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The characteristics and tribological performance of DLC and Si-DLC films with and without Si-C interlayers
were studied in this paper. The films were deposited on nitrile rubber using a closed field unbalanced mag-
netron sputtering ion plating system. The film properties and characteristics were determined by scanning
electron microscopy (SEM), hydrophobicity studies, Raman spectroscopy and tribological investigations.
Tribological performance of these films was investigated using a pin-on-disc tribometer under applied
loads of 1 N and 5 N under conditions of dry and wet sliding. The effect of immersing the films in water on
tribological performance was also examined. The results show that the morphology of the films had a
crack-like network. At a substrate bias of —30V, the coatings were characterised by a very dense non-
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Si-DLC film columnar microstructure. The highest value of the ratio of intensities of the D and G peaks (Ip/Ig) was 1.2
Raman spectroscopy for Si-DLC film with Si-C interlayer. The lowest value of 0.7 was observed for DLC film. The contact angle
Tribology (CA) of water droplets showed that the films were hydrophobic. These results are interpreted in terms of

hybridisation of carbon in these coatings. The tribological investigation showed a dependence on both the
tribological condition under investigation and the atomic percentage of Si in the films. At 5 N normal load

the lowest wear depth was observed for DLC films.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Diamond-like carbon (DLC) has been studied extensively for over
four decades beginning with the work of Aisenberg and Chabot [1].
Carbon forms a great variety of crystalline and disordered structures
because it is able to exist in three hybridisations; in the sp> configura-
tion as in diamond, in the sp? configuration as in graphite and in the
sp' configuration [2]. These unique characteristics have rendered DLC
as an optimal solution for use as a protective coating due to a combi-
nation of relative high hardness, chemical inertness, and low friction
coefficient and wear rates [3]. Doped or alloyed DLC coatings are an
important category of DLC characterised by the incorporation of dif-
ferent elements into their structure. The addition of selected dopants
is known to improve tribological properties of DLC [4].

More recently, the application of DLC coatings onto rubber sub-
strates has received significant attention in the literature. Initial work
of the application of DLC coatings on polymer substrates appeared
briefly through the work of Ollivier et al. [5], who assessed the adhe-
sion of DLC on polyethylene terephthalate (PET). However, it was not
until the work of Nakahigashi et al. [6] that the structural, mechanical
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and tribological properties of DLC coatings applied to various rubber
substrates were discussed more explicitly. More recently, Martinez et
al. [7] has applied DLC coatings to elastomer frictional surfaces using
plasma enhanced chemical vapour deposition (PECVD) process and in-
vestigated the hydrophobicity, surface analysis and tribology of these
films applied on various nitrile rubbers (NBR). The de Hosson group
[8-10] have applied DLC on various rubber substrates including hydro-
genated nitrile rubber (HNBR) and acrylic rubber (ACM) using a com-
bination of PECVD and closed field unbalanced magnetron sputtering
processes. They and other researchers [11-13] have determined the
tribological performance of DLC coatings on rubber substrates, hence,
enhancing our current understanding of DLC coatings on rubber
substrates.

Previous studies on the tribological performance of DLC coatings
on rubber substrates have shown an improvement in the tribological
performance under dry sliding [6-10,14]. Very few studies have in-
vestigated sliding in an aqueous environment. Studies concerning
DLC coatings in water sliding [15], and the relationships of DLC coat-
ings to humidity [16,17], were based on coatings applied to either
silicon (Si) wafers or various metallic substrates, and not onto rubber
substrates. One aspect of coating performance that has been
neglected is the performance of DLC coated on rubber under dry
and wet sliding tribo-tests and after immersion in water.
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Table 1

Elemental composition of coatings applied to NBR by energy dispersive X-ray spectros-
copy. The composition is compared to compositional results for DLC on NBR 7201, NBR
9003 and NBR 8002 from the work of Martinez et al. [7].

