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a b s t r a c t
Thin ﬁlms of hydrogenated diamond-like carbon (DLC) and silicon (Si) doped diamond-like carbon (Si-DLC)
have been deposited on acrylonitrile butadiene rubber (NBR) using a closed ﬁeld unbalanced magnetron
sputtering ion plating system. A sputter cleaning process was integrated into the deposition process so as to
reduce the likelihood of re-contamination between the cleaning and deposition stages. The deposited coatings
showed excellent adherence with an adhesion rating of 4 A for ﬁlms with a Si-C interlayer. The composite
micro-hardness was highest for DLC ﬁlms at 15.5 GPa for indentation load of 147.1 mN using a Vickers microhardness tester. Tribological tests undertaken under normal load of 5 N using a pin-on-disc tribometer for all
of the samples of DLC and Si-DLC ﬁlms, with and without Si-C interlayer, show a friction increase between
0.25 and 0.4 to between 0.45 and 0.6. This friction increase has been related to the micro-hardness of the ﬁlms.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
A potential application for DLC and doped DLC coatings is to enhance
the performance of nitrile rubber (NBR) 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. During wet sliding and prolonged aqueous
immersion suspended solids accelerate the wear rate of these NBR piston seals. As a consequence the duty cycle for pump seals is heavy
resulting in few functional handpumps shortly after installation.
Diamond‐like carbon (DLC) coatings are commonly used to increase wear resistance of materials in industry. Recently, much attention has been given to the application of DLC and doped DLC coatings
onto rubber substrates [1–6]. In all of these studies it has been shown
that the tribological properties of DLC coatings on rubber are excellent
as they reduce the coefﬁcient of friction and wear rates when compared to uncoated substrates. For good performance, DLC and DLC
based coatings deposited on rubbers should have strong adhesion to
rubber substrates, be sufﬁciently ﬂexible to adapt to the large strain
of rubbers under load and have good wear resistance and low friction
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[6]. The elemental composition, surface roughness proﬁles and ﬁlm
thickness of DLC and Si-DLC ﬁlms with and without Si-C interlayers
were discussed in our previous paper [7].
Adhesion and micro-hardness are two important characteristics
for assessing the properties and performance of thin ﬁlms [8]. The
adhesion of DLC on polymer substrates has been researched by other
groups and evaluated by the scratch test [9], adhesive tape test [10],
and resistance to thermal cycling [11]. Adhesion improvement has
been achieved by pre-treatment of the substrate surface and varying
of the coating deposition conditions [12]. Bui et al. [6] observed that
pre-deposition plasma treatment of rubber substrate improved the
adhesion of hydrogenated DLC thin ﬁlms onto the rubber substrate
after performing stretch tests with a tensile stage inside a scanning
electron microscope (SEM). However, for DLC and DLC based coatings,
deposited on rubber, relatively little has been published regarding the
adhesion of the DLC coating and the relation between composite
micro-hardness and tribological behaviour.
In this study DLC and Si-DLC with and without Si-C interlayers are
deposited on nitrile rubber using a closed ﬁeld unbalanced magnetron
sputtering ion plating system. The adhesion between the ﬁlms and the
substrate was determined using the peel test method by applying an
X-cut and observation using optical microscopy [13,14]. The composite micro-hardness was determined using a Leitz mini-load hardness
tester. The composite micro-hardness of the ﬁlms on the NBR substrates was related to the tribological behaviour of the ﬁlms at a normal load of 5 N under dry sliding using a pin-on-disc tribometer.
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2. Experimental
Black acrylonitrile butadiene rubber (NBR) sheet of 3 mm thickness
with Shore A hardness of 70± 5 was used as the substrate in this study.
Plasma etching pre-treatment of rubber substrates and deposition of
DLC ﬁlms were carried out using a closed ﬁeld unbalanced magnetron
sputtering ion plating system, which consisted of four magnetrons
evenly distributed around the chamber. Fig. 1 shows a cross-section of
a closed ﬁeld unbalanced magnetron sputtering chamber. 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. Three pieces of NBR rubber with dimensions
100 mm by 100 mm by 3 mm thickness were mounted onto a holder in
the centre of the system facing outwards towards the target. The sample
holder was rotated at a speed of 5 rpm. NBR substrates were etched in
150 kHz pulsed‐dc Ar plasma for 10 min at a bias voltage of −200 V.
The deposition process followed immediately after the plasma etching
pre-treatment so as to reduce the likelihood of re-contamination between the cleaning and deposition process [15]. The total deposition
time for DLC was 60 min. This process was repeated for all samples including the Silicon doped DLC (Si-DLC) samples. The gas ﬂow rate was
set at Ar/C4H10 = 12 sccm/8 sccm and the NBR substrates were biased
with pulsed DC (150 kHz with a pulse off time of 150 ns) at a substrate
bias of −30 V all of which were held constant. In order to achieve the
dopant of Si in Si-DLC, a current 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 1 A to the pure C target. The Si-C interlayer deposition time was 35 min and the subsequent time for DLC deposition was 40 min. Fig. 2 shows the process design for DLC and Si-DLC
ﬁlms deposited on NBR substrates.
Raman spectra were acquired to investigate the chemical bonding of
these ﬁlms by using a LabRAM Horiba Jobin Yvon spectrometer
equipped with a CCD 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− 1 using the same conditions (5 s of integration time and
5 accumulations) using a 100× magniﬁcation objective and a 200 μm
pinhole.
For hardness measurements the DLC and Si-DLC ﬁlms, with and
without Si-C interlayers, were deposited on a silicon wafer under similar process conditions as deposition on the NBR substrate to a thickness of about 1 μm. Such an approach has been used by Bui et al. [3],
who determined the hardness of Ti-DLC deposited on Si wafer instead
of HNBR rubber, despite the fact that the structure of coatings deposited on rubber is rather different from that on Si wafer. This approach
is used as reference, due to the difﬁculty in precise measurement of
hardness of coatings deposited on rubber. Under the same deposition
conditions, the hardness of the coating on rubber might be lower than
that on Si due to release of residual stresses, but the trend of hardness
results is expected to be the same [3]. Film micro-hardness was

