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ABSTRACT

The tribological behaviour of diamond-like carbon (DLC) and graphene nanoplatelets (GNP) nanocomposite has not been previously explored in a lubricated
environment, with some previous studies reporting only on graphene materials on the surface of the DLC. In this study DLC-GNP nanocomposite films with various
GNP coverages were synthesised by a 3 step process: spin coating a GNP suspension, heat treatment, and DLC deposition. In this study, the effect of the GNP coverage
on the mechanical properties, and tribological response of the DLC-GNP nanocomposite film were studied at elevated temperatures against a cast iron pin in a base-oil
lubricated environment. The study shows decrease in friction and wear of the DLC-GNP nanocomposites as the GNP coverage increased, with the lowest friction (COF
~0.03) and wear (~1.6 x 10719 m3/Nm’1) achieved with a 4.5% coverage. This study reports the addition of GNP into the DLC matrix reduced both friction and
wear by creating a highly graphitic transfer film on the counter-body, but for higher GNP coverages agglomeration during the spin coating of GNP islands were
recorded, leading to removal of the GNP during sliding wear negating the friction reduction effect of the GNP.

1. Introduction

Diamond-like carbon (DLC) is a well-known protective coating used
due to the advantageous properties of low friction, low wear, high
hardness and chemical inertness, making it suitable for use in a wide
range of high pressure, or harsh environments [1-4]. The term DLC
encompasses a wide variety of amorphous carbons, with classification
dependent on their sp?/sp® and hydrogen content [5]. The mechanical
properties of DLC is related to the sp?/sp® content, with the sp®
(c-bonds) fractions responsible for the high hardness, forming an
amorphous network, with sp? (n-bond) graphitic clusters contributing to
low friction [6]. The tribological performance of DLC has been reported
to be environmentally dependent [7-9], with highly hydrogenated DLC
coatings displaying superlubricity under high vacuum or nitrogen en-
vironments, but as humidity increases, the friction and wear increases
dramatically, due to breakdown of the hydrogen at the interface
increasing the adhesive covalent bonding between neighbouring
dangling ¢ -bond. The elimination of adhesive ¢ -bonds interactions
between articulating surfaces has shown to achieve ultra-low friction in
tetrahedral amorphous carbon (Ta-C) where glycerol was found to
saturate ¢-bonds indicating these interactions are a significant contrib-
utor to friction [10,11]. Achieving superlubricity under demanding and
realistic oil boundary lubricated conditions for amorphous
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hydrogenated carbon (a:C:H) films has not been previously reported. For
low friction in boundary lubricated a-C:H to be achieved the formation
of a graphitic transfer-film on the counter-body is reported to be
necessary [12]. The formation of a graphitic transfer film is achieved by
an velocity accommodation model (VAM) where the transfer of material
from the DLC film onto the counter-body during sliding contact, where a
structural in change by mechanical shear strain at the interface induces
sp® carbons into a lower energy sp? graphitic configuration [13-15].
This graphitic transfer layer on the counter-body creates a low shear
sliding interface, although other mechanisms focusing on a-C passiv-
ation show promise to explaining the low friction and wear in a DLC
system [16,17].

Graphene is a relatively new material, and has garnered scientific
and engineering interest due to the exceptional in-plane mechanical
strength, that theoretically makes it a high-performing ultra-thin pro-
tective coating [18,19]. Graphene differentiates itself from DLC by
containing only sp>-hybridised carbons atoms which are arranged in an
atomically flat 2-dimensional (2D) single layer honeycomb structure
[20]. The 2D arrangement of the carbon atoms makes single layer gra-
phene (SLG) a suitable candidate for displaying superlubricity by
incommensurate sliding [21,22]. However, the frictional response of
graphene is affected by a number of factors namely: substrate adhesion,
defects, environment, and the number of layers, compounded by the
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Fig. 1. Schematic flow diagram for DLC-GNP synthesis. (a) HSS steel coupon with interlayer, (b) drop cast spin coating GNP-NMP suspension, (c) Teflon tape pressed
onto GNP coated surface, and heated at 200°C for 3 h, (d) tape removal and cleaning, (e¢) DLC deposition, and (f) resulting DLC-GNP composite structure. (A colour

version of this figure can be viewed online.)

