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Abstract: In this study diamond like carbon (DLC) coatings with Si interlayers were
deposited on 316L stainless steel with varying gas pressure and substrate bias voltage using
plasma enhanced chemical vapor deposition (PECVD) technology. Coating and interlayer
thickness values were determined using X-ray photoelectron spectroscopy (XPS) which also
revealed the presence of a gradient layer at the coating substrate interface. Coatings were
evaluated in terms of the hardness, elastic modulus, wear behavior and adhesion. Deposition
rate generally increased with increasing bias voltage and increasing gas pressure. At low
working gas pressures, hardness and modulus of elasticity increased with increasing bias
voltage. Reduced hardness and modulus of elasticity were observed at higher gas pressures.
Increased adhesion was generally observed at lower bias voltages and higher gas pressures.
All DLC coatings significantly improved the overall wear resistance of the base material.
Lower wear rates were observed for coatings deposited with lower bias voltages. For
coatings that showed wear tracks considerably deeper than the coating thickness but without
spallation, the wear behavior was largely attributed to deformation of both the coating and
substrate with some cracks at the wear track edges. This suggests that coatings deposited
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under certain conditions can exhibit ultra high flexible properties.

Keywords: diamond like carbon (DLC); plasma enhanced chemical vapor deposition
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1. Introduction

The use of diamond like carbon (DLC) coatings has found widespread usage in many areas of
engineering due to substantial benefits associated with properties including high surface hardness low
friction, improved wear resistance, chemical inertness and enhanced corrosion resistance. One area of
considerable interest is biomedical applications, particularly orthopaedic applications, such as knee and
hip joint replacements [1,2] where these properties combined with excellent biocompatibility make them
extremely attractive candidates. The tribological behavior of these coatings has been studied when
deposited on a range of biomaterial substrates to include Co-Cr alloys [1,3-7], Ti alloys [8], stainless
steels [9-11] and ultra high molecular weight polyethylene (UHMWPE) [12,13]. Significant reductions
in the wear rates have been observed for DLC coated CoCr alloy in contact with UHMWPE [1,3,4] and
CoCr alloy [6] compared with uncoated CoCr alloy which was observed to decrease with increasing film
thickness [3,4]. This was attributed to increased surface roughness of the thicker coatings [3].

The presence of a DLC coating was observed to improve the wear resistance of 316L stainless
steel [11]. Significant reductions in the wear rates of 316L stainless steel coated with DLC in sliding
contact with DLC coated 316L stainless steel [10] and UHMWPE [9] have been reported to such an
extent that the low level of wear observed was comparable to that for ceramic femoral heads [9]. Further,
the effects of depositing multi-layered coatings systems [14] and the use of doped interlayers [15] have
been studied with a view to optimising the wear behavior and adhesion.

While significant benefits have been achieved with these coatings in terms of improved hardness and
wear resistance, problems associated with porosity and poor adhesion have limited their use in
orthopaedic applications. A number of techniques including optimisation of the process parameters can
reduce these limitations. In particular, one method of improving film to substrate adhesion has been
through the deposition of interlayers, Si interlayers have been deposited to improve the adhesion of DLC
on stainless steel [16,17], D2 steel [18], Ti alloys [19], and NiTi alloys [20]. Improved corrosion
resistance [20,21] and reduced spalling [21] and friction [20] have also been associated with Si
interlayers [21]. In contrast, DLC coatings deposited on Mg-Li alloys were observed to exhibit poor
adhesion with a Si interlayer compared to DLC coatings deposited directly onto the substrate [22]. While
Si interlayers were shown to improve the adhesion of DLC coatings on ceramic substrates, a Ti
interlayer was observed to reduce the adhesion [23]. This was attributed to poor bonding between the Ti
and DLC film.

Clearly, a number of distinct advantages in addition to film to substrate adhesion can be achieved
through the deposition of a Si interlayer. The focus of this study was to systematically investigate the
properties, particularly hardness, modulus of elasticity, adhesion, friction and wear behavior of plasma
enhanced chemical vapor deposited (PECVD) DLC coatings deposited on 316L stainless steel substrates
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with the addition of a Si interlayer, as a function of the substrate bias voltage and the system
gas pressure.