Fig. 2. Process design for DLC and Si-DLC ﬁlms deposited on NBR substrate.

evaluated by Vickers micro-hardness tests (Leitz mini-load hardness
tester, Serial No. 88134). After calibrating the system using a standard
block, Vickers micro-hardness tests were performed with applied
loads of 147.1 mN, 490.3 mN and 980 mN. Vickers micro-hardness
(Hv) was determined by measuring the lengths of the diagonals of
each indent at a magniﬁcation of 50 × using an optical microscope
system within the micro-hardness tester.
Adhesion of the ﬁlms on NBR substrates was evaluated using the
X-cut method. The ‘X’ mark on the ﬁlm had an angle of 30° between
incisions [13,16]. A cellophane pressure sensitive adhesive tape
(Scotch® with adhesion to steel of 49 N/100 mm width) was carefully
adhered to the surface of the ﬁlm at room temperature. After adhesion for 1–2 min, the tape was pulled off rapidly (not jerked) back
upon itself at as close to an angle of 180° as possible. The peeling of
the ﬁlm at the X-cut area was observed by optical microscopy
(EMZ-5TR Meiji Microscope with IC Capture software and Camera).
Table 1 presents the ﬁlm adhesion ratings for the adhesion tape test
according to ASTM D3359-97 [16].
The tribological performance was evaluated at room temperature
using a pin-on-disc (POD 2) tribometer. The counterpart was a standard
Ø5 mm commercial WC–Co ball. The sliding speed was maintained at a
linear speed of 10 cm/s at correlative test track diameters of 6 and
10 mm. Tribo-tests were carried out for normal load of 5 N.
3. Results and discussion
3.1. Raman spectroscopy
The chemical bonding of DLC and Si-DLC ﬁlms has been studied by
means of Raman spectroscopy using a 488 nm excitation wavelength.
Fig. 3 represents typical full spectra for samples of DLC and Si-DLC
coatings, showing the prominent G and smaller underlying D peaks
(centred approximately 1580 cm − 1 and 1350 cm − 1 respectively).
The ratio of the intensities of the D peak, ID, and the G peak, IG, the
full width half maximum (FWHM) and peak heights were quantiﬁed
after ﬁtting the individual G and D peaks from the spectra with double
Table 1
Levels of ﬁlm adhesion ratings according to ASTM D3359-97.
Adhesion Level

