,p/I; ratios for as-received GNP
and GNP films can be explained by inhomogeneity of GNP particles.
Another study performed using the same equipment for GNP suspension
preparation followed by GNP incorporation in ceramic nanocomposite
coatings produced by S-HVOF thermal spray also confirmed the sur-
vival of GNPs [20].

4.2. Structural changes in GNPs during wear

Although a thick and uniform film was not achieved, conservation
of the structure of GNPs during S-HVOF thermal spray leads to pro-
mising improvement in coefficient of friction during the unlubricated
sliding wear tests. Layers of GNPs slid over each other when the load
was applied, due to the presence of weak van der Waals bonds between
the layers. Layers positioned themselves next to each other in the di-
rection of motion and formed tribofilms, as observed inside the wear
track, [25]. The tribofilm formation provides optimal wear perfor-
mance even if the initial coverage was not 100%. In addition, loosely
bonded GNPs transferred onto the counter-body surface. Both tribofilm
formation and transfer of GNP film from the substrate to counter-body
surface contributed to the low CoF values. The presence of polishing
lines inside the wear track and the low CoF values indicate the surface
was protected. Coefficient of friction values in between 0.1 and 0.2
were also observed in some studies where graphene was used as a solid
lubricant between stainless steel bodies [34-36]. Generation of heat
due to the contact pressure between the two surfaces led the film to fail
after passing through a transition stage, which led to a sudden increase
in CoF from ~0.1 to ~0.7. This pattern in dry air only was observed in
study [36], where solution processed graphene was used as lubricant
and lasted less than 100 cycles. However, constant addition of graphene
usually prevents this failure but it is not possible in all applications.
Deposited GNP film in our study outperformed the solution processed
graphene lubricant layer even at higher sliding speed and load used to
test the GNP film. The mechanism leading to failure of the film starts
with the formation of oxygen bonds in between the graphene layers.
Oxidation of the GNPs was confirmed by the presence of the oxygen
bond peak at ~540 eV loss obtained from EELS of deformed and worn
GNPs collected from wear track after ~500 cycles (CoF 0.1) [42]. The
presence of oxygen bonds in between the layers changes the uniformity
of the structure and introduces extrinsic defects via change of bonding
type from sp? to sp® hybridization [40,48]. The change in hybridization
also can be seen from the EELS spectra as the peak for pi (280 eV) bond,
which corresponds to sp? hybridization, disappears after the wear test.
Change in bonding and hybridization lead to formation of interatomic
hydrogen bonding between the layers in oxidised graphene. As hy-
drogen bonding is a stronger interatomic bonding than van der Waals
forces, layers lose their ability to slide over each other to dissipate the
frictional force [34,49]. The reduction in lubrication ability causes the
GNP layers to experience higher in-plane and shear stresses which in-
duce further defects in the hexagonal structure of graphene as the wear
test proceeds. In a study performed in hydrogen atmosphere in com-
parison to nitrogen, the wear performance of graphene improved sig-
nificantly, as the hydrogen passivates the dangling carbon bonds gen-
erated by graphene rupture during wear and stabilizes the atomic shape
of graphene [35]. These phenomena also prove the formation of oxygen
bonds and deformation of the unique structure of graphene in air at-
mosphere. This phenomenon explains the sharp increase of the D band
and disappearance of the 2D band, which is the characteristic band for
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Fig. 11. Schematic diagram showing the formation of amorphous carbon from GNPs under dry sliding wear.

graphitic structures, when comparing Raman spectrum of the worn
GNPs to the Raman spectra of both as-sprayed and as-received GNPs. In
addition, broadening of the Raman bands after wear test and formation
of a D + G peak illustrates the increase in disorder of the GNPs [41].
The loss of order in the crystal structure, therefore of crystallinity, can
also be seen from change in morphology during the wear test which
lead to formation of irregular spheres from cornered flakes. Once the
defects reach a significant amount to deform the structure of graphene,
amorphisation of GNP particles occurs and also amorphous carbon in
the EELS spectrum and amorphous ring patterns in the FFT appear.
Fig. 11 shows schematic diagram explaining the formation mechanism
of amorphous carbon from GNPs under sliding wear.

5. Conclusion

A GNP film was deposited for the first time by axially injecting GNP
suspension through a high velocity oxy-fuel thermal spray system. This
is a quick and efficient method of depositing GNP films over an ex-
tended surface. A uniform film was not achieved due to weak bonding
between the substrate and the film and removal of loosely bonded
particles from the surface by incoming high velocity gas jet. However,
significant improvements in CoF (decrease from 0.7 to 0.1) and un-
lubricated sliding wear (protection of the substrate) performance was
observed due to tribofilm formation and lubricating ability of GNPs.
The produced film acted to a greater extent like a solid lubricant during
the tribological analysis. The film protected the surface up to 750 cycles
under a load of 5 N. A mechanism for amorphous carbon formation
from graphene under sliding wear was observed. Generation of heat as
a result of friction led to oxidation of GNP films and oxygen bonds
formed in between the layers. The presence of those bonds changed the
bonding type and reduced the lubrication ability of the film. Once those
changes reach a critical level which is enough to cause the hexagonal
structure of the graphene to change into amorphous carbon, the film
fails.

Findings of this study suggest bonding between the substrate and
the film, the thickness and the area coverage of the films do not have a
significant impact on the lubrication. However, oxidation of the GNPs
during the process and deformational of hexagonal structure is critical.
Therefore, if the oxidation during the wear and deformation of the
structure can be prevented or delayed in a GNP containing composite
coating or a film, operational lifetime and the performance of the films
can be improved.
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