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ABSTRACT
In this paper, the tribological assessment of highly
hydrogenated DLC coatings (~ 50 at % hydrogen) is
reported. The coatings are deposited by means of a
high-density Inductively Coupled Plasma (ICP) source.
ICP plasmas combine the advantage of a high
throughput (due to high plasma density) with low,
controllable ion impact energies on the substrate. The
tribological performance of the developed coatings has
been assessed by ball-on-disc tests in different
atmospheres (air 50% RH, vacuum and dry nitrogen).
In dry and inert environments, the highly hydrogenated
DLC coatings reach a very low friction level (0.02-0.03
in dry N2, 0.006-0.013 in vacuum). In humid air
conditions, the friction coefficient is increased to 0.20.3, showing a less stable level. With regard to wear
rates, a very low wear factor could be obtained in dry
N2 (range E-017 m3/Nm), whereas the highest wear
factor was observed in vacuum (range E-015 m3/Nm).
1.

INTRODUCTION

The development of advanced solid lubricants is of
considerable importance to space tribology. The most
common solid lubricant coatings today are based on
MoS2, lead or PTFE. However, none of these coatings
can simultaneously fulfill all specifications, with
regard to friction and wear, under ambient atmosphere
and in vacuum. Consequently, research is currently
being aimed at further improvements in advanced solid
lubricant coatings. One approach is to optimize
Diamond Like Carbon (DLC) coatings to meet the
specifications. DLC are an emerging class of coatings
that have shown promising tribological characteristics,
including high wear resistance and low friction
coefficients, as well as chemical inertness, infrared
transparency and high electrical resistivity [1].
Research so far has demonstrated that the hydrogen
content of DLC coatings influences the tribological
behaviour of the coatings [2] [3]. Incorporating doping

elements such as nitrogen, fluorine, silicon and some
metals can also be effective [4]. However, few
formulations are capable of offering good tribological
performance in both vacuum and ambient environment.
In this study, the viability of three formulations of
highly hydrogenated DLC coatings (~ 50 at%
hydrogen) for solid lubricant applications in space was
assessed by ball-on-disc testing in air, vacuum and dry
nitrogen. The best performing coating will be applied
to real components in the future and subjected to
application-related tests in air and vacuum.
2.
2.1

EXPERIMENTAL
Coating deposition

An appropriate deposition process has been developed
to produce highly hydrogenated DLC coatings (~50
at% H) using methane-hydrogen gas mixtures. The
coatings are deposited by means of a high-density rf
(13.56 MHz) Inductively Coupled Plasma (ICP)
process. The substrates are biased by means of a
bipolar pulsed dc power, in the frequency range 150250 kHz using bias voltages of 75-120 V. ICP plasmas
combine the advantage of a high throughput (due to
high plasma density) with low, controllable ion impact
energies on the substrate [5]. The deposition process is
fully PACVD-based, which is considered advantageous
when compared to the more complex PVD/PACVD
hybrid processes.
In this paper, three formulations of the DLC coatings
have been evaluated. All coatings were deposited at a
process pressure of 10 mTorr, ICP rf power of 100 W,
80% CH4 + 20% H2 gas mixture, with different biasing
parameters. The coatings were deposited onto AISI
52100 steel discs which were mirror polished (Ra <
0.01 µm). Substrate hardness was 62 Rockwell C. Prior
to DLC coating deposition, the samples were plasma
cleaned and a silicon-based interlayer was applied to
ensure coating adhesion.

2.2

Coating characterization

As a quality control, the coatings were characterised
for coating thickness, roughness, hardness, hydrogen
content and adhesion to the steel substrate. An UBM
ITF 100 contact stylus profilometer was used to
determine the surface roughness and the coating
thickness via step height measurement. The mechanical
properties (hardness and Young’s modulus) were
determined by depth sensing indentation, using a
Nanotest 550 instrument from Micro Materials Ltd.
which was equipped with a Berkovich diamond
indenter. Indentation hysteresis curves were analysed
according to procedures detailed by Jennett et al. [6].
Penetration depth was limited to 100 nm to minimise
substrate contributions. The hydrogen content of the
coatings was determined by Elastic Recoil Detection
(ERD) analysis, using 2.02 MeV He+ ions to irradiate
the surface. The energy of the recoiling atoms depends
on their mass and the recoil angle, enabling their
identification and quantification. Determination of the
hydrogen content of the DLC coatings, was conducted
by the Interuniversity MicroElectronics Center
(IMEC), Belgium. The adhesion of the coatings to the
substrate was assessed by scratch testing, using a CSM
Revetest. In this test, a diamond stylus is drawn across
a surface under increasing normal load until some well
defined failure event is observed along the scratch
track. The normal load at which this occurs is the
critical load, measured in Newton (N).
2.3