2. Experimental Section

The surface of the 316L stainless steel samples, having dimensions 20 mm > 10 mm <2 mm, were
polished using standard metallographic preparation procedures, which involved successive grinding
using various grade SiC papers and diamond paste polishing down to 0.25 pum finish. All samples were
then subject to a chemical cleaning treatment using a three stage process; ultrasonic de-greasing for
5 minutes with trichloroethylene followed by cleaning in acetone and finally ultrasonic cleaning in
ethanol for 5 minutes. Further details of standard cleaning procedures adopted in this study are available
from the literature [24,25].

PECVD was used to deposit the DLC coatings. The system was initially pumped down to a vacuum
of 10> mbar, prior to backfilling with the reactant and inert gases (CoH,, HMDSO and Ar, respectively).
Liquid Hexamethyldisiloxane (HDMSO) was contained in a reservoir connected to the vacuum chamber
of the coating facility. At the working gas pressures employed in this study, the vapor pressure of
HDMSO allows for vapourisation at room temperature, as the HDMSO s transferred to the vacuum
chamber, although heating the liquid reservoir can facilitate this process. The plasma was generated
using an HF generator which applied a high-frequency voltage on the anode. Atomic cleaning of the
sample surface was conducted using a plasma etch treatment, an integral part of the PECVD chamber,
prior to depositing the DLC coatings. The applied plasma etch parameters were 100 W power, 30 sccm
argon flow, an etch time of 15 min and a gas pressure of 30 pbar.

After sputter cleaning, the Si interlayer was deposited for 2 min using HMDSO as the silicon
precursor under the following conditions; bias voltage 300 V; gas pressure 15 pbar; argon flow rate
30 sccm. Following this, DLC coatings were deposited with combined parameter variations of substrate
bias voltage (250, 300 and 350 V) and gas pressure (5, 10 and 15 ubar). C,H; gas flow was maintained at
30 sccm. The deposition time for all coatings was maintained at 45 minutes. Sample identification and
corresponding process variables are shown in Table 1.

Table 1. Sample identification, process variables, deposition rates, coating and transition
layer thicknesses for diamond like carbon (DLC) coatings deposited with Si interlayers at
varying bias voltage and gas pressure.

Sample Pressure Bias Voltage Coating Thickness Deposition Silicon Layer

[bar] [V] [lbm] Rate [nm/min]  Thickness [pm]
DLC-Si-316L-01 250 1.9 42 0.2
DLC-Si-316L-02 5 300 2.5 60 0.2
DLC-Si-316L-03 350 3.0 67 0.2
DLC-Si-316L-04 250 2.2 49 0.2
DLC-Si-316L-05 10 300 1.3 29 0.2
DLC-Si-316L-06 350 4.0 89 0.3
DLC-Si-316L-07 250 3.6 80 0.3
DLC-Si-316L-08 15 300 4.3 96 N/A

DLC-Si-316L-09 350 5.3 118 N/A
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In order to determine the DLC coating thickness X-ray photoelectron spectroscopy (XPS) depth
profiles were performed. C, Fe and O were analysed at various levels after the surface composition was
measured initially. This was achieved by successive argon sputter etching. A standard etching rate of
0.2 nm/s was chosen. The ion gun energy for sputtering was set at 3000 eV. After etching, the surface
composition was measured again. This procedure was repeated for 10-90 levels, depending on the
coating thickness. Examination of the concentration profiles not only provides an indication of the
coating thickness, but also the chemical composition in the interlayer.

Bonding states (sp%/sp®) were measured in the first nine (etched) levels of the depth profile to provide
an accurate indication of the coating composition with averaged values. The range of the sp® binding
energy peak was found to be between 284.24 and 285.3 eV which led to an average value of
284.6 +0.32 eV. Using the value fitting software, 284.55 eV was chosen. Similarly, the range of the sp*
binding energy peak was found to be between 284.5 and 285.9 eV which led to an average value of
285.32 £0.32 eV. Using the value fitting software, 85.55 eV was chosen.