difficulties in transferring or growing graphene on to a substrate
[23-26]. The difficulties in the effective application of graphene, has
shown graphene nanoplatelets to be a useful alternative; maintaining
many of the attractive properties of graphene while being easier to
handle, and cheaper to synthesise [27]. PEEK or PMMA nanocomposites
containing GNP are shown to be effective at reducing both friction and
wear by creating a thin graphitic low shear strength transfer layer be-
tween the counter-body and the nanocomposite [28-30]. However,
Ervin et al. [31] observed clustering of GNP within a composite, which
can act as defect points, propagating cracks through the composite. The
formation of a transfer layer is reported by Bhowmick et al. [32] where
MLG (multi-layer graphene) sliding against DLC formed a graphene
transfer layers on the counter-body. The low friction achieved was due
to passivating the two articulating surfaces, the DLC by hydrogen (H)
atoms and graphene by H and OH. Another friction reduction mecha-
nism of graphene is by the formation of graphene nanoscrolls on the
surface of DLC, reducing the real area of contact with superlubricity
recorded [33,34]. Although the mechanism relies on very controlled
environments which may not be suitable for a wide variety of real world
engineering applications [33,34].

The synthesis of DLC embedded with graphitic nanomaterials (car-
bon nanotubes or graphitic-like carbons) is a relatively recent and
promising proposal, displaying enhanced tribological performance
[35-37]. The critical friction reduction mechanisms of these graphitic
nanocomposites is reportedly through increased graphitization lowering
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the adhesive shear, or stress distribution lowering the real area of con-
tact. This study considers a different approach that currently employed
in a cam follower environment to reduce both friction and wear. Typi-
cally in these type of lubricated contacts, the use of environmentally
damaging additives, or reduction in viscosity is used to either protect the
surface or increase the efficiency [38-41].

In this study we report the synthesis of DLC-GNP nanocomposites
with various coverages of GNP. These nanocomposites are synthesised
by combing a drop cast spin-coating various concentrations of GNP
suspension, heat treatment and DLC deposition. The effect of GNP
concentration on the mechanical properties, along with the lubricated
tribological response under elevated temperature are discussed along
with the surface morphology. Raman spectra analysis is used to char-
acterize the graphitization of the films and counter-body after wear,
along with scanning electron microscopy, and transmission electron and
EELS spectroscopy. A mechanism is proposed for the low friction and
wear that have been observed.

2. Methodology

2.1. Diamond-like carbon- graphene nanoplatelet nanocomposite
synthesis

The synthesis of the DLC-GNP composite films is shown in Fig. 1 and
completed on polished high speed steel (HSS) coupons (6 mm thickness,
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Table 1
DLC deposition conditions in the Hauzer Flexicoat 850 system by PECVD.

Carbon 205 (2023) 485-498

Process Time (minutes) Argon gas flow (sccm)

C,H, gas flow (sccm) Bias DC (V) UBM coil current (A)

60 -
20 50
90 -

Pumping
Plasma etch
a-C:H deposition

- —200 -
340 —740 4

Table 2
Tribological test conditions.

Test Conditions Value

20 mm/s

280 N

100 °C

Poly-a-olefin (PAO)

No—3.1 mPaS at 100 °C

Cast Iron 40 mm equivalent radius
6h

Entrainment speed
Load

Temperature
Lubricant

Counter material
Test duration

Table 3
Material properties used in tribological tests.

Substrate Counter material

M2 HSS Steel

18 £+ 4 nm

210 GPa

15 mm diameter
6 mm thickness

Cast Iron

73 £ 26 nm

170 GPa

20 mm length

6 mm diameter

40 mm curvature radius

Material
Roughness (R,)
Young’s Modulus
Dimensions

30 mm diameter) coated with an Cr/WC/W layer previously used to aid
DLC adhesion [42]. The GNP were suspended in N-Methyl-2-pyrrolidone
(NMP) by ultra-sonication for 6 h at concentrations between 0.25 and 2
mg/ml. The GNP were purchased commercially from Sigma Aldrich
having a typical surface area of 120150 m?/g, average thickness of 6-8
nm and particle size of 5 pm. The GNP were deposited onto the surface of
the adhesion layer by drop cast spin coating using 1 ml of the GNP/NMP
suspension at 1000 rpm for 1 min and left to dry.

A heat treatment process was used to improve adhesion of GNP to the
substrate. Heat treatment consisted of Teflon tape pressed tightly onto
the GNP coated adhesion layer, and then placed in an oven at 200 °C for
3 h. The tape was removed, cleaned in an ultrasonic bath of acetone for
5 min, followed by 5 min in ethanol to remove any NMP residue. The
DLC layer was deposited on top of the GNP coated coupon by plasma
enhanced chemical vapour deposition (PECVD) using an industrial size
Hauzer Flexicoat 850 system with acetylene used as the precursor gas.
The DLC deposition conditions are shown in Table 1.