Ball-on-disc tribological testing

Ball-on-disc tests were performed to assess the
tribological behaviour of the DLC coatings. Uncoated
steel (AISI 52100) balls Ø 7.14 mm were used as the
counterbody. The tests were carried out at a normal
force of 5 N and the wear track radius was set to 9.5
mm. All tests commenced at a sliding speed of 10 rpm
(0.01 m/s) for the first 100 disc cycles. After this
running-in period, sliding speed was set to 200 rpm
(0.2 m/s) until completion of 100 000 disc cycles. The
tests in vacuum were stopped when the peak friction
coefficient exceeded 0.3. No additional lubrication was
applied to the contact. The coatings were evaluated
under vacuum, moist air (50% RH) and dry nitrogen
environments.
Testing in vacuum was carried out using a Pin-On-Disc
(POD) tribometer at the European Space Tribology
Laboratory (ESTL). This apparatus allows the
measurement of sliding friction between a steel ball
mounted on a rotating arm loaded against a stationary
disc. The test rig is mounted inside a vacuum chamber
that is evacuated by a turbomolecular pump down to
5x10-6 mbar.

The tests in moist air and dry nitrogen were performed
at Vito using a CSM BOD Tribometer. This apparatus
consists of a rotating disc, while the ball was fixed and
loaded by a dead weight system. The humidity of the
air was 50 ± 10 % RH, and dry nitrogen conditions
were established by purging the tribometer enclosure
with bottled nitrogen (< 3 ppm O2, < 2 ppm H2O).
After test completion, the disc wear factor (kv), i.e. the
ratio of the worn volume to the normal load and sliding
distance, was obtained by measurements of the depth
of the wear scar at four positions 90 degrees apart by
surface profilometry. The wear scar on the ball was
also measured. The respective wear tracks and scars
were inspected using optical microscopy and selected
specimens were examined by scanning electron
microscopy (SEM).
3.

RESULTS AND DISCUSSION

3.1

Coating quality assessment

Table 1 below shows the quality control results for the
different coating formulations. Critical load values
correspond with local coating spallation, both cohesive
and interfacial. This failure event occurred inside the
scratch track (coating formulations 1 and 2) or at the
scratch track borders (coating formulation 3).
3.2

Ball-on-disc tribotest results

3.2.1

Effect of test environment

Figure 1 shows the evolution of the coefficient of
friction (µ) versus sliding cycles for all three coating
formulations as obtained from the ball-on-disc tests in
humid air and vacuum.
All three coating formulations have a lifetime of over
100 000 cycles in air. For coating formulations 1 and 2,
the coefficient of friction varies considerably during
the test, showing a final friction value of around 0.2.
The fluctuation of the friction coefficient could be
associated either with a periodical removal and
recovery of a transfer layer built up at the surface of the
ball, or with the abundance of wear debris in the
contact. However, microscopic inspection of the wear
tracks after the tests showed relatively low amounts of
debris on the wear tracks, suggesting that fluctuations
are probably not associated with debris. Coating
formulation 3 shows a stable friction level around 0.17
throughout the test. A steady state friction level was
reached after 40 000, 10 000 and 1 000 cycles for
coating formulation 1, 2 and 3, respectively. For all
three coating formulations, wear track depth never
exceeded 0.6 µm, which constitutes about half the total
coating thickness.

Table 1. Quality control parameters of the different DLC coating formulations
Coating
formulation

Thickness (µm)

Roughness
Ra (µm)

Hardness (GPa)

E-modulus (GPa)

Critical load (N)

H-content (%)

1
2
3

1.1
1.1
1.1

0.01
0.01
0.01

8.7 ± 0.7
8.6 ± 0.6
13.9 ± 2.0

82 ± 3
70 ± 2
127 ± 4

29 ± 1
27 ± 1
22 ± 1

51
49
44

Fig. 1.
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Mean coefficient of friction versus sliding cycles for the three coating formulations in air and vacuum.

Coating formulation 3 shows a stable friction level
around 0.17 throughout the test. A steady state friction
level was reached after 40 000, 10 000 and 1 000
cycles for coating formulation 1, 2 and 3, respectively.
For all three coating formulations, wear track depth
never exceeded 0.6 µm, which constitutes about half
the total coating thickness.

SEM post-test inspection of the specimens tested in
vacuum (Fig. 2) showed that in all cases the coating
had been worn through to the underlying steel
substrates at several points within the wear track and
layers of very fine wear debris had accumulated on
each side of the wear track. EDAX inspection revealed
the evidence of areas with high carbon and silicon
content on the worn surface of the balls, confirming the
transfer of material from the DLC coating. It is
believed that this transfer layer provides protection
against wear, and decreases the friction in the ball-disc
sliding contact. This argument is consistent with other
published studies [7] [8], which have demonstrated the
transferred materials to be hydrocarbons from the
rubbed film.
In vacuum, coating type 2 yielded the best friction and
wear results. A very low friction coefficient (0.007) is
combined with a long lifetime (100 000 cycles).
Because the coating performance in vacuum is crucial
for space applications, coating formulation 2 was
selected for detailed tribological assessment.

