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ABSTRACT .

In this study, we investigated the effects of various source gases (methane, ethane, ethylene,
and acetylene) on the friction and wear performance of diamondlike carbon (DLC) films
prepared in a plasma enhanced chemical vapor deposition (PECVD) system. Films were
deposited on AISI H13 steel substrates and tested in a pin-on-disk machine against DLC-
coated M50 balls in dry nitrogen. We found a close correlation between fricgion coefficient and
source gas composition. Specifically, films grown in source gases with higher hydrogen-to-
carbon ratios exhibited lower friction coefficients and higher wear resistance than films grown
in source gases with lower hydrogen-to-carbon (H/C) ratios. The lowest friction coefficient
(0.014) was achieved with a film derived from methane with an H/C ratio of 4, whereas the
coefficient of films derived from acetylene (H/C = 1) was of 0.15. Similar correlations were
observed for wear rates. ',Speciﬁcally, films derived from gases with lower H/C values were
worn out and the substrate material was exposed, whereas films from methane and ethane
remained intact and wore at rates that were nearly two orders of magnitude lower ‘than films

obtained from acetylene.
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INTRODUCTION

Diamondlike carbon (DLC) films provide low friction and high wear resistance to sliding-
contact interfaces, hence they are good prospects for a wide range of tribological applications.
Some of the current and future tribological applications for these films are high-precision
bearings, biomedical implants, mechanical seals, hard disks, microelectromechanical systems,
gears, metal- and/or plastic-forming dies, etc. [1-3]. DLC films can be deposited at
temperatures ranging from subzero to 300°C and at fairly high deposition rates by a variety of
methods, including ion-beam deposition, DC and RF magnetron sputtering, arc-physical vapor
deposition (arc-PVD), plasma-enhanced chemical vapor deposition (PECVD), and laser
ablation [4-8]. Depending on the deposition method and carbon source, large amounts of
hydrogen may be present within the amorphous structure of DLC films [1,3]. Films with very
little or no hydrogen are also available and can be deposited by laser ablation and arc-PVD
methods [9,10]. Recently, new procedures were developed to dope these coatings with several
elements (e.g., nitrogen, silicon, tungsten, titanium, and niobium) to modify their structure
and/or chemistry and thereby achieve better optical, electronic, or tribological properties [3,11-
13]. Briefly, the DLC films of today may look alike but they differ markedly in their

properties.

Because of large differendes in the microstructure and chemical states of DLC films, reported
tribological data differ substantially from one paper to another. Furthermore, the tribological
performance of these films is very sensitive to test conditions. Specifically, research data have
shown that the friction and wear coefficients of these films differ substantially when tested in
differing environments or at high temperatures. Other test parameters (such as load, speed,
counterface material, and temperature) were also shown to influence the tribological behavior
of DLC films [13-17]. Certain DLC films exhibited high friction and wear in humid test
environments whereas others were less sensitive to ambient humidity. The presence of some

dopants (e.g., silicon) in their structures appears to make these films less sensitive to humidity




[13]. The performance of hydrogen-free DLC films is better in moist air, but hydrogenated
DLCs provide much lower friction and wear in dry and inert test environments [18-23]. For
most DLC films, exposure to high temperatures may cause irreversible chemical and structural
changes that can, in turn, lead to high friction and wear [17,24]. At 300°C and above, DLC
films gradually turn into graphite and hence wear out quickly [24]. Certain dopants such as
silicon, titanium, tungsten, may retard graphitization and hence stretch the durability of DLCs

at elevated temperatures.

The goal of this study is to investigate the effects of source gas composition on the friction and
wear performance of resultant DLC films. In an earlier study [25], it was shown that regardless
of the deposition process, the initial gas composition from which the DLC films were derived,
was the most critical factor that affected friction and wear. In this study, this observation is
further explored in an effort to gain further insight into the very complex friction and wear
mechanisms of DLC films. We hope that the results of this study will further the optimization
of source gas composition and lead to much-improved friction and wear performance of future

DLC films.
EXPERIMENTAL PROCEDURES

In this study, we used a PECVD method to produce DLC films on polished surfaces of AISI
MSO0 balls and H13 steel’substrates. The film were about 1 pum thick and were derived from
methane (CH,), acetylene (C2Hy), ethane (C;Hs), and ethylene (C;Hs) gases. The procedure for
forming DLC films on steel substrates by PECVD involved sputter-cleaning of the substrates
in an Ar plasma for 30 min by applying a 1200-1700V bias. The substrates were then coated
with a 50 - 70 nm thick silicon bond layer by switching to a sputtering mode and sputtering
silicon from a target. In some cases, silane (SiH4) gas was also used to form a bond layer on
steel substrates. Finally, carbon-bearing source gases were bled into the chamber and the
deposition of DLC on the substrates was started. The gas pressure varied between 10 and 13

mtorr and the RF bias was maintained at 1600 V. Further details of the deposition process can
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be found in Ref, 25.