In total 5 GNP/NMP concentrations were used during spin coating
process; 0, 0.25, 0.5, 1 and 2 mg/ml. These fully synthesised nano-
composites are denominated by DLC-GNPX, where “X” refers to the
GNP/NMP concentration used. A pure (0 mg/ml) DLC sample was used
as a baseline comparison, created simultaneously but without GNP.

2.2. Tribological testing

The tribological tests were conducted at University of Leeds using a
Biceri pin-on-flat reciprocating tribometer with a cast iron (CI) counter-
body. The test conditions and material properties are given in Table 2
and Table 3 accordingly. A poly-a-olefin (PAO) Group (IV) base oil was
chosen to ensure that no interactions from additive packages would be
present. The elevated temperature (100 °C) was used to simulate that
experienced in a demanding high load environment such as a cam fol-
lower in the internal combustion engine. The initial contact pressures
were calculated for each sample using the Hertzian contact pressure
equations [43].

To determine the lubrication regime, the load, material and lubricant
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Fig. 2. (a) Optical image of DLC-GNP films synthesised from various GNP/NMP
concentrations and (b) the percentage of GNP coverage as a function of the
GNP/NMP concentration used. (A colour version of this figure can be
viewed online.)

properties were used in Equations 1 and 2 [44]. To calculate a nu-
merical value for the minimum film thickness:
h

Zmin 3,63
7

w

Uf’] 0.68 —0.073
0 /10.49 —0.68k
(F) @ (Fe) (e

Where R’ is the reduced radius of the two surfaces in contact, a is the
viscosity—pressure coefficient (1.1 x 1078 Pa’l), 1o is the dynamic vis-
cosity, U is the entraining surface velocity of the pin, W is the load and E/
is the reduced elastic modulus. The lambda ratio (1) is calculated using:

(Equation 1)

hmin

\/R: + R,

A= (Equation 2)
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Fig. 3. GNP island size distribution for (a) 0.25 mg/ml, (b) 0.5 mg/ml, (c) 1 mg/ml and (d) 2 mg/ml GNP/NMP concentration. (A colour version of this figure can be
viewed online.)
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Fig. 4. SEM topography of as-deposited (a) pure DLC, (b) DLC-GNPO.25, (c) DLC-GNPO.5, (d) DLC-GNP1 and (e) DLC-GNP2 films. (A colour version of this figure can
be viewed online.)

Where R,; and R,; are the mean surface roughness of the film, and CI pin the boundary regime. .
respectively. The calculated A value for all DLC-GNP nanocomposites Surface roughness measurements were taken using a Bruker NPFlex
tested are in the range 0.028-0.049 signifying that it is predicted to be in

3D optical profiler using white light interferometry (WLI) with a vertical

488
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Fig. 5. Representative line scans taken of as-deposited (a) pure DLC, (b) DLC-GNPO0.25, (c) DLC-GNPO.5, (d) DLC-GNP1 and (e) DLC-GNP2 films. (A colour version of

this figure can be viewed online.)

Table 4

Mean surface roughness (R,) for DLC-GNP samples.
Sample Ra (nm)
Pure DLC 21+1
DLC-GNPO0.25 33+13
DLC-GNPO.5 49 £+ 2
DLC-GNP1 77 £ 6
DLC-GNP2 112 + 49

resolution of <0.15 nm measuring surface roughness profiles, and
analysed using the Vison64 software package. Surface roughness mea-
surements were taken from 5 random spots on each sample, with the
software calculating the mean surface roughness (R,). The wear volume
for the DLC-GNP films was measured by WLI in 3 different areas of the
wear track after each test (n = 3), with the average value of the cross-
sectional volume measured and the wear coefficient calculated using
the Archard wear equation [45]. The wear rates of the pins were
calculated by optical microscope measuring the wear scar diameter,
which was used to calculate the removed volume of the sphere. Once the
missing volume was calculated, the Archard wear equation was used to

determine the specific wear rate [46].