Structural and morphological features of the DLC coatings were analysed using transmission electron
microscopy (TEM) studies. Freestanding carbon films with thickness less than 200 nm were prepared by
the deposition of DLC films on NaCl single crystal substrates under the same process conditions of the
current investigation. After dissolving the NaCl substrates, the freestanding films were transferred from
the solution directly onto TEM grids for analysis in the TEM.

Hardness and modulus of elasticity measurements were performed using a MTS nano-indenter xp
(Surface Systems + Technology GmbH & Co, Hickelhoven, Germany) with a three-sided pyramidal
diamond (Berkovich) tip in csm (continuous stiffness measurement) mode. Scan speed was 1 nm/s. For
each sample, 49 indents were utilised (7 <7 matrix at 10 pm spacing between indents) to calculate the
average hardness and elastic modulus values and associated standard deviations. To prevent any
influence from the substrate, readings were obtained from depth displacements of no greater than 10% of
the coating thickness. Hardness and elastic modulus values were generated directly using NanoSuite 5
software [26] with load, displacement and stiffness as the input variables. Here, E and H were
determined from load displacement (P-h) curves over a range of indenter penetrations. A sharp,
fixed-profile indenter is pressed onto the top surface at load P, with characteristic maximum penetration
depth h. From the load—displacement curve generated, three important parameters the maximum load,
Pmax, maximum depth, hnax, and stiffness, S (where S = dP/dh) are calculated. Once the contact area, A, is
known, the hardness H, can be calculated from the following equation:

H = Prax / A (1)

The reduced modulus of elasticity, E,, is calculated from the following equation, using knowledge of
the contact area and measured unloading stiffness:

= (.92 @

where [ is a dimensionless parameter normally taken as unity. A detailed account of measuring hardness
and modulus of elasticity has been described elsewhere [27].

Wear tests were conducted at ambient temperature (22 <C) and 51% relative humidity using a CSEM
Tribometer (pin-on-disc). All tests were conducted using a 6 mm diameter ruby ball in contact with the
coated steel surface under an applied load of 20 N. The tracking speed and sliding distance were held
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constant at 0.3 ms* and 500 m respectively. The lubricant used was ethanol. Wear track profiles were
measured using a KLA Tencor Alpha-Step 1Q surface profilometer (KLA-Tencor, Milpitas, CA, USA).
Wear volumes generated were calculated from the wear track profile using an Excel model. Analysis of
the wear tracks were carried out using SEM, EDS and XPS.

The contact stresses based upon the ball configuration and material were calculated from Equation 3
and were found to be in the range 0.9-1.1 GPa for all samples tested.

Prmax = 0.38 [FNEZ/R]Y? (3)

where Fy is the load (20 N), E is the measured Elastic Modulus (157-217.8 GPa range) and R is the
radius of the ball (0.006 m).

In order to assess the adhesion qualitatively, with respect to the parameter variation, all coated
samples were scratch tested with a diamond tip and a constant applied load of 0.5 N. After testing, the
scratch channels were examined using optical microscopy (images recorded at a magnification of
500 times) for the various failure modes within and outside the scratch channel.

3. Results
3.1. XPS Depth Profiling Analysis for Coating Thickness Measurements

Figure 1 shows a typical XPS depth profile for sample DLC-Si-316L-01. Analysis of the profile
yields some very important information, regarding the coating, the substrate and a graded interlayer.
Firstly, the presence of the DLC coating and the coating thickness can be calculated from the profile. The
thickness of the DLC coating can be determined by profile distance, when the carbon content is a
constant maximum (~98%) and the Fe content is zero. Likewise the pure steel substrate is evidenced by
a profile indicating the presence of almost 0%-5% C and 70%-80% Fe. Secondly the presence of a
diffusion layer, the thickness calculated from the distance over which the gradual reduction in the C
concentration from 98% to approx. 0%-5% occurs with the corresponding increase in the Fe
concentration from 0% to 70%-80%. Thirdly, the presence of the Si interlayer, indicated by the Si and O
profiles, showing the corresponding increase and decrease in content of both atomic species, over a
distance corresponding to the diffuse region. It is thought that the simultaneous presence of Si and O is
associated with silicon precursor gas Hexamethyldisiloxane (HMDSQO) which also contains oxygen and
Carbon (Si2OCgHig). Subsequent analysis of all other coatings considered and analysis of the data
enabled calculation of the coating thickness and gradient layer containing Si as shown in Table 1. It
should be noted that this method of calculating thickness of the coating and Si interlayer thickness
provides only approximate values and the figures provided in Table 1 may have deviations, typically up
to +/-5%.