C(at%) O (at%) Si(at%) N (at.%) Other (at.%)

DLC 87.7 12.2 0.1 - Trace
Si-DLC 85.6 114 29 - Trace
DLC with Si-C interlayer 87.2 7.3 5.5 - Trace
Si-DLC with Si-C interlayer 85.3 10.5 4.0 - 0.2
DLC on NBR 7201 87.7 7.9 1.6 2.7 Trace
DLC on NBR 9003 88.6 7.9 13 13 Trace
DLC on NBR 8002 98.3 13 03 - -

Si incorporation has been widely studied and is reported as being
effective in reducing friction coefficients in ambient humid air with
only limited deterioration of the wear resistance [18]. This has been
attributed to the formation of SiO, wear particles and their interac-
tion with the humid environment through tribo-chemical effects
[19]. Gradient a-SiC interlayers were reported to improve adhesion
after evaluation by scratch tests [20]. The improved adhesion was
due to the fact that SiC is chemically more compatible to oxides due
to the stability of SiOyx and their mixture with SiC materials.

A potential application for such coatings is to enhance the perfor-
mance of nitrile rubber piston seals in handpumps for rural water
supply in developing countries by reducing their wear rates. Such
seals experience a combination of dry and wet sliding and prolonged
aqueous immersion depending on the height of the local water table
and operating regime. Functioning handpumps are in short supply. As
a consequence the duty cycle for pump seals is heavy. This study
therefore aims to examine potential remedies that DLC and Si-DLC
films with or without Si-C interlayers applied to nitrile rubber sub-
strates may offer.

2. Experimental details

High quality black acrylonitrile butadiene rubber (NBR) of 3 mm
thickness was used as substrate material in this work. Hydrogenated

DLC (a-C:H) films were deposited on NBR by closed field unbalanced
magnetron sputter ion plating (CFUBMSIP) system in a Teer UDP/450
sputtering rig. A pulsed d.c. (p-DC) power unit (Advanced Energy)
was used as substrate bias source, operating at a frequency of
150 kHz with a pulse off time of 150 ns at a substrate voltage bias of
—30 V. This bias voltage was maintained during the entire deposition
process. Three pieces of NBR rubber 100 mm by 100 mm by 3 mm
were coated in each batch. Two opposite magnetrons were used as
carbon targets and one magnetron was used as the Si target. The
fourth magnetron in the system was not used during the deposition
process. The samples were mounted on a holder in the centre of the
system facing outwards towards the target. The sample rotation
speed was 5 rpm. A sputter cleaning process was integrated into the
deposition process so as to avoid re-contamination between the
cleaning and deposition process [21]. The NBR substrates were etched
in Ar plasma for 10 min at a bias of 200 V in order to clean the surface
of contaminants and improve the adhesion of the carbonaceous layer.
The total deposition time for DLC was 60 min. This process was re-
peated for all samples including the Si-DLC samples. Ar and C4H;q
gases were fed into the chamber via mass flow controllers. The gas
flow rates (Ar/C4H;o=12 sccm/8 sccm) were kept constant during
the deposition. In order to achieve the dopant of Si in Si-DLC, a cur-
rent of 0.5 A was supplied to the Si target during the deposition. The
Si-C interlayer was obtained by supplying a current of 1 A to the Si
target and 1A to the pure C target. The Si-C interlayer deposition
time was 35 min and the subsequent time for DLC deposition was
40 min. Table 1 shows the elemental surface composition for the
coatings obtained by energy dispersive X-ray spectroscopy.

The tribological performance was evaluated at room temperature
using a pin-on-disc (POD 2) tribometer. The counterpart was a stan-
dard @5 mm commercial WC-Co ball. WC-Co ball was used as coun-
terpart material because it has a higher Vickers hardness value
[22,23], compared to the typical 100Cr6 steel balls used [24]. Two dif-
ferent tests were performed on each sample at a linear sliding speed
of 10 cm/s at correlative test track diameters of 6 and 10 mm. Three
repetitions at 5000 revolutions were carried out for each film. In ad-
dition, two different loads have been studied, 1 N and 5 N. Wet sliding
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Fig. 1. Overview of the surface morphology for: a — DLC; b — Si-DLC; ¢ — DLC with Si-C interlayer; d — Si-DLC with Si-C interlayer. Two arrows indicate partially delaminated bands
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conditions were achieved by attaching a pipette filled with water ad-
jacent to the pin such that its position ensured that the continuous
flow of water was dispensed. Prior to commencement of wet sliding
tests, water was dispensed onto the coated samples so that an initial
boundary lubrication contact was achieved. Tribo-tests at 1 Nand 5 N
were also carried out on the coated samples after these samples were
immersed in water for four days.