Comment

5A
4A

No peeling or removal occurs at all (absence of peeling)
Trace peeling or removal occurs along incisions (no peeling
occurs at the intersect and little peeling observed at the X-cut)
Jagged removal along incisions occurs up to 1/16 in. (1.6 mm)
on either side of the intersect of the X-cut
Jagged removal along incisions occurs up to 1/8 in. (3.2 mm)
in either direction from the intersect of the X-cut
Most of the X-cut area peeled off with the adhesive tape
Removal beyond the X-cut area occurs

3A
2A

Fig. 1. Cross-section of closed ﬁeld unbalanced magnetron sputtering chamber.

1A
0A
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Fig. 3. Raman spectra for DLC (a), Si-DLC (b), DLC with Si-C interlayer (c), and Si-DLC with Si-C interlayer (d) ﬁlms deposited on NBR substrate.

Gaussian functions. A sharply peaked band at around 1060 cm − 1, the
so called T peak, is observed for Si-DLC and Si-DLC with Si-C interlayer
deposited on NBR substrate [17]. The T peak signiﬁes an increase in
Raman scattering contributions from sp 3 sites due to vibration in
C–C sp 3 bonds [17]. The T peak was observed for the Si-DLC ﬁlm and
the Si-DLC ﬁlm with Si-C interlayer. No such peak was observed for
Raman spectra for DLC ﬁlm and DLC ﬁlm with Si-C interlayer. This
may imply that the Si dopant in the DLC ﬁlm, and not the Si-C interlayer, is the contributing factor for its presence in the Raman spectra.
Such an explanation is supported by Paik [18] who observed a sharp
Si-related peak at 950 cm − 1 for DLC ﬁlms (20 nm thick) deposited
on Si wafer by magnetron sputter-type negative ion source method.
The FWHM of the G peak and the ID/IG ratio for the DLC and Si-DLC
ﬁlms is depicted in Fig. 4. It is observed that the FWHM of the G peak is
lower for DLC and Si-DLC ﬁlms with Si-C interlayer, which suggests
that the graphitic clusters were unstrained [19]. FWHM of the G
peak measures the bond length and bond disorder in sp 2 clusters,
which have close relations with the stress felt by the clusters. With

Fig. 4. FWHM of the G peak and ID/IG ratio for DLC and Si-DLC ﬁlms without and with
Si-C interlayer.

increasing sp 3 content, sp 2 clusters with sp 3 networks become smaller
and more strained, causing increases in bond length and bond angle
disorder [20]. The G peak is sensitive mainly to the conﬁguration of
sp 2 sites because of their higher cross-section, thus, the ID/IG ratio is
a measure of the sp 2 phase organized in rings [19]. The ID/IG ratio increases for both DLC and Si-DLC ﬁlms with the inclusion of Si-C interlayer compared to the ﬁlms without Si-C interlayer. From this it can be
qualitatively asserted that the sp 2 content increases while the sp 3 content decreases as a result of the inclusion of the Si-C interlayer [21].