The samples were tested for friction and wear on a ball-on-disk tribometer, in a dry nitrogen
environment under a 10 N load (which created a peak Hertz pressure of 1.04 Gpa) and at a
velocity of 0.5 m/s for a distance of 5 km. To measure the friction coefficient of the DLC
coating against itself, not against steel, AISI M50 steel balls (9.5 mm in diameter), also coated
with DLC, used as the counterface material. The Vickers hardness of the substrates and balls
was ~8 GPa and their surface roughness was better than 0.1 pm centerline average (CLA).
Each coating was tested twice in dry nitrogen (0% humidity). The test chamber was purged
with dry nitrogen for at least two hours after 0% humidity was shown on a hygrometer display
unit. Wear volume (W,) of the steel balls was determined with an optical microscope.
Specifically, wear scar diameter and the diameter of the ball were used in the equation: W, =
3.14d%/64r, where r is the ball radius, d is the diameter of the wear scar, and Wy, is the wear

volume. To simplify the calculations, we assumed that the wear scar was flat.

EXPERIMENTAL RESULTS

The Raman spectra of the films derived from various source gases revealed broad peaks that
were centered at ~1560 cm™ and shouldered peaks at ~1350 cm™. The shouldered peaks were
somewhat less pronounced on films produced in acetylene and ethane plasmas. Overall, the
films displayed Raman féatures typical of DLC films and were consistent with the Raman

spectra presented elsewhere [1,26,27].

Figure 1 shows the frictional performance of DLC films derived from various source gases.
The values in this figure are based on the average of the steady-state portion of the actual
frictional traces. As is clear, the friction coefficient of the film grown in acetylene was the
highest and the frictional trace of this test pair (Fig. 2) was rather unsteady. After the tests, we
noticed that the film was worn out on the ball side and that the M50 steel was slightly exposed.

The later portion of the frictional trace (see Fig. 2) of the film grown in an acetylene plasma




may have been due to the M50 steel sliding against the DLC film. This observation on
acetylene-grown films is consistent with the results of an earlier study during which acetylene-
grown films had shown a very high and erratic friction coefficient when tested against
uncoated steel balls in dry nitrogen. DLC films grown in ethylene exhibited relatively lower
(i.e., 0.08) friction coefficients at steady states, whereas the DLC films grown in ethane and
methane exhibited much lower friction coefficients (i.e., 0.04 and 0.014, respectively; see
Fig.2). In Fig.2, the frictional trace of the ethane-grown film is much smoother than that of the
acetylene-grown film. The friction coefficient of an uncoated M50 ball against the H13 steel

disk in dry nitrogen was ~0.8.

The wear rates of DLC-coated M50 balls during sliding against DLC-coated H13 disks in dry
nitrogen are shown in Fig.3. These rates show a similar trend to that of the friction results

presented in Fig. 1. Specifically, test data show that balls coated with acetylene-grown films

suffer the most wear (i.e., 7.5 x 107 mm®/N.m), whereas those balls coated with methane- -

grown films suffer the least wear (i.e., 9 x 10° mm*/N.m). The wear rate of an uncoated M50
ball against the uncoated H13 disk was 4.6 x 10° mm*/N.m when tested under the same
conditions. The wear rates of balls coated with ethylene- or ethane- grown DLC films were
moderate, but still significantly higher than those of the balls coated with a methane-grown

DLC film.

DISCUSSION N

The wear resistance of the DLC films is mainly attributed to their high mechanical strength and
hardness [1-4] whereas their low friction is not yet been fully-understood. However, it has
generally been speculated that the low friction of most carbon films, including DLC and
diamond, are largely due to the fact that these materials are chemically inert, hence, they exert
very little adhesive force during sliding against other materials. Other mechanisms, such as
micrographitization [28-30] and formation of transfer layers [19,22,31] on mating surfaces,

have also been proposed to explain the ultralow friction coefficients of DLC films.
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It is important to remember that most of these hypotheses are based on observations made on a
specific DLC film tested under a very specific condition. The family of DLC coatings is rather
large [4,32] and, depending on deposition method and/or condition, more diamondlike or
more- graphitelike films may be produced. Furthermore, highly hydrogenated or totally
hydrogen-free films can be produced. All of these factors can, in turn, affect the friction and
wear performance of the DLC films. Therefore, the proposed friction mechanisms should not

be regarded as applicable to all carbon films that we call DLC.

From our friction tests in dry nitrogen, it is clear that DLC films grown in a methane plasma
provide the lowest friction coefficient (0.014 at steady-state), whereas films grown in an
acetylene plasma provide the highest friction coefficient (see Figs. 1 and 2). The films grown
in other gases fall between methane- and acetylene- grown films in terms of their frictional
characteristics. As shown in Fig. 2, the friction coefficient of an ethane-grown film is much

lower than the friction coefficient of a film grown in acetylene plasma.

The wear resistance of DLC films correlates well with their friction performance. As can be
deduced from Figs. 1 and 3, films with higher friction coefficients suffer higher wear rates. The
difference between wear rates of balls coated with methane-grown DLC and those coated with
acetylene-grown DLC films is nearly two orders of magnitude (i.e., 9 x 10° mm*/N.m for

methane-grown film vs. 7.5 x 107 mm®/N.m for acetylene-grown film).