The microstructure was characterised by scanning electron
microscopy (SEM), using an EVO LS 15 SEM operating at 20 kV accel-
eration voltage under variable pressure mode. The surface roughness
of the coatings was determined by a Dektak 150 surface profiler with
a low-inertia sensor (LIS). A stylus force of 1 mg over a scanning
range of 2 mm was used for the surface roughness measurements.
The thickness of DLC and Si-DLC coatings on NBR was estimated by
measuring the step height of DLC coating on a Si wafer which was
deposited using the same process conditions.

The coating thickness for DLC and Si-DLC films deposited on NBR
with Si-C interlayers was estimated using a SEM after immersion in
liquid nitrogen for 10 min and fracturing. Raman spectra were
acquired to investigate the chemical bonding of these films by using
a LabRAM Horiba Jobin Yvon spectrometer equipped with a CCD

mm

detector and an Ar laser (488 nm) at 8 mW. All of the measurements
were recorded for the wavelength range of 500 to 2000 cm ™! using
the same conditions (5 s of integration time and 5 accumulations)
with a 100x magnification objective and a 200 um pinhole.

Static contact angle (CA) measurements were carried out using a
DataPhysics OCA 20 machine at room temperature by the Sessile
Drop Method using liquid droplets of 1 pl [7]. The CA measurements
were repeated at least six times on each sample in order to minimise
the measurement uncertainty. The liquids used as reference liquids
for the surface free energy calculation were water, ethylene glycol
and diiodomethane [7]. The surface free energy was calculated by the
Owens-Wendt-Rabel and Keable method that was recommended for
coatings applied to polymer substrates from which the dispersive and
polar components of the polar energy were easily determined [25].

3. Results and discussion
3.1. Surface morphology

An overview of the surface morphology of the DLC and Si-DLC
films coated on NBR is shown in Fig. 1a and b. The evolution of the
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Fig. 2. Step profile of the surface topography tracing after unmasking the coating for DLC (a) and Si-DLC coatings on Si wafer substrates.
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Fig. 3. SEM micrograph of the fracture cross-section of DLC and/or Si-DLC with Si-C interlayers.

microstructure as a result of the inclusion of the Si-C interlayer is also
shown in Fig. 1c, and d. The surface morphology of DLC deposited on
rubber substrates is characterised by a dendritic crack-like network
[7,26]. These cracks originate at the first atomic layer of DLC on rub-
ber due to thermal stress mismatch and continuously grow upwards
together with the film itself resulting in a patch size of the DLC
films in the micrometre scale range [27]. The presence of a dendritic
micro-crack like network has been recognised as contributing posi-
tively to the performance of the DLC coatings on rubber due to the
improvement in flexibility of the coating when the substrate deforms
without interfacial delamination [14]. However, from Fig. 1b and d,
which shows the surface morphology of Si-DLC coating without
Si-C interlayer and Si-DLC coating with Si-C interlayer, more areas
for potential delamination were observed. This may be attributed to
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the effect of Si dopant in the film, which causes an increase in contri-
butions from sp? sites due to vibration in C— C sp> bonds [28]. Also, in
the Si-DLC higher values of the full width half maximum (FWHM) of
the Si-DLC films were observed. From Raman studies discussed later
on, the higher values of FWHM indicate that the graphitic clusters
were more strained in this case [29]. Fig. 2 shows the coating thick-
ness for both DLC and Si-DLC coatings deposited on Si wafer sub-
strates. The thickness of these coatings was approximately 1.2 pum.
The coating thickness determined by this approach produced similar
results to coating thickness on rubber with the minor differences ob-
served being within the error of observation due to the rough inter-
face of rubber substrates [30]. Fig. 3 shows the coating thickness
after fracturing of DLC and/or Si-DLC with Si-C interlayer. The coating
thickness estimated by using scanning electron microscopy was
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Fig. 4. Raman spectra of DLC and Si-DLC films.
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Fig. 5. The ratio of the intensities of the D peak, Ip, and G peak, I, plotted against the fitted FWHM.

approximately 500 nm for Si-C interlayer and approximately 500 nm
for the top DLC or Si-DLC film.

