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Abstract

Fullerene-like structure hydrogenated carbon films, one of the
solid lubricants that can realize macroscopic superlubricity, can
be used in engine parts for fuel economy, like common rail,
valve tappet. Usually, superlubricity refers to slide friction
coefficient of about 0.001 range or below, which can sufficiently
help reducing friction and wear lost, i.e. mechanical systems
with utilizing of superlubricity performance are imperative to
save energy and to reduce hazardous waste emissions into
environment. Hitherto, superlubricity has been captured in
experiments performed using the graphene, molybdenum
disulphide (MoS,), and hydrogenated carbon films, etc.
However, superlubricity phenomenon may diminish under
engineering scale of these structures. In order to overcome the
drawback, designing and drawing the formation of graphene
nanoscrolls at friction interfaces between fullerene-like carbon
films and counterparts can achieve superlubricity at open
atmosphere. Therefore, this chapter take fullerene-like carbon
films, which hold superlubricity properties, as the object of
discussion. In a word, the chapter are mainly describing film
growth methods as well as growth mechanism, depicting the
factors influencing on film structure and exhibiting the friction
and wear properties. At last, some of industrial application
examples are exhibited, and the potential challenge for future
works are proposed in a short summary.

Introduction

Friction is a universal phenomenon which exists from atomic
scale to cosmic scale, such as walking, earthquake, typhoon, and
even galaxy collisions. For the adverse results caused by friction,
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there has been significant effort to reduce the friction through
improved lubricants, engineered surfaces, optimized mechanical
systems and so on [1-2]. Generally, the effectiveness of
improving friction performance is evaluated by the friction
coefficient values. T. Spalvins firstly classified the scope of
friction coefficient into ultralow friction (0.01-0.04) and
superlow friction (<0.01) [3]. In present, considering the users
habit, it is classified into low friction (~0.1), ultra-low friction
(~0.01) and super-low friction (~0.001). The most interesting
phenomenon is super-low friction, also named superlow-,
superlubric-, superlubricious- as well as superlibricant- friction,
but bearing a proud name of “superlubricity” [4-7].
Superlubricity, a most beautiful word on tribologists’ lips, has
been defined by Hirano and Shinjo [8,9]. However,
superlubricity refers to slide friction coefficient about ~0.001
range or below, which can help reducing the friction and wear
lost. In a word, developing superlubricity technology can not
only save energy but also reduce hazardous waste emissions into
environment [2].

In the past decades, many efforts were attributed to build
superlubricious system and revealed the nature of superlubricity
mechanism [10-14]. The most discussed materials with
superlubric properties are carbon-based ones, like graphene,
graphite, carbon nanotube, hydrogenated diamond-like carbon
(DLC) films, nanodiamond films and fullerene-like
hydrogenated carbon (FL-C:H) films [11,12,14-21]. Graphene,
graphite, carbon nanotubes always show their superlubricity
performance under nanoscale, which are fitting for Micro-
Electro Mechanical System (MEMS), but may fail in industrial
application due to the limit of bearing capacity. In addition,
graphite can preserve superlubricity at microscale in open
atmosphere, but disappear completely above a contact area of
4x108 nm? [19]. Although size limited effects on graphene have
not been reported, how growth large-size of graphene is still a
problem for industrial application [20].

Thus, to design and prepare superlubricious films could be a

challenge. The exciting work of carbon-based films which is
fitting industrial use has been reported by Erdemir et al. and
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hydrogenated diamond-like films (H-DLC) films showed
superlubricity properties in hydrogen or nitrogen atmosphere at
macroscale [22-24]. However, the hydrogenated DLC films
couldn’t work in open atmosphere, and it is still a foot away for
wide industrial use in open atmosphere, unless under particular
conditions [24]. The exact breakthrough of superlubricity in
open atmosphere condition was made by introducing graphene
nanoscroll between interfaces in situ or out situ [25,26]. From
the view of application, FL-C:H films have prominent
advantages which can show superlubricity under open
atmosphere conditions (with a lowest coefficient at 0.002)
[25,26].