3.2. Adhesion
The adhesion levels for the DLC and Si-DLC ﬁlms deposited on NBR
were determined following the X-cut method described earlier. Fig. 5
shows optical microscopy images of X-cut locations after peel tests for
the ﬁlms. Table 1 was used to attribute adhesion levels for the DLC and
Si-DLC ﬁlms. From Fig. 6 it was observed that the DLC and Si-DLC ﬁlms
with Si-C interlayer had higher adhesion levels than the DLC and SiDLC ﬁlms without Si-C interlayer. For the DLC and Si-DLC ﬁlms, jagged
removal along incisions was observed up to 1.6 mm on either side of
the X-cut resulting in an adhesion level of 3A. An adhesion level of
4A was determined for the ﬁlms with Si-C interlayer due to trace peelings occurring along incisions with little peeling observed at the X-cut
[16]. The good adhesion levels for all of the ﬁlms may be attributed to
the closed ﬁeld unbalanced magnetron sputtering with ion plating
system. This system enables plasma to be present in the deposition
chamber between the target and the NBR substrate allowing energetic
particles to bombard the substrate and enhance ionization of vapour
species at even low energies. Particle bombardment of growing ﬁlm
surfaces causes densiﬁcation of material and modiﬁed ﬁlm properties [22]. A reduction of residual stresses can result from energetic
ion bombardment of DLC ﬁlms which improves ﬁlm adhesion [23].
From the Raman spectroscopy results discussed for Fig. 4 it was seen
that the inclusion of Si-C interlayer onto the DLC and Si-DLC ﬁlms
deposited on NBR substrates resulted in sp 2 clusters becoming larger
and less strained, leading to decreased bond length and bond angle
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Fig. 5. Optical microscopy images of X-cut locations after peel tests for Si-DLC (a), DLC (b), DLC with Si-C interlayer (c) and Si-DLC with Si-C interlayer (d).

disorder, which results in a decrease in the magnitude of compressive
residual stresses, and hence improving ﬁlm adhesion [23].
3.3. Micro-hardness
Based on the geometry of the Vickers indenter, theoretical contact
depth was calculated from the size of the diagonals, to help determine
the relative inﬂuence of the substrate on the micro-hardness measurements. For indentations in coated systems these measurements
reﬂect the properties of the coating only if the depth of indentation
is less than one-tenth of the coating thickness [24]. Table 2 provides
a summary of Vickers micro-hardness results for applied indentation
loads of 147.1 mN, 490.3 mN and 981 mN, with calculated theoretical
depth for DLC and Si-DLC ﬁlms deposited on Si wafer.
For applied loads of 147.1 mN, the theoretical depth of the indentations did not exceed the ﬁlm thickness for DLC and Si-DLC ﬁlms without
Si-C interlayer. However, as the depth was greater than one-tenth of
the ﬁlm thickness, the micro-hardness measurements were a function
of both the coating and the substrate, thus, resulting in a composite
micro-hardness measurement. At higher applied indentation loads of
490.3 mN and 981 mN, there is no statistical signiﬁcance of the microhardness measurements. This is due to the fact that the penetration
depth at these loads was much greater than the ﬁlm thicknesses.
Fig. 6 shows the Vickers micro-hardness results for the ﬁlms. It can
be observed that the inclusion of the Si-C interlayer had distinct impacts
on the hardness of the DLC and Si-DLC ﬁlms. For the DLC ﬁlm with Si-C

interlayer the hardness was 9.1 GPa, compared to 15.5 GPa for the DLC
ﬁlm without Si-C interlayer. This reduction in hardness is attributed to
an increase in sp2 clusters which relieved the compressive stresses in
the ﬁlms. For the Si-DLC ﬁlm with Si-C interlayer an average microhardness value of 12.1 GPa compared to 11.1 GPa for Si-DLC ﬁlms was
obtained. Fig. 7 shows the hardness of the ﬁlms vs. the intensity ratio,
ID/IG. A reduction in the ﬁlm hardness corresponded to an increase in
the intensity ratio for DLC, Si-DLC and DLC with Si-C interlayer ﬁlms.
This has earlier been explained qualitatively as resulting from an increase in sp2 content and a reduction in sp3 content [18,20]. However,
for Si-DLC ﬁlms with Si-C interlayer, contributions from sp3 sites due
to vibrations of C–C sp3 bonds may be signiﬁcant [17].
3.4. Tribology
The coefﬁcient of friction as a function number of revolutions
under an applied normal load of 5 N is shown in Fig. 8. The tribo-test
showed a very interesting effect. All of the samples show a friction increase 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 such, an analysis has been carried out to study the slope of
the increase of the coefﬁcient of friction as a function of number of
revolutions (ﬁrst derivative).
The frictional behaviour over the testing duration of 5000 revolutions was segmented into different regions for each coating: region
AB, region BC and region CD. For each of these regions the slope was