Clearly, the most apparent difference betwéen films that exhibit significantly different friction
and wear performance in dry nitrogen is the difference in the hydrogen-to-carbon (H/C) ratios
of the source gases. Methane has four H atoms for each C whereas acetylene has one. In the
case of ethane, the ratio is 3 and for ethylene, the ratio is 2. The friction and wear test results in
Figs. 1 and 3 suggest that DLC films produced in source gases with higher H/C ratios exhibit

superior friction and wear performance.




The large disparity in the friction and wear performance of films produced from various source
gases may be caused by several factors. It is logical to think that films produced in an acetylene
plasma are much poorer in hydrogen than films produced in a methane plasma. As a
consequence, the films derived from acetylene may have been more graphitelike than the films
derived from methane. As we know, hydrogen in DLC films acts as a promoter/stabilizer of
the sp>-bonded carbon phase [1,4]. When hydrogen is low, the amount of sp*-bonded carbon
precursors is expected to be low. Hence, these films will be more graphitic or will transform to
graphite more easily under the high mechanical and thermal loadings of dry sliding contacts.
Therefore, the reason for the high and erratic frictional behavior of acetylene-grown films in
dry nitrogen may be that these films were more graphitelike. Graphite works best in moist air,

but does not really provide low friction in dry air or nitrogen.

We believe that the excellent friction and wear behavior of films derived from methane and
ethane may be due to the fact that they contain more hydrogen in their structures than the
acetylene- and ethylene-grown films. As stated earlier, higher hydrogen concentration in DLC
films can have a stabilizing effect on the sp>-bonded carbon form [1]. As a result, during
sliding tests, these films act more like diamond than graphite. Furthermore, as reported by
several researchers [33-36], hydrogen is essential to achieve low friction on most carbon-based
materials because it can attach and passivate the dangling surface bonds of carbon in diamond,
graphite, or fullerenes. Apparently, when the dangling bonds are passivated, the adhesion
component of friction is dfastically reduced. In fact, the low-friction mechanism of diamond is
largely attributed to the highly péssive nature of its sliding surface [33-35]. When hydrogen
and other species are desorbed or removed from the sliding surfaces of diamond and/or
graphite (e.g., by ion-beam sputtering and/or high-temperature annealing in vacuum), the
friction coefficient increases significantly, presumably because the reactivated dangling bonds
cause strong adhesive interactions between the diamond and the counterface ball or pin

materials [33-40].

In an effort to further demonstrate the beneficial effect of hydrogen on the frictional behavior




e Mt st A B S Al D i = fem — - .

of DLC films, we ran a series of sliding tests on films that were grown in gas discharge
plasmas that consisted of pure methane, pure methane + 25% hydrogen, and pure methane
+ 50% hydrogen. The counterface ball (9.55 mm in diameter) was made of M50 steel. Figure
4 shows the results of these tests. It is clear from the figure that there is a close correlation
between the steady-state friction coefficients and the amount of hydrogen in the gas discharge
plasmas. Specifically, the higher the amount of hydrogen in the gas discharge plasma the lower
the friction coefficient of the resultant film. Also, the frictional trace becomes much smoother

as the amount of hydrogen increases in the source gas plasmas.

Briefly, we believe that hydrogen plays an important role in the frictional behavior of DLC
films. Films grown in methane contain more hydrogen in their microstructures than films
grown in other source gases, so these films were more saturated with a species that pacifies the
dangling bonds of carbon atoms that can otherwise cause high adhesion or friction during

sliding.
CONCLUSIONS

From the friction and wear data presented in this study, it is clear that a significant difference
exists in the tribological properties of DLC films derived from acetylene, ethylene, ethane, and
methane. The methane-produced DLC films exhibited the lowest friction coefficient and wear
of all the DLCs tested. Weé think that these differences in friction and wear are most likely due
to the much higher H/C ratio in the source gases from which the DLC films were derived.
Additional tests demonstrated that the DLC films grown in methane hydrogen plasmas
achieved much improved friction coefficient and wear performance, thus further confirming

that hydrogen plays an important role in the friction and wear performance of DLC films.
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FIGURE CAPTIONS

Figure 1. Friction coefficients of DLC-coated M50 balls sliding against DLC-coated H13 steel
disks in dry nitrogen. -t

Fig. 2. Friction coefficients of M50 balls sliding against DLC film derived from acetylene and
ethane plasmas.

Fig. 3. Wear rates of DLC-coated M50 balls sliding against DLC-coated H13 steel disks in dry
nitrogen.

Fig. 4. Friction coefficients of uncoated M50 balls sliding against DLC films produced in pure
methane, 75% methane + 25 hydrogen and 50% methane + 50% hydrogen plasmas.
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Figure 1. Friction coefficients of DLC-coated M50 balls sliding against DLC-coated H13 steel

disks in dry nitrogen.
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Fig. 2. Friction coefficients of M50 balls sliding against DLC film derived from acetylene and
ethane plasmas.
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Fig. 4. Friction coefficients of uncoated M50 balls sliding against DLC films produced in pure
methane, 75% methane + 25 hydrogen and 50% methane + 50% hydrogen plasmas.