As early as 1995, fullerene-like nitride films (FL-CNx) were first
prepared by Sjostrom et al. [27]. A 30% nitrogen content is
beneficial to the formation of onion-like structures, because the
incorporation of nitrogen can promote the reduction of the
potential barrier [28]. Afterwards, many methods (such as metal
or non-metal doping, and adding nanostructures) have been
applied to enhance the mechanical properties of H-DLC, and FL-
C:H films have been obtained by adding fullerene-like
nanostructures [29-36]. The first report of growth of FL-C:H
films appeared in 2007 [37], and the first work about
superlubricity of the film could be found in Ref. [12]. Due to the
curvature structure of FL-C:H films, it extends the strength of
graphite plane hexagon into three dimension space network, in
turn, not only increasing the hardness and elasticity of carbon
films, but also helping formation of graphene nanoscroll between
interfaces. Thus, FL-C:H films can realize super low friction in
air, meaning solid superlubricity owns engineering application
value [26,28,37,38].

Growth Methods and Mechanisms

Here, two diagrams are depicted in Figure 1 to help understand
the growth process of FL-C:H films. The first report of growth of
FL-C:H films were using plasma enhanced chemical vapor
deposition (PECVD) (Figure 1a). Seen from Figure 1a, a plate is
grounded as an anode and the opposite plate connected with a
power supply (which can be direct or pulsed current or
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radiofrequency power supply). Besides, reactive magnetron
sputtering (R-MS) can also be utilized to grow FL-C:H films
[39,40]. Different from PECVD, there is a magnetron gun
powered by a power supply, and substrate is powered by another
one (Figure 1b). Compared comprehensively, R-MS can supply
both third elements and extra power. Other methods to deposited
FL-C:H films can be found in Ref. [41].

roynded power
(@) v f (b) r s
= \ C
= [EF
" Substraehod —

vacuum vacuum
gauge gauge

Pulsed Pulsed [
—_— Pump | g Pump
power

power
supply System supply System

Figure 1: Growth methods for FL-C:H films: (a) plasma enhanced chemical
vapour deposition and (b) reactive magnetron sputtering.

No matter what kind of methods, the most important factor is
power supply to bias, that is, pulsed power supply can control
the formation of fullerene-like structures, i.e., both the high bias
and the pulse duty cycles (discussion later). Duty cycles
determine the local relaxation of the distorted chemical bonds
via turn-on/off time, which exactly control the growth process.
Among them, the low pulse duty cycle could make the fullerene-
like films have greater curvature nanostructures and the
formation of a five-membered ring fraction, which is conducive
to improving the mechanics propertise of FL-C:H films [42].

According to the typical sub-plantation model suggested by
Robertson [43], three steps during ion interaction with the film
are addressed: the cascade (10™ s), the thermal spike (10™ s),
and the longer time relaxation (10® s). The longer relaxation
time contributes the stress releasing and hydrogen removing
which induces to rearrange of carbon matrix. In Zhang’s work, a
bias power supply with impulse frequency below 40 KHz was
used and the annealing time was almost ~107% s, far than ~10° s,
Therefore, the depositing film has a completely time restricting
the formation of pentagonal rings which are related with the ion
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bombardment at the pulse-on/off state (Figure 2) [42,44].
Besides, the R-MS methods own an extra power supply, the high
impulse power is also necessary [39,40]. At low bias, only
multilayer-graphene dispersed amorphous carbon (a-C) films
was obtained, while at high bias, fullerene-like structures were
obviously seen under high resolution transmission electron
microscope (HRTEM) [38,45].

mpressive stress
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Figure 2: (a) The schematic diagram of the PECVD system. (b) Structural
relaxation mechanism of the local distortions of the six-fold graphene rings by
the creation of pentagonal rings in FL-C:H films. (c) Stress fields of depositing
pulse- and dc- FL-C:H films. (Reproduced from Ref.42 with permission from
the Royal Society of Chemistry).

The Factors Influencing to Nano-Structures

Generally, bias supply, atmosphere conditions and annealing
dispose are factors that affect fullerene-like nanostructures.
Carbon based films have versatile structures due to the bonding
structures (sp, sp2 and sp3) were changing with the growth
methods, which was in turn influenced by the power supply,
atmospheres and with or without heating, etc. As mentioned
above, both high bias as well as long pulse-off time are good for
the unique structure formation of FL-C:H films. Thus, the high
impulse power chemical vapour deposition (HiP-PECVD) is a
prominent strategy for depositing FL-C:H films [21]. A typical
HRTEM of FL-C:H films grown from HiP-PECVD is shown in
Figure 3. One can see that curved graphene mixed in amorphous
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matrix can hinder the slipping of grapheme by amorphous
network. Due to the unique structure, the strength of graphite
plane hexagon is extending into three dimension space network,
meanwhile, FL-C:H films show the high hardness and high
elastic recovery, thereby, endowing the films superlubricity at
open air conditions. It is noteworthy that the fullerene-like
structure could be adjusted via the hydrogen content, bias
supply, deposition gas sources, and so on.