The coating thickness varied, depending on the process deposition parameters, in the range of
~1.3-5.3 um. A general observation is that coating thickness increases with increasing gas pressure at
any given bias voltage and increasing bias voltage at any given gas pressure. This maximum coating
thickness of ~5.3 um was achieved for the DLC-Si-316L-09 coating with the highest gas pressure and
highest bias voltage (15 pbar and 350 V). Deposition rates as shown in Table 1, varied proportionally
with film thickness, yielding rates varying from 29 to 118 nm/min, as the deposition time was
maintained constant for all coatings considered.
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Figure 1. X-ray photoelectron spectroscopy (XPS) depth profile for sample DLC-Si-316L-01.
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3.2. Determination of Chemical Bonding States (sp*/sp> Contents) from XPS

219

Figure 2 shows the sp® and sp® content for samples DLC-Si-316L-01 to -09 which were deposited at
various bias voltage and gas pressures. All sp? and sp® amounts were observed to lie between
79.6-82 at% for sp? and 15-6.7 at% for sp>. No observable trends (decreasing or increasing sp?/sp°
amounts) were observed with changing bias voltage or gas pressure.

Figure 2. Chemical bonding states (sp?/sp> content) for samples DLC-Si-316L-01 to

DLC-Si-316L-009.
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3.3. Structure, Hardness and Modulus of Elasticity Results

Figure 3 shows a typical TEM image and corresponding selective area electron diffraction pattern
(SAED) for the DLC coatings deposited in this study. The dense, featureless images observed combined
with the absence of any diffraction rings confirm that these DLC carbon films showed no crystalline
microstructure and were indeed completely amorphous.

Table 2 shows the hardness and modulus of elasticity results for the DLC coated samples as a
function of gas pressure and bias voltage (DLC-Si-316L-01 to DLC-Si-316L-09), compared with
uncoated 316L stainless steel as a reference. In general, the deposition of DLC led to a significant
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increase in hardness from 2.9 GPa to values ranging from 19.1 to 27.3 GPa. While the modulus of
elasticity decreased in most cases from 220.4 GPa down to values typically in the range 157-206 GPa.
Hardness and modulus of elasticity increased with increasing bias voltage at the low gas pressures, while
at higher gas pressures, no such correlations were observed. Increased C,H, gas pressure generally
induced a decrease in the hardness and modulus of elasticity at a given bias voltage.

Figure 3. Transmission electron micrograph (TEM) image and corresponding selective area
electron diffraction pattern (SAED) for a typical diamond like carbon (DLC) coating
deposited in this study.

Table 2. Hardness and modulus of elasticity values for DLC coatings DLC-Si-316L-01 to
DLC-Si-316L-09.

Sample Hardness Standard Deviation Modulus of Standard
[GPa] [GPa] Elasticity [GPa] Deviation [GPa]

Uncoated 316L 2.9 0.2 220.4 12.9
DLC-Si-316L-01 25.4 15 190.5 7

DLC-Si-316L-02 25.6 1.3 206.6 5.6
DLC-Si-316L-03 27.3 1.7 217.8 8.5
DLC-Si-316L-04 20.6 1.2 158.9 5.4
DLC-Si-316L-05 20.6 1.2 170.5 6.3
DLC-Si-316L-06 20.3 1.3 159.6 5.8
DLC-Si-316L-09 19.0 1.1 157 6.1