(a)

(b)

Fig. 2. SEM images of : (a) wear track on the disc
and (b) wear spot on the bal, after the ball-ondisc test in vacuum of coating formulation 2.

major effect of the test environment on the frictional
behaviour of the coating. Highly scattered frictional
behaviour was obtained in humid air, typically yielding
values of 0.20 to 0.25. In nitrogen, the friction
coefficients showed initial values around 0.2 and then
reached stable and low values around 0.03. Ultra low
friction coefficient values around 0.008 were obtained
in vacuum after a running-in period. Friction results are
consistent with previous research on DLC coatings [7]
[9] and showed an improvement with respect to
sputtered MoS2, for which the friction coefficient in
vacuum is typically in the range 0.01-0.06 [10].
Coating lifetime exceeded over 100 000 cycles in air
and dry nitrogen, while in vacuum the coating lifetime
was 34 000 cycles.
Friction and wear behaviour as function of load and
environment are summarized in Figure 4, clearly
indicating that both friction and wear are
predominantly influenced by the test environment, with
the applied normal load providing secondary effects.
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For the vacuum tests, the lifetime of the three tested
coatings appeared to be lower than in air. For coating
formulations 1 and 3 high peak friction values (µ 0.3)
were registered (not shown in Fig. 1 where only mean
friction values are provided) which were understood as
local coating failures. Vacuum tests for all of the
coatings were characterised by a an initial running-in
period (> 100 cycles) in which the friction increases to
values around 0.2 and then decreases to values around
0.02. The running-in period is followed by a stable
period of ultralow mean friction around 0.009 for
coating formulations 1 and 3 and 0.007 for coating
formulation 2 (reaching a minimum value of around
0.002 for coating formulation 3). The running-in period
is believed to be attributed to the build-up of a transfer
layer on the ball counterface.
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Effect of environment and load on selected
coating formulation

Coating formulation 2 was selected for detailed testing
in air, dry nitrogen and vacuum. Normal loads of 3.3,
5, 10 and 20 N respectively were applied. Figure 3
shows the evolution of the friction coefficient for this
coating type at a normal load of 10 N; it reveals the
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Fig. 3. Tribotest at 10 N in humid air, dry nitrogen
and vacuum for coating formulation 2.
As shown in Figure 4b, the specific disk wear rate (kv)
was relatively low (< 1x10-5 mm3 N-1 m-1) under all test
conditions. The specific wear rate in air was at least
one order of magnitude higher than the wear rate in N2

and lower than the wear rate in vacuum. Post-test
microscopic investigation of both the coated discs and
balls revealed that the amount of wear debris
accumulated near the respective wear scars increased
with increasing the normal load for all test
environments.
Coating lifetime is affected by the applied load for
vacuum tests, yielding lifetimes of 51500, 67000,
34000 and 16500 cycles for 3.3, 5, 10 and 20 N loads
respectively. As a comparison, when tested in vacuum
under reciprocating motion at a load of 20 N, sputtered
MoS2 is capable of yielding a life in the order of
100000 cycles in comparison with the 16000 cycles
observed for the tested DLC coating [11].
100 000
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CONCLUSION

The fully PACVD-based Inductively Coupled Plasma
(ICP) technique has proven to have potential for the
deposition of highly hydrogenated DLC coatings on
AISI 52100 steel substrates and ball bearings for use in
space. In this paper, three formulations of DLC
coatings have been developed for tribological
evaluation in air and vacuum.
Ball-on-disc tests have shown that the tribological
performance of highly hydrogenated DLC coatings
depends strongly on the deposition conditions and the
tribotest environment. Coating formulation 2 showed
an excellent tribological performance in vacuum,
combining a lifetime of 100 000 cycles with a very low
coefficient of friction (0.007 in steady-state regime).
Based on these results, this formulation was selected
for extended tribological testing in humid air, dry
nitrogen and vacuum.
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Fig. 4. Effect of load on (a) friction and (b) wear
behaviour in air, nitrogen and vacuum.
In general, coating formulation 2 showed good overall
performance in humid air, dry nitrogen and vacuum
environments. The tribological tests were considered
successful with respect to the lubricating qualities of
the coating in vacuum, nitrogen or air since the
coating, after running-in, exhibited a friction level
which did not exceed a mean value of 0.27 for over
100 000 cycles. In addition, following test completion,
the coatings showed no evidence of delamination or
cracking. These results indicated that this DLC coating
might be suitable for space applications in general.

During the extended study, it was found that the test
environment has the most decisive effect on both
friction and wear rate, while these parameters are only
slightly affected by varying the applied load under a
given atmosphere. It was concluded that some highly
hydrogenated DLC coatings were capable of yielding
ultra-low friction values in vacuum (µ = 0.008). The
average friction coefficient range obtained in humid
air, dry nitrogen and vacuum for the range of applied
loads were respectively 0.22 to 0.27, 0.02 to 0.03, and
0.007 to 0.013. Coating lifetime was over 100 000
cycles for the entire load range tested in air and
nitrogen, but was affected by the applied load as far as
tests in vacuum are considered. The specific wear rate
was lower than 1x10-5 mm3 N-1 m-1 under all test
conditions, which was considered favourable.
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