2.3. Characterisation

The GNP distribution was characterised using a Lecia 800 M optical
microscope, with surface coverage of GNP measured using ImageJ
software. Five random areas were measured with the mean and standard
deviation calculated. Scanning electron microscope (SEM) micrographs
of the surface before and after tribological tests were taken using the
Carl Zeiss EVO MA15 SEM. Cross-sections of as-deposited DLC-GNP
nanocomposites were prepared using a FEI Helios G4 CX DualBeam SEM
with Focused Ion Beam. The TEM images and electron energy loss
spectroscopy (EELS) spectra were obtained using the FEI Titan3 Themis
300: X-FEG 300 kV S/TEM. The accelerating voltage was set to 300 kV,
and the EELS spectra undertaken using magic angle conditions elimi-
nating any orientation dependent contributions commonly experienced
with 2D materials [47]. The full width half maximum (FWHM) of the
zero loss peak was 1 eV and dispersion was 0.1 eV/pixel. The C K-edge
was collected for 30s and the low loss was collected for 0.002s. The EELS
spectra was analysed to characterize the sp? bonded carbon content
using Gatan’s Digital Micrograph software by the method proposed by
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DLC-GNP2 nanocomposites with the red box indicating an area with a void through to the surface. (A colour version of this figure can be viewed online.)

Zhang et al. [48]. The spectra for the DLC-GNP was taken at the adhesion
layer/GNP interface, GNP/DLC interface, and at varying thickness of the
DLC layer.

Mechanical properties were obtained using a Micro Materials Nano
Vantage using depth controlled indentation at a 10% maximum coating
thickness (100 nm). A loading and unloading rate of 0.2 mN s™! along
with an initial contact load of 0.01 mN was applied. A 60 s dwell period
was observed post-indentation to account for thermal drift. A total of
100 indentations were performed per coating for the bulk mechanical
properties with a separation distance of 25 pm. Single targeted in-
dentations were completed with 10 indents for each feature (the GNP
islands, and DLC areas) for all samples.

Raman spectroscopy is a non-destructive characterisation technique
commonly used for both GNPs and DLC to measure both damage to
GNPs, and graphitization of DLC after wear [49,50]. Raman spectra
were collected using a Renishaw inVia (UK) Raman spectrometer at a
wavelength of 488 nm, spot size of 400 nm, and collected within the
ranges of 900-2000 cm ™. Measurements were taken on both the pin and
DLC-GNP before and after tribological tests. To preserve any graphitic
transfer film after testing, sample surfaces and pins were gently rinsed in
heptane to remove the PAO base-oil. The DLC-GNP has discrete islands
of GNP, so spectra were taken from both the ‘GNP islands’ and 'DLC
area’. The spectra were analysed using OriginPro 2017 Edition with the
D and G peak deconvoluted into their respective Gaussian peaks, which
has shown to produce accurate results [51]. The Ip/Ig ratio was taken
from the deconvoluted peaks, and used to determine the graphitization
after wear [52,53]. Data from 10 random spots before wear were taken,
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along with spectra from the centre of the wear scar, and CI pin with the
average values and standard deviation calculated.

3. Results and discussion
3.1. GNP distribution and surface morphology

Fig. 2 shows the coverage percentage as a function of GNP/NMP
concentration, with the minimum GNP coverage of ~1.16% and
~9.15% being the highest. The GNP form small discrete islands at the
lower concentrations, however begin to agglomerate as the concentra-
tion used increases.

The GNP island size distribution is shown in Fig. 3. The area of the
GNP islands increases, with increasing concentration. The 0.25 mg/ml
GNP/NMP suspension produces relatively small islands with 0-200 pm?
the most dominant range. The 0.5 mg/ml increases the amount of
islands in the 0-200 pm? range. The 1 mg/ml suspension produced
similar results in the 0-200 pm? range, but larger island areas emerging
up to 2000 pm? The highest concentration (2 mg/ml) GNP/NMP sus-
pension produced more small islands, but also much larger islands above
5000 pm?.

SEM along with WLI (Fig. 4 & Fig. 5) was used to observed the
changes to the as-deposited DLC-GNP surface as the GNP/NMP con-
centration increased. The GNP islands were visible at the surface with
line scans from WLI confirming the height increases with the higher
concentration. The mean surface roughness (R,) of the DLC-GNP was
taken to allow an overview of the average roughness as the GNP/NMP
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Fig. 7. Cross sections of (a) pure DLC and (b) DLC-GNP1, with the corresponding EELS scan areas, and HRTEM images of the corresponding linked areas. (A colour
version of this figure can be viewed online.)

concentration is increased (Table 4). The DLC-GNP2 sample provides
high peaks which are assumed to be the result of agglomeration pre-
sented previously in Fig. 3. These high peaks (increased surface rough-

Table 5
sp2/sp° ratio for pure DLC and DLC-GNP1 at different sample depths.