Analysis of the hardness and elastic modulus data as a function of coating thickness shows conflicting
results. Hardness and elastic modulus were observed to increase with increasing coating thickness as a
result of bias voltage increases (constant gas pressure). However, a decrease in the hardness and elastic
modulus was observed with increasing coating thickness as a result of increasing gas pressure (constant
bias voltage). These results highlight the complex interactions associated with the process deposition
variables and the resultant effects on the properties.
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3.4. Wear Test Results

The wear test results showing the wear volume removed from the coatings are shown in Figure 4. The
deposition of the DLC coatings led to a significant improvement in the overall wear resistance, the wear
rate for the uncoated 316L sample was 3.38 =< 10> m*/mN (not shown in Figure 3) in contrast to the
lowest wear rate value of 2.8 <10 m*mN for sample DLC-Si-316L-07. These results indicate that the
wear rate could be reduced by factors ranging from ~65 (DLC-Si-316L-02) to ~1200 (DLC-Si-316L-07)
depending on the process parameters.

Figure 4. Variation in wear rates for DLC coatings with Si interlayers at varying bias voltage
and gas pressure.
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Generally, at the intermediate to high gas pressures (10 and 15 pbar), wear resistance was observed to
decrease (higher wear rates) with increasing bias voltage. It is interesting to note that coating
DLC-Si-316L-02 not only showed the highest wear rate but also exhibited the largest deviation from all
samples investigated. This could be associated with inconsistent wear/deformation within the wear
track, supporting the need for measuring a number of wear profiles within the wear track to obtain a
statistically viable result.

SEM micrographs of coatings with low (DLC-Si-316L-07) and high (DLC-Si-316L-06) wear rates
are shown in Figure 5a,b respectively. The more wear resistant coating DLC-Si-316L-07 has a wear
track showing slight deformation and possibly some cracking, but no coating removal (Figure 5a) in
contrast to coating DLC-Si-316L-06 (Figure 5b) showing cracking and coating spallation over a
significant area of the wear track, particularly at the edges of the wear track.

Figure 6a shows a representative wear track profile taken from sample DLC-Si-316L-07. The wear
track profiles exhibited a depth of approximately 1.5 um which is significantly lower than the coating
thickness of ~3.6 um. In contrast, the wear track profile taken from sample DLC-Si-316L-06 (Figure 6b)
has a depth of approximately 10 pm, which is significantly higher than the coating thickness of ~4.0 pm.
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Figure 5. (a) SEM of DLC coating DLC-Si-316L-07 wear track (500> Magnification);
(b) SEM of DLC coating DLC-Si-316L-06 wear track (250> Magnification).
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Figure 6. (a) Wear track profile from coating DLC-Si-316L-07; (b) Wear track profile from
coating DLC-Si-316L-06.
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A XPS scan of the wear track of sample DLC-Si-316L-07 (Figure 7) shows a homogeneous
distribution of elements C (approx. 90%) and O (approx. 10%) with no Fe or Si present, indicating that
the coating is present over most of the wear track surface, confirming no removal of the coating after
wear testing. For sample DLC-Si-316L-06, the wear track depth exceeded the coating depth by a factor
of approx. 2.5 times at the centre of the wear track, inferring that all the coating should have been
removed (particularly at the centre) if the wear track depth is associated purely with wear. However, the
SEM image in Figure 5a, showing coating removal along the edges of the wear track and not in the
centre confirms that the wear tracks generated are predominantly attributed to deformation of both the
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coating and softer substrate system, and to a lesser extent, due to wear of the coating and subsequent
wear of the substrate itself. For sample DLC-Si-316L-07 any wear is confined to the coating itself and
the overall low wear characteristics are associated with both resistance to wear from the coating and
resistance to deformation from the combined coating and substrate system. For sample DLC-Si-316L-06
which was 6-7 times deeper, the overall wear characteristics can be attributed predominantly to
significantly increased deformation of the coating and substrate regions, and to a lesser extent wear of
the coating itself. However, cracking and spallation of the coating was observed in this coating, although
this was more likely to be associated with heavy substrate deformation resulting in the “egg shell” effect
when subject to high contact stresses, particularly noticeable at the edges of the wear track where
stresses are considerably higher. It would appear that the wear resistance of the coating system at lower
bias voltages can be attributed to not only inherent improved wear resistance itself but also to inducing a
resistance to plastic deformation when subject to sliding wear under high contact stresses.