Table 2
Summary of Vickers micro-hardness (GPa) results for applied indentation loads of
147.1 mN, 490.3 mN, and 981 mN, with theoretical contact depth.
Coating

Applied force (mN)

d (μm)

Hv (average ± s.d)

DLC

147.1
490.3
981
147.1
490.3
981
147.1
490.3
981
147.1
490.3
981

0.6
1.3
1.9
0.7
1.4
2.0
0.8
1.4
2.1
0.7
1.3
1.9

15.5 ± 0.8
10.5 ± 0.7
9.4 ± 0.3
11.1 ± 0.7
9.7 ± 0.7
8.6 ± 0.3
9.1 ± 0.7
9.6 ± 0.8
8.4 ± 0.3
12.1 ± 1.2
10.2 ± 0.3
9.6 ± 0.4

Si-DLC

DLC with Si-C interlayer

Si-DLC with Si-C interlayer
Fig. 6. Vickers hardness (at 147.1 mN indentation load) and adhesion levels for DLC
and Si-DLC ﬁlms without and with Si-C interlayer.
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Table 3
Slopes of coefﬁcient of friction as a function of number of revolutions for DLC and
Si-DLC ﬁlms corresponding to regions AB, BC and CD for tribo-test under normal load
of 5 N.

DLC
Si-DLC
DLC with Si-C interlayer
Si-DLC with Si-C interlayer

Fig. 7. The micro-hardness (at 147.1 mN indentation load) of DLC (a), Si-DLC (b), DLC
with Si-C interlayer (c) and Si-DLC with Si-C interlayer (d) ﬁlms vs. intensity ratio,
ID/IG26.

determined as Δy/Δx (change in coefﬁcient of friction/change in number of revolutions). The aim of determining this ﬁrst derivative was so
that an estimation of the ﬁlm failure rate could be determined. Table 3
shows the results of the slope determinations for regions AB, BC and
CD.
In the region AB, the highest slope was obtained for Si-DLC and DLC
with Si-C interlayers, at 22.5 × 10 − 5 and 8.6 × 10 − 5. The high slopes
for DLC and Si-DLC ﬁlms with Si-C interlayers in region AB can be related to the comparatively lower composite micro-hardness of these
ﬁlms at 9.1 GPa and 12.1 GPa, respectively. Si-DLC had a lower composite micro-hardness value of 11.1 GPa than Si-DLC with Si-C interlayer, but had a slope of 5 × 10 − 5. This difference is explained by the
inclusion of the Si-C interlayer that resulted in an increase in sp 2 clusters that were unstrained and reduced compressive stress within the
ﬁlms. The lowest slope of 2.3 × 10 − 5 was obtained for DLC ﬁlms. This
is a direct result of the high composite micro-hardness values for
these ﬁlms at 15.5 GPa. Therefore, in region AB ﬁlm failure classiﬁcation from highest to lowest would be Si-DLC with Si-C interlayer,
DLC with Si-C interlayer, Si-DLC and DLC ﬁlms.
In region BC the lowest slope was obtained for Si-DLC with Si-C
interlayer at 1.3 × 10 − 5. This very low slope is an indicator that the
ﬁlm had stabilized at steady state conditions for the remainder of
the tribo-test. However, for DLC, Si-DLC and DLC with Si-C interlayer
the penetration of the pin deeper into the ﬁlm/interlayer/substrate
samples is related to the composite micro-hardness with higher
slopes being observed for samples with lower composite hardness
values. Therefore, low composite micro-hardness of ﬁlms enhanced
ﬁlm failure in this region. In region CD, the slopes tend towards steady
state conditions which may indicate that there was a transfer of the
ﬁlm onto the pin so that no more transitions are observed.