Area DLC sp/5p*% DLC-GNP sp*/sp®% ness) have shown in other works to increase wear through greater
1 62.7 74.7 asperity contact [54].

2 54.2 72.2 The R, increases rapidly as the GNP/NMP concentration increases,
3 562 65.4 which would correlate to the agglomeration seen in Fig. 2 for the higher
; ggg gg:: concentrations. The increased R, would result in more contact at these

asperity points, increasing both friction and wear [54]. The maximum

0.366 nm
I
|

5nm

Fig. 8. (a) TEM micrograph with line scans of (b) GNP layer, and (c) amorphous layer. (A colour version of this figure can be viewed online.)
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Fig. 10. Friction results for DLC-GNP composites for 6 h tests against a CI
counter-body. (A colour version of this figure can be viewed online.)

Table 6
Initial contact pressure used for tribological test.

Sample Initial contact pressure (MPa)
Pure DLC 715
DLC-GNP0.25 700
DLC-GNPO.5 694
DLC-GNP1 685
DLC-GNP2 666

peak height from the line scans, show very high peaks for the DLC-GNP1
and DLC-GNP2, which can be explained by the observation of Fig. 5
where some of the GNP islands are visible sticking through the coating to
the surface.

Cross-sections of pure DLC, DLC-GNP1 and DLC-GNP2 are shown in
Fig. 6. The addition of GNP into the DLC matrix introduces voids into the
structure, which are visible in the cross-sections. The DLC-GNP1 struc-
ture presented two different GNP orientations; type 1 where the GNP is
throughout the DLC structure with GNP edges penetrating through to
the surface, and type 2 where the GNP is aligned parallel with the
substrate, with no indication that the GNP is present near the top layer of
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the DLC. The DLC-GNP2 structure presents larger voids than those
observed in DLC-GNP1, with more GNP stacking. These large voids
could act as sites of crack propagation, as was noted by Choleridis et al.
for blistered DLC where similar topographical structures are observed
[55].

Fig. 7 presents TEM cross-sections of pure DLC and DLC-GNP1. The
pure DLC structure consists of an amorphous layer, while the DLC-GNP1
displays the amorphous DLC with a lamella structure present with a
spacing of 0.344 nm, consistent with graphite [56]. The EELS spectra are
taken from the areas indicated and the results calculated in Table 5. The
pure DLC sp?/sp° ratio has a deviation near the substrate/adhesion
layer, but remains within 1%, for the remaining spectra moving towards
the surface. The DLC-GNP1 has a high sp2/sp® at the GNP area 1, indi-
cating it is highly graphitic. The presence of an amorphous structure (sp°
bonding) was also present within the EELS spectra taken at the GNP
later, with 100% sp? content not observed. TEM micrographs presented
in Fig. 8, with accompanying line scans show a ~0.366 nm reciprocity,
where as the amorphous structure was larger at ~0.488 nm. The
DLC-GNP1 displays more graphitic content up until area 4 where it
reaches parity to the pure DLC sample. These results tie into the mo-
lecular simulation work completed by Liu et al. [57] where DLC is grown
on MLG. The edge sites and surface of the GNP will have more ener-
getically favourable sp? bonding sites, where some of the graphene
layers are consumed during the deposition process due to ion implan-
tation during film growth [57]. The outer most layers of the Pure DLC
and DLC-GNP (Areas 4 & 5) are the layers that will initially be in contact
with the CI counter. However when observing Fig. 6 (b) & (c) the GNP is
closer to the surface and these would contribute to tribosystems during
frictional tests.

3.2. Bulk mechanical properties

The bulk mechanical properties of the DLC-GNP films are shown in
Fig. 9. The hardness and elastic modulus were affected by the GNP/NMP
concentration used, where it decreases as the GNP/NMP concentration
increases. However, the deviation is very high for all samples which
would allow some overlap. These results support similar work
completed by Kinoshita [36], where increases in CNT concentration
reduced both hardness and elastic modulus, but differs from the results
obtained by Dai et al. [58] and Wei et al. [35] where an increase was
observed. The orientation of the carbon allotropes deposited could play
an important factor with out of plane GNP (E = 0.3-45.4 GPa [59])



Brittain et al.