The fracture cross-section did not show the typical columnar
structure for DLC coatings deposited on rubber. Bui et al. showed
that for DLC coatings on Si wafer, a bias voltage of 100 V was enough
to prevent column formation leading to a dense, columnar free and
featureless structure. The deposition method they used was an unbal-
anced reactive magnetron sputtering with a closed field system [30].
Columnar growth has been related to interface structure of the grow-
ing coating, which is controlled by the intensity of concurrent ion im-
pingement [31]. In this study, a closed field unbalanced magnetron
sputtering ion plating system was used where the coating deposition
is carried out using a high density of low energy bombarding ions
(—30V bias voltage in this case), resulting in very dense, non-
columnar coating structures. The bias voltage is even lower than the
bias voltage of —50V (in magnitude terms) described in the paper
by Bui et al. who investigated the influence of different voltage biases
on the surface morphology [30]. In this configuration, the plasma that
is present between the source and the NBR substrate is ideal for ion
plating since the plasma is present to allow energetic ions to bombard
the substrate and enhance ionisation of the vapour species at low
energies [32].

3.2. Raman spectroscopy

Fig. 4 represents typical full spectra for samples of DLC and Si-DLC
coatings, showing the prominent G peak (centred at approximately
1580 cm ™~ ') and a smaller underlying D peak (centred at approxi-
mately 1350 cm™ ). The individual G and D peaks from the spectra
were fitted with Gaussian line shapes to quantify their respective
full width half maximum (FWHM) and peak heights. Such an ap-
proach was used by Tamor et al. [33]. Also, presence of the D peak
in most of the spectra from these DLC and Si-DLC films prohibited
the use of a single Breit-Wigner-Fano (BWF) line shape to quantify
the sp2:sp> ratio [34]. The G peak is mainly sensitive to the configura-
tion of sp? sites because of their higher cross-section. Thus, the ratio
of the intensities of the D peak, Ip, and G peak, I, Ip/lg, would be a
measure of the sp? phase organised in rings [29]. Therefore, Ip/Ig
can be used as a parameter for qualitatively evaluating the sp> bond
content [35]. The FWHM of the G-peak is mainly sensitive to structur-
al disorder, which arises from bond angle and bond length distor-
tions. The FWHM of the G-peak would be small if the clusters were
defect free, unstrained or molecular [29]. A plot of the ratio of the

intensities of the D peak, Ip, and G peak, Ig, to the fitted peak width
is shown in Fig. 5. The data points are more clustered for DLC and
Si-DLC, than they are for DLC and Si-DLC with Si-C interlayer. A plot
of Ip/lg vs. G peak width should give a straight line as the G peak
width is partially determined by the graphitic cluster size [36]. How-
ever, Filik et al. [34] observed that a linear relationship between G
peak width and the Ip/Ig held for films deposited at DC bias values
greater than approximately 150 V, while, for films deposited at DC
bias values lower than 150V, data points were more clustered, simi-
lar to the results shown in Fig. 5. The clustering of the DLC and Si-DLC
films might be due to the presence of H-terminated aromatic groups,
rather than extended networks of graphene sheets, which suggests
that at these lower ion impact energies the graphitic clusters have
much less influence upon the G-peak width [34]. The ratio of the in-
tensities of the D and G bands (Ip/Ig) generally tended to increase in
both the DLC film compared to DLC with Si-C interlayer and for the
Si-DLC film compared to Si-DLC with Si-C interlayer, which indicates
that the spz content is increasing. Average values of Ip/Ig showed DLC
film with an intensity ratio of approximately 0.7 and DLC film with a
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Fig. 6. Relation between contact angle and intensity ratio for DLC — a, Si-DLC — b; DLC
with Si-C interlayer — c; and Si-DLC with Si-C interlayer — d.
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the Si-C in the DLC coatings resulted in an increase in CA for DLC film
with Si-C interlayer when compared to DLC film.