Region AB
(×10− 5)

Region BC
(× 10− 5)

Region CD
(× 10− 5)

2.3
5.0
8.6
22.5

11.4
12.5
25.0
1.3

4.6
3.9
3.8
–

In Fig. 9 the wear proﬁles for the wear tracks formed as a result of
this tribo-test are shown. The wear proﬁles indicate non-uniformity of
the wear tracks due to the visco-elastic behaviour of the NBR substrate. The highest average wear depth ((W1 + W2)/2) was observed
for Si-DLC and DLC with Si-C interlayer at 0.123 mm and 0.1 mm respectively. The lowest wear depth was measured for DLC and Si-DLC
ﬁlms at 0.068 mm and 0.073 mm respectively. This result can be
explained by the higher micro-hardness value (15.5 GPa) for the DLC
ﬁlms. From the Raman spectroscopy analysis, it was determined that
the inclusion of the Si-C interlayer results in an increase in sp 2 clusters,
which relieve compressive residual stresses, as such DLC and Si-DLC
ﬁlms with Si-C interlayers have lower composite micro-hardness,
with corresponding higher wear depth compared to DLC and Si-DLC
ﬁlms without Si-C interlayer. The higher wear depth of Si-DLC ﬁlms
is attributed to doping with Si [25]. According to Archard's wear law
[26], wear rate or volume is inversely proportional to hardness. Therefore as wear depth increases the ﬁlm composite micro-hardness is
expected to reduce as the pin transits from contact between the
DLC/Si-DLC top layer, to the Si-C interlayer to the NBR substrate or
between DLC/Si-DLC top to the NBR substrate. Due to inﬂuence of
the substrate viscoelasticity, the wear depth increases in each pass of
the ball over the ﬁlm, with less wear expected for ﬁlms with higher
micro-hardness. However, once ﬁlm failure occurs, overall wear
depth increases rapidly before reaching a steady state [27].

4. Conclusion
The deposited coatings showed excellent adherence with an adhesion rating of 4 A for ﬁlms with a Si-C interlayer. The composite microhardness was highest for DLC ﬁlms at 15.5 GPa for an indentation load
of 147.1 mN using a Vickers micro-hardness tester. The adhesion and
micro-hardness behaviour were related to the hybridization of carbon
in terms of sp 2 and sp 3 bonding. Tribological tests undertaken under
normal load of 5 N using a pin-on-disc tribometer for all of the
samples of DLC and Si-DLC ﬁlms, with and without Si-C interlayer
show a friction increase between 0.25 and 0.4 to between 0.45 and
0.6. It has been shown that the friction increase in region AB is determined by the combined effect of the inclusion of the Si-C interlayer
and the composite micro-hardness. Film failure classiﬁcation from
highest to lowest was determined as Si-DLC with Si-C interlayer, DLC
with Si-C interlayer, Si-DLC and DLC ﬁlms. In region BC, the friction increase is due to only the micro-hardness effects for DLC, Si-DLC ﬁlms
and DLC ﬁlms with Si-C interlayer. These results indicate that the application of DLC and Si-DLC ﬁlms with and without Si-C interlayers
onto actual piston seals may be advantageous.
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Fig. 8. Coefﬁcient of friction vs. number of revolutions for DLC and Si-DLC with and
without Si-C interlayer. Points A, B, C and D are indicated for estimation of slopes of
the increase of the coefﬁcient of friction.
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Fig. 9. Wear proﬁle of the wear tracks for the ﬁlms under a 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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