N

5

Height (um)

=2

9

o

Width (mm)

Height (um )
o - N

N

Carbon 205 (2023) 485-498

1
Width (mm)

e

A, e

i
Width (mm)

Fig. 12. SEM wear scar and representative line scan of (a) pure DLC, (b) DLC-GNPO0.25, (c¢) DLC-GNPO.5, (d) DLC-GNP1 and (e) DLC-GNP2 films with the repre-
sentative line scan wear scars. (A colour version of this figure can be viewed online.)

i 7
as-deposited %

Post wear

e

Coverage %

-

o

7 | &

0.25 0.5 1
GNP/NMP Concentration (mg/ml)

Fig. 13. GNP coverage for as-deposited DLC-GNP and post wear. (A colour
version of this figure can be viewed online.)

considered to be a softer material than DLC (E = 203 GPa) so as the GNP
coverage increases the bulk elastic modulus and hardness would
decrease accordingly [60].
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The high standard deviation observed could be the result of the
indenter hitting GNP islands creating large differences in elastic
modulus and hardness of the films. To test this theory such single point
indentations were completed on each sample at the GNP islands (n = 10
for each sample). The results for indentations on the GNP islands pre-
sented results at much lower hardness and elastic modulus. It is quite
evident that by taking into account Fig. 6, the voids around the GNP will
yield under an applied load, leading to low elastic modulus at these
points.

3.3. Tribological testing

The coefficient of friction (COF) as a function of sliding time is given
in Fig. 10. The initial contact pressures using the bulk elastic modulus,
along with the results from targeted point indentations at the DLC area
and GNP islands are presented in Table 6. For the targeted indentations
it is assumed that the contact area is 100% between the CI counter-body
and discrete areas probed. When comparing the bulk contact pressures
there is a decrease as the GNP/NMP concentration increases.

Contact pressure is important in DLC contact mechanics as it affects
transfer film formation, and wear during tribological tests, with higher
pressure reporting lower friction for a-C:H films [61,62]. The high
variation in elastic modulus from the GNP islands within DLC matrix
suggest there will be localised contact pressure differences during
sliding, where the DLC matrix would produce higher areas of contact
pressure increasing the graphitization at these points. Higher contact
pressures increase the flash temperatures facilitating the phase
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viewed online.)

transformation from sp® to sp? carbon bonding, which could be a
mechanism for the lower friction as the GNP coverage increases [63,64].

The frictional response from the DLC-GNP nanocomposites display
the typical DLC ‘wearing in’ behaviour; a sudden short lived decrease,
followed by a sharp increase at the start of testing [65]. The pure DLC
film sustains a high COF (~0.09) until 17,500 s where a reduction is
observed. The introduction of GNP into the DLC matrix improves the
frictional response for all DLC-GNP composites, compared to the pure
DLC. The DLC-GNPO0.25 friction taken the longest (~7,500 s) to show a
reduction in COF compared to the other concentrations. The
DLC-GNPO0.5 COF reduces around 5000 s. The DLC-GNP1 provides a
rapid COF reduction followed by a steady-state COF of ~0.03. The
DLC-GNP2 contains the highest GNP coverage and follows a similar COF
to the DLC-GNPO.5 but increasing rapidly to a COF of ~0.07 at ~20,000
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s. The steady state (last 3 h) COF for the samples along with a fully
formulated oil (FF) is provided in Fig. 11, The pure DLC provided the
highest COF in lubricated conditions in a PAO oil, however the FF
provided the highest COF compared to all the other samples. FF use
additives such as molybdenum dithiocarbamate (MoDTC) to produce a
protective shearing layer to reduce friction and wear, but these can lead
to an increase in wear in hydrogenated DLC [38]. The DLC-GNP1 pro-
duced the lowest friction with the least deviation.

Fig. 12 shows the wear scars of the DLC-GNP films by SEM along with
a representative line. The SEM images of the pure DLC film shows signs
of adhesive and abrasive wear, which was also observed in DLC-
GNPO0.25. The DLC-GNPO0.5 shows a smoother wear scare typically
observed from a surface polishing wear mechanism, usually obtained
through the generation and agglomeration of small third body abrasive
particles between the articulating surfaces. These small abrasive parti-
cles could be generated by GNP during wear trapping the particles be-
tween the surfaces. The DLC-GNP1 displays a clear wear scar but has
much less polishing wear observed. The DLC-GNP2 provided more wear
than other DLC-GNP samples, and as shown in Fig. 5 large peaks at the
GNP islands. Fig. 12(e) presents the wear scar where the GNP islands
have been removed during sliding wear. The removal of GNP during
wear (and the DLC surrounding the island) would form wear debris in
the contact increasing the contact pressure, thus increasing the graphi-
tization, a similar phenomenon is observed by Arslan et al. [66].