The increase in the roughness of hydrophobic surfaces has been
reported as being responsible for drastic decreases of water contact
angle [7]. As shown in Fig. 1, the surface pattern of the coatings is
characterised by a network of micro-cracks, with varying patch
sizes. Fig. 7 shows the surface profile for DLC coatings on the NBR sub-
strate. The average surface roughness for DLC coatings and Si-DLC
coatings, with and without the inclusion of the Si-C interlayer was
equivalent with measured values ranging from 1.5pm to 2.2 um.
These results indicated an increase in the surface roughness of the
coatings when compared to an uncoated substrate which had a mea-
sured average roughness of about 1pm. An increment in surface

0.7 4

Coefficient of friction

roughness was also observed in the study by Martinez et al. [7]. How-
ever, since the inclusion of the Si-C interlayer did not have a signifi-
cant contribution on surface roughness minimal effects on the
contact angle measurements as a result of the surface roughness
should be expected [7].

Table 2 shows the surface free energy (mJ/m?) of the studied sam-
ples determined by the Owens-Wendt-Rabel and Keable method.
The inclusion of the Si-C interlayer increases the surface free energy
of the films. A higher surface free energy is observed for Si-DLC with
the Si-C interlayer (with lower water CA) compared to a lower
surface energy for DLC with Si-C interlayer (with higher water CA).
The inclusion of the Si-C interlayer suppressed the polar component
of the surface free energy. This is contrary to the observations by Mar-
tinez et al. [7]. The higher atomic percentages of silicon and lower
atomic percentages of oxygen observed for films with Si-C interlayers
in Table 1 may be responsible for this result.

3.4. Tribological performance

The results on the frictional behaviour are shown in Figs. 8 and 9.
In the work by Nakahigashi et al. [6], the average coefficient of friction
for DLC coating on NBR was 0.6 for a normal load of 0.1 N. In this
paper the average coefficients of friction were lower than the value
reported by Nakahigashi et al. From Fig. 8, the average coefficients
of friction for the DLC and Si-DLC film with and without Si-C inter-
layers was approximately 0.34 for applied load of 1 N under dry slid-
ing. However, under the condition of wet sliding at 1N load, the
highest coefficient of friction was observed for DLC coating at 0.51 +
0.06 (mean & standard deviation). The lower coefficients of friction
are found for the films that had highest Si (at.%) incorporation. An in-
crease in Si content in DLC could reduce the coefficient of friction due
to acceleration of tribo-chemical reactions with water to form hy-
droxyl groups (SiOx(OH)y) [15]. All of the samples show a friction in-
crease between 0.25 and 0.4 at 200 to 400 revolutions to between
0.45 and 0.6 at 4000 to 5000 revolutions indicating a clear transition
region as shown in Fig. 9. The frictional behaviour from initial friction
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01 - - DLC coating on NBR with SiC interlayer
—— S$i-DLC coating on NBR with SiC intedayer
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Fig. 9. Frictional behaviour for DLC and Si-DLC films for dry sliding under applied load of 5 N.
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and the friction performance vs. number of revolutions may be
explained by the differences in composite micro-hardness between
the coatings as a result of the inclusion of the Si-C interlayer. From
Fig. 10, it was observed that there was no significant variation in
the percentage increase in mass between the coatings after immer-
sion in water for four days; however, lower coefficient of friction
was observed for all of the coatings tested at normal load of 1N
after immersing in water for four days. This may be a result of low

mm v
Pry
¥ r ”_MM
:EC-!_ i T
20—
24— W1 w
e
= Z mm
7" | SN TSR [ S S S — —
o 1 : 3 . H & T 8 9
mm v
004
LES
w56
20
‘CE-‘—:
20
a0
‘C"C——
. mm
T T T T T T T T T
¢ 1 : 3 " 5 6 7 1 3

M. Lubwama et al. / Surface & Coatings Technology 206 (2012) 4585-4593

Table 3
Average wear depth (mm) of the study samples under testing condition of load 5 N for
dry sliding and after immersion in water for 4 days.