Figure 7. XPS scan of wear track profile of coating DLC-Si-316L-06.
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It should be noted that the theory postulated above regarding wear and deformation of the coating and
substrate, would suggest that the substrate of coating DLC-Si-316L-06 deformed considerably more
than that of coating DLC-Si-316L-07. While, the DLC coating itself may play a role in providing
resistance to deformation for coating DLC-Si-316L-07, it is possible that the deposition conditions for
coating DLC-Si-316L-06 (increased bias voltage) may have induced substrate softening. However,
confirmation of this would require further work in this area. Nevertheless, the findings from this
component of the study provide conclusive evidence that support the author’s belief that these DLC
coatings with ultra-high flexible properties can be achieved with an appropriate coating system and
optimal choice of deposition process parameters (low bias voltage of 250 V and high gas pressure of
15 pbar) and deposition conditions as indicated in the Experimental Section.

3.5. Adhesion (Scratch Test) Results

Optical micrographs of selected scratch channels conducted on DLC coatings with Si interlayers at
varying bias voltage and gas pressure are shown in Figure 8a,b. All samples show quite good adhesion of
the coating, since low spallations appear as shown for example in Figure 8a (sample DLC-Si-3161-04)
and Figure 8b (sample DLC-Si-316L-06), even if sample DLC-Si-316L-06 is grown with a thickness of
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4.4 m and has almost double the thickness of sample DLC-Si-316L-04 (2.2 pam). At higher bias voltage
of 350 V (sample DLC-Si-316L-06, Figure 8b) a little more spallation at the wear track edges appears.
For comparison, scratch test results are shown for samples grown under similar conditions but without
Si-interlayer from unpublished work in Figure 8c,d. Figure 8c shows DLC-316L-01 (5 pbar, —250 V,
2.2 m) and Figure 8d shows DLC-316L-09 (15 pbar, —350 V, 4.1 pm). The samples have similar
hardness and elasticity, but the higher thickness seems to result in spallation. These results reveal that the
Si interlayer improves adhesion of the carbon coating.

Figure 8. (a) Scratch test on sample DLC-Si-316L-04 at 0.5 N load and 500><Magnification;
(b) Scratch test on sample DLC-Si-316L-06 at 0.5 N load and 500x Magnification;
(c) Scratch test on sample DLC-316L-01 at 0.5 N load and 500= Magpnification; (d) Scratch
test on sample DLC-316L-09 at 0.5 N load and 500> Magnification.

4. Discussion
4.1. Influence of Process Parameters on Deposition Rate and Film Thickness

The DLC coating thickness was observed to vary with the working gas pressure and substrate bias
voltage. As the deposition time was kept constant, the results would suggest that the deposition rate
increased with increasing voltage and gas pressures. Deposition rates typically varied from 42.2 nm/min
at 250 V bias and 5 pbar, to 117.8 nm/min at 350 V bias and 15 pbar gas pressure. A similar study
conducted by Heeg et al. [27] revealed an increase in the deposition rate from 10 nm/min to over
90 nm/min was observed for PECVD DLC deposited on Ge substrates as the self-bias was increased
from 200 to 400 V. Above 400 V, growth rate saturation was reached. From the current study, the
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observed increase in deposition rate with increasing bias voltage is in agreement with the findings of
Heeg et al. [28]. However, a saturation point was not reached, possibly due to the upper point of the bias
voltage range considered being lower than 400 V. It is quite likely that increased deposition rate with
both increasing bias voltage and increasing gas pressure can be explained firstly in terms of the energies
of the arriving species at the substrate surface or the growing film, respectively, due to the acceleration
by the electric field and secondly in terms of higher carbon feed in the gas phase at higher working
pressure: Higher deposition rates can be attributed to increased attraction of ionised species to the
substrates and growing films with higher bias. In addition, the arrival of species at the substrate surface
with greater energies due to higher bias can result in improved adhesion and bonding of the coating
species, thus reducing the formation of loosely bonded species which can be subsequently removed
by re-sputtering.