The GNP coverage post wear was measured with the results pre-
sented in Fig. 13. The coverage for all DLC-GNP samples present a small
increase except for the DLC-GNP2 due to the removal of GNP during the
wear tests.

The wear rates for the DLC-GNP nanocomposite film along with the
CI counter-body are calculated in Fig. 14. It is observed even the lowest
GNP/NMP concentration reduces the wear rate of both DLC films and CI
counter-body. The wear rate decreases as the GNP/NMP concentration
until a concentration of 1 mg/ml is reached. However, concentration
above 1 mg/ml increases wear. The increased wear rate could be the
result of GNP removed during sliding; this would result in less GNP into
the contact area. The wear rates recorded for DLC-GNP nanocomposites
is within a factor of the work reported by Wen et al. [67] for GLC films
where 4 x 107! m3/nm was measured.
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3.4. Raman analysis
The Raman spectra of pure DLC, GNP and DLC-GNP (GNP Island) are
shown in Fig. 15. For GNP the D (~1,350 cm™!) and G (~1580 cm™!)

peaks are easy to distinguish, but for pure DLC and DLC-GNP (GNP Is-
land) the spectra needs to be deconvoluted. The penetration depth of

(@

100 nm
B

Raman through DLC is reported to be less than 1 pm [68,69] although
some reports are as low as 100 nm [70]. The low penetration depth
explains the similarity of pure DLC and DLC-GNP spectra for a thickness
of ~1.27 pm. The collected spectra from the as-deposited DLC-GNP
nanocomposites were taken from the GNP islands, and DLC areas using a
spot size of 400 nm ensuring the collected area relates only to those
discreet areas, and avoiding edge effects.

The Ip/Ig spectra for the as-deposited DLC-GNP nanocomposites is
shown in Fig. 16(a). The increases in GNP/NMP concentration does not
deviate significantly for DLC areas. The biggest variation for the as-
deposited DLC-GNP nanocomposites is from the GNP islands, where
again the DLC-GNP1 has the highest value along with the greatest de-
viation. Fig. 16(b) presents the Ip/Ig ratio for samples after tribological
tests were completed. The Ip/Ig ratio for the DLC areas reduce as the
GNP/NMP concentration increases with DLC-GNP1 being the lowest.
Fig. 16(c) gives the change in Ip/Ig ratio after tribological testing, with
the DLC-GNP1 showing a reduction for both DLC and GNP islands areas.
The increase in Ip/Ig ratio for the GNP islands post wear could be the
result of the DLC above the GNP islands being worn, allowing the
counter-body into direct contact with the GNP inducing defects into
structure from mechanical wear disrupting the hexagonal lattice which
in a perfect crystal is not Raman active, this allows the Alg breathing
mode to become active with the spectra and can be observed by a high D
peak in the spectra [52,71].

The graphitization process is often credited for the low friction
observed for DLC/steel oil lubricated contacts, and often detected by an
increases in Ip/Ig ratio [72]. But, no significant increase was observed
on the worn surface of the DLC-GNP nanocomposites with the
DLC-GNP1 actually showing a reduction [73]. This reduction could be
the result of the GNP islands being very close to the surface without

(c)

Fig. 18. TEM cross section of (a) Pure DLC, (b) DLC-GNP1, and (c) DLC-GNP2 CI counter after wear. (A colour version of this figure can be viewed online.)
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the DLC matrix, with removal of high asperity GNP islands. (A colour version of this figure can be viewed online.)

sustaining much damage, or even possibly being sheared without sus-
taining mechanical abrasive damage. This shearing mechanism could
result in transferring carbon to the counter by shearing instead of con-
ventional transformation of sp> — sp? carbons creating a more graphitic
transfer layer [74]. The Ip/Ig for the DLC-GNP2 is difficult to analyse as
a there was removal of the GNP islands during the tribological testing,
resulting in only the GNP which were not removed being analysed.