Sample Dry sliding Dry sliding at load of 5N
at load of 5N after immersing in water

DLC 0.068 0.008

Si-DLC 0.073 0.130

DLC with Si-C interlayer 0.100 0.163

Si-DLC with Si-C interlayer 0.123 0.115

surface energy due to water absorption which passivises rapidly the
dangling bonds on the wear scars, much in the same way as an in-
crease in relative humidity reduces wear rate [17]. The performance
under a load of 5N was expected to indicate a higher coefficient of
friction. The performance of the DLC coating under this testing condi-
tion showed a lower coefficient of friction than the Si-DLC film and
the DLC and Si-DLC films with Si-C interlayers. This result indicates
that at higher loads there may be a detrimental effect due to the in-
clusion of Si. A similar observation can be made for tests carried out
under dry sliding for normal load of 5 N. This may be explained by a
decrease in the hardness and modulus of the coatings as a result of
doping with Si, even in very small amounts [39].

At low load (1 N) the surfaces of the films were almost unmodified
making it difficult to obtain even qualitative information of the wear
through characterisation techniques such as SEM. Fig. 11 shows the
wear profile of the wear tracks formed on the films obtained after
tribo-testing for dry sliding under a load of 5 N, which indicate non-
uniformity of the wear track. The wear depth for each film was calcu-
lated by taking the average of two depths, Wy, and W, associated
with the maximum locations below the datum line (0.00) for each
trace along the diameter from the outermost circumference of the
wear track. The non-uniformity of the wear track can be explained
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Fig. 11. Wear profile of the wear tracks for the films under dry sliding for load of 5 N. DLC — a; Si-DLC — b; DLC with Si-C interlayer — c; Si-DLC with Si-C interlayer — d.
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by the high deformation and elasticity of the rubber substrate. Table 3
shows the average wear depth for the films after testing at normal
load of 5 N under dry sliding and after immersing in water. The results
of the wear depth show less material loss for the DLC films. These results
correlate well with the results for the frictional characteristics of the
films. However, in comparison to coating thickness wear depth is
about three orders of magnitude larger for tribo-tests at normal load
of 5N. The DLC films that have the lowest material loss as measured
by the lowest wear depth also had the lowest coefficient of friction for
these conditions. From the Raman spectroscopy results it was deter-
mined that the inclusion of Si-C interlayer results in an increase in sp?
clusters, as such DLC and Si-DLC films with Si-C interlayers may have
lower micro-hardness, which explains their higher wear depth com-
pared to DLC and Si-DLC without Si-C interlayer. Doping with Si results
in a decrease in hardness [39]. This explains the higher wear depth for
Si-DLC compared to DLC and may also explain the distinct curvature
for Si-DLC in Fig. 11b.

4. Conclusion

DLC and Si-DLC films with and without Si-C interlayers were de-
posited on a NBR using a closed field unbalanced magnetron sputtering
ion plating system. The characteristic crack-like microstructure typical
for DLC coatings on rubber was observed for the coatings deposited
in this study. At a substrate bias of —30V, the coatings were
characterised by a very dense non-columnar microstructure. The
highest value of the ratio of intensities of the D and G peaks (Ip/Ig)
was 1.2 for Si-DLC film with Si-C interlayer. The lowest value of 0.7
was observed for DLC film. The CA of water droplets showed that the
films were hydrophobic. The tribological investigation showed a de-
pendence on both the tribological condition under investigation and
the atomic percentage of Si in the films. These results indicate that
the potential of applying DLC and Si-DLC films with and without Si-C
interlayers onto actual piston seals may present some advantages.
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