The increase in deposition rate with gas pressure can be explained in terms of the energy of the
arriving species arriving at the surface too. Studies conducted by Ward on sputtered Nb coatings and the
effect of bias voltage and argon gas pressure [29] revealed that lower argon gas pressures induced more
intense ion bombardment. lons/neutrals arriving at the surface would maintain higher kinetic energies
due to the virtually collision free paths they travel across the plasma at low working gas pressures and
thus induce higher re-sputtering rates of loosely bonded adatoms at the coating surface and therefore
suppressing film growth. At higher working gas pressures, ionic species arrive at the surface with
reduced kinetic energies associated with lower mean collision free paths. This combined with increased
gas scattering effects may have resulted in reduced re-sputtering effects. Another possibility is the higher
gas pressures can increase the ionization efficiency of the plasma and hence ionized or partially ionized
coating species arrive at the surface available for nucleation and growth of the coating.

The above discussion has focused on possible explanations for increased deposition rates/film
thickness in terms of the ionization energies available as a result of variations in both bias voltage and
gas pressure. It is likely that all these mechanisms have played a significant role in influencing the
deposition rate as deposition rate increased (i) with increasing bias voltage at constant gas pressure and
(i) increasing gas pressure at constant bias voltage. However, it is not possible to state as to the extent
that these mechanisms have contributed to the overall energy ionization.

4.2. Influence of Process Parameters on Hardness and Modulus of Elasticity

The observed hardness and elastic modulus results are typical of those recorded in the literature [6,30,31]
where the hardness of a-C:H coatings is within the range 18-40 GPa while the values for the modulus of
elasticity are in the range of 25 to >400 GPa. Wu et al. [32] observed a reduction in DLC film hardness
with increasing gas pressure. This was attributed to decreased ion energy due to collision phenomena thus
producing ions with lower energy that make more graphitic carbon links and hence a coating with overall
reduced hardness.

The influence of the coating parameters on hardness and Young’s modulus values in terms of the ion
bombardment energy, can be explained using the subplantation model of Robertson [33]. Initially, the
carbon atoms from the PECVD plasma deposition have sp® bonding states, which is at the lower-energy
state. However due to the plasma conditions, a number of the carbon ions with a higher energy level
penetrate the growing film (subplantation) and start to compact it which leads to formation of sp®
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bondings and thus increases the density and energy in the growing amorphous film. Thus, increased bias
voltage and reduced working gas pressures are expected to promote the formation of sp* bonding, due to
higher energy states of the carbon ions. In the current study, although sp* bonding was observed in all the
coatings, as shown in Figure 2, no correlations could be observed between chemical bonding states
(sp°/sp® content) and changing bias voltage or gas pressure.

It is suggested that in the current study, increased ion energy for coatings deposited using higher bias
voltages and lower gas pressures, due to mechanisms detailed in Section 4.1, may be responsible for the
increased hardness and elastic modulus. While this has been associated with increased formation of sp®
bonding in the growing amorphous films [33], such correlations were not observed in the present study.
However the energy of the accelerated ions is also dissipated through thermal process and relaxation.
Therefore, the sp® content attains a maximum value with increasing bias voltage, above which a further
increase in the bias voltage results in decreasing sp> content in the amorphous films.

It is further postulated that atoms arriving at the coating surface with greater energy due to longer
mean free path at reduced gas pressure and higher bias voltages, due to greater acceleration of ionic
species, may result in the generation of higher inherent stresses and localised strain fields set up in the
coating, resulting in increased hardness and elastic modulus. However, residual stress analysis would
need to be carried out to confirm the existence of any such correlations.