Fig. 17 shows the Ip/Ig ratio for the worn pins, which increases with
GNP/NMP concentration, demonstrating material transfer from the
nanocomposite to the counter-body to form a graphitic transfer film. The
lack of formation of a graphitic transfer film on the surface of the DLC-
GNP could be the result of any layer being removed during the tribo-
logical testing into the oil, but due to greater adhesion between the
carbon and cast iron remains on the counter-body [75]. The DLC-GNP2
displaying the highest Ip/Ig ratio which is ~2 times that of the pure DLC,
but with a high deviation compared to other DLC-GNP samples. The high
deviation observed in the DLC-GNP2 is likely due to the removal of the
GNP during the wear process, which would greatly reduce the real area
of contact for the DLC/CI interface increasing localised contact pressure
during sliding and thus facilitating the transformation from sp> — sp?
bonded carbons forming on the CI pin. Generally, the friction reduces as
the Ip/Ig CI transfer layer increases with the exception of DLC-GNP2,
where the high surface roughness, combined with peak heights which
would lead to greater mechanical locking and higher friction and wear.

TEM cross sections were collected and analysed for pure DLC, DLC-
GNP1 and DLC-GNP2 to confirm the presence of a graphitic transfer
film Fig. 18. The pure DLC counter presented some Fe crystallites within
the graphitic transfer-layer formed. EELS spectra of the counters
confirmed sp?/sp® ratio of pure DLC 56.7%, DLC-GNP1 61.0% and DLC-
GNP65.6%.

4. Friction reduction mechanism

The DLC-GNP composites demonstrate that the addition of GNP into
the DLC matrix can improve the friction and wear response. As shown in
Fig. 19 as the GNP/NMP concentration increases, the GNP coverage,
surface roughness and peak height increase, but the bulk mechanical
properties (hardness and elastic modulus) decrease. The decrease in
mechanical properties is due to the GNP islands, which with the counter-
body creates a reduced real area of contact, increasing contact pressure,
graphitization and counter-body transfer film formation, creating a
protective low shear graphitic surface [76]. The higher the GNP/NMP
concentration becomes, the higher the chances of agglomeration, which
introduces sites for crack propagation, and removal of the GNP, along
with the DLC surrounding it. The GNP within the DLC matrix form two
distinct structures one where the GNP is aligned with the substrate and
the other with GNP throughout the DLC, with some penetrating to the
surface. It is proposed that the GNP close to the surface is the main
source of low shear providing a rich sp? carbon layer to the counter-body
reducing the friction, faster than observed with pure DLC.

The removal of GNP during the tribological testing of the DLC-GNP2
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could be the result of the contact mechanics of very soft GNP islands and
a hard DLC film, where combined with high surface roughness,
increased the shear and removal of material during wear. This study
adds to the work completed Wei et al. [35], where the addition of CNT
into DLC had a beneficial impact on the tribological properties, and also
increasing the graphitic content (spz/sp3) content.

With the drive towards more efficient coatings graphitic material, in
an amorphous carbon matrix could provide benefits of both materials, i.
e. an easy shear graphitic layer, with a hard wearing matrix holding the
nanomaterial in place at the contact zone. These newly designed
nanocomposites could have potential to be used as an alternative to
additive packages such as MoDTC which have traditionally shown to
increase wear, when used in conjunction with DLC [38].

5. Conclusion

In summary, the addition of GNP into a DLC matrix has shown to
have both a friction and wear reducing effect. The effectiveness of the
GNP reduces once the GNP/NMP concentration reaches above 1 mg/ml
of GNP/NMP, this is due to the GNP clustering at high concentrations
and resulting in a high step height, and sites of crack propagation, where
they are removed by shearing of the counter-body. The TEM/EELS
spectra provide evidence of changes to the sp? bonding above the GNP,
providing a low shear surface during wear tests until the wear reaches
the GNP. The elastic modulus and hardness of the DLC-GNP films is
reduced as the coverage of the GNP increases due to different constit-
uents, leading to localised contact pressure differences which may
reduce, of increase the real area of contact and provide areas of higher
pressures on the DLC matrix facilitating the formation of a highly
graphitic transfer film on the counter-body with low shear strength. The
formation of the transfer layer on the counter-body seems critical in this
system for the low friction and wear, where the Ip/Ig ratio increases as
the GNP coverage increases, indicating that although material transfer
does occur in pure DLC, the addition of GNP helps increase this process.

Overall, the addition of GNP into a DLC matrix is able to produce a
low friction and wear composite that could suitable in a lubricated
environment such as a cam-follower.
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