4.3. Influence of Process Parameters on Wear and Adhesion Characteristics

Analysis of the wear behavior and adhesion suggest that while both the bias voltage and working gas
pressure influence the wear and adhesion characteristics of the coating, the bias voltage appears to be the
more dominant factor in wear and adhesion behavior, more so than the gas pressure. In addition, there
appears to be a correlation with the deposition rates. It is suggested that the improved adhesion at lower
bias voltages, irrespective of the gas pressure, is associated with the production of thinner DLC films.
This may be linked with lower internal stresses existing in the thinner coatings deposited at lower bias
voltages. As mentioned in Section 4.2, residual stress analysis would need to be carried out to confirm
the existence of any such correlations. Further, improved wear resistance for coatings with lower film
thickness (deposited at lower bias voltage) may be attributed to combinations of improved adhesion and
lower internal stresses within the system.

The increased wear resistance of the coatings observed in general at the higher gas pressures may be
associated with the lower observed hardness and elastic modulus under such conditions, thus allowing
the coatings to deform under high contact stresses rather than crack if too brittle.

4.4. Influence of Si Interlayers on the Adhesion and Wear Behavior

As shown in Section 3.4, the adhesion PECVD coatings without the presence of a Si interlayer
showed that under the same deposition conditions (identical bias voltage/gas pressure combinations),
reduced adhesion was observed at the higher bias voltages and gas pressures, however the cracking and
spallation was more severe for the DLC coatings without a Si interlayer. At high bias voltage (350 V)
and working gas pressure (15 pbar) combinations, extensive regions where the coating has cracked and
spalled away can be observed outside of the scratch track, as opposed to confined spallation at the edge
of the scratch channel, in the presence of a Si interlayer (Figure 7b). These findings confirm that the
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presence of a Si interlayer improves the adhesion characteristics, particularly at the higher bias voltage
and gas pressure combinations. Furthermore, the adhesion of the DLC film to the substrate was so low
that the film completely spalled off during the wear test.

In contrast, the observed wear rates were generally lower for all DLC coatings deposited at all bias
voltages (250-350 V) and low to intermediate gas pressures (5-10 pbar) without the presence of a Si
layer. Here, wear rates were typically in the range 10 *> m*/mN and no more than 1.0 <10 ** m¥mN.
However at higher gas pressures, the wear rates were lowered in the presence of a Si interlayer.

5. Conclusions

XPS in depth profiling mode was used successfully to monitor the thickness of the DLC coating and
thickness of any transient layer. Coating thickness generally increased with increasing bias voltage and
increasing gas pressure. This was attributed to increased attraction of ionised species/high energy
neutrals to the substrates/growing films with higher bias and increased ionization efficiency of the plasma
at higher gas pressures.

All DLC coatings showed higher hardness than the uncoated samples. The hardness and modulus of
elasticity were influenced predominantly by variations in the deposition process variables, and to a lesser
extent by the coating thickness alone. At low working gas pressures, hardness and modulus of elasticity
increased with increasing bias voltage. Reduced hardness and modulus of elasticity were observed with
increasing gas pressures. This was possibly associated with decreased ion energy due to collision
phenomena encouraging the formation of more graphitic carbon links.

Wear resistance improved significantly for all coating systems studied compared with the uncoated
material. The wear resistance increased by a factor as high as ~1200><when compared with the uncoated
316L Lower wear rates were generally observed for thinner coatings deposited at intermediate to high
gas pressures and lower bias voltages.

Increased adhesion was generally observed at lower bias voltages and higher gas pressures. This was
attributed to thinner DLC films and the generation of lower internal stresses within the coating at lower
bias voltages and lower hardness/elastic modulus at higher working gas.

The wear behavior of these coatings was largely attributed to deformation of both the coating and
substrate with some coating removal at the wear track edges. This suggests that coatings deposited under
certain conditions (low bias voltage and high working gas pressure) can exhibit ultra high flexible properties.

6. Future Work

To conduct residual stress analysis on DLC coatings with Si interlayers as a function of the applied
bias voltage and working gas pressure.

To conduct similar adhesion, wear, hardness studies on DLC coatings with incorporation of various
dopants (H, Ar, N, O, etc.) and multi-layered coating systems to further optimise the coating properties.

To assess the tribological properties of DLC coated 316L stainless steel in contact with alternative
ceramic and steel counter material.

To conduct further wear tests under lubricating conditions and electrochemical corrosion studies in
saline environments.
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