Figure 3: A typical HRTEM of FL-C:H films grown from HiP-PECVD.

For the purpose of formation in the fullerene-like nanostructures
in FL-C:H films, bias supply, atmosphere conditions and
annealing dispose are widely explored [46-49]. From bias side,
high bias accompanying with long pulse-off time are crucial to
the formation of curved graphene structures (proved both by
HRTEM and Raman) for the FL-C:H films grown in PECVD
system [21,42,44]. Similarly, R-MS owning high bias and pulse-
off time can promote the FL-C:H films preparation, but the
difference is that the target materials have some effects on
nanostructure of the FL-C:H films [39,40]. When metal cathodes
are employed, one can obtain multilayer-graphene dispersed a-C
films at low bias and FL-C:H films at high bias [39,45].
Interestingly, when a carbon target is introduced, a-C films
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replaced multilayer-graphene dispersed a-C films are obtained,
but some bilayer- and trilayer- graphene are turning out after
annealing, which means that, both metal targets might provide
extra graphene as well as high-energy ions helping in situ
rearranging are effectively [50]. Carefully, Researches showed
that graphene based structure were growing on metal target
surface (Figure 4), which were more active than pyrolytic carbon
target that provided graphene flakes for the nanostructure carbon
film growth [40,45].

Figure 4: Plane-view FESEM image and the corresponding Raman spectrum
(a), and cross-section FESEM image and the corresponding HRTEM image (b)
of the films scratched off from Ni target. (Reproduced from Ref. 45 with
permission from the Elesvier).

Another main influence on the nanostructures of FL-C:H films is
growth atmospheres. Heterogeneous gases introducing in growth
process, like hydrogen (H,) and carbon tetrafluoride (CF,), have
different effects [47-49]. It is worth note that the growth of FL-
C:H films show a conflict to Hellgren's work [51] that
introduction of hydrogen will terminate potential bonding sites
for CNx precursors and hinder the growth of fullerene-like
structures. In the work of Wang et al., especially in PECVD
process, hydrogen atoms are helpful in the manner of affecting
the production of odd rings by two competing ways: (1) stress
induced by H* leads to the introduction of odd ring into flat
graphene plane; (2) H ion preferentially etches the plane’s sp®
phase and destroys the bond basis. However, too much H, may
deteriorate fullerene-like structures, so the effects of hydrogen
need to be studied in detail [42,48]. Differently, CF, shows
negative effects on the nonastructures that F-terminated large
rings, branches and chains with sp® sites densify and start to
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interact with each other and features like interlocking pore and
amorphousness strongly prevail in the nanostructure [47,52].

Apart from power supply and atmospheres, extra heating in situ
or out situ has great effects on the film nanostructures [50]. For
carbon films, it is predicted that graphitization shows different
response based on their original structures [53,54]. One can learn
from Hellgren’s work that heating helps booster fullerene-like
structure growth [51]. And related research held the opinion that
rapid annealing during the friction process can transform the
structures of carbon films to generate new fullerene-like
structures [55]. However, in some work, heating effects were
scarcely concerned because their goals were aimed to industrial
use. So, the degraded metal substrates may be aroused from
heating which could be avoided. However, annealing effects
after deposition were examined to help to understanding the
changed trend of nano-structure. At 300 °C, FL-C:H films
showed the high harness as well as high elastic recovery,
indicating that the most value of curved graphene exiting inside
the carbon amorphous matrix (speculated from Raman results),
which different from a-C films (no any change was observed
after annealing at 300 °C [56,57]. Beyond 300 °C, graphitization
can occur because the degrade of crosslinking, which in turn
induces the lowing of hardness [56,57]. Interestingly, recent
studies have found that FL-C:H films were annealed at 200-
500°C under nitrogen protection, and the films had achieved
superlubricity at different annealing temperatures. It was also
found that thermal induction made the nanostructures more
ordered [58]. In addition to the previously mentioned HRTEM,
Raman spectroscopy is another effective method to obtain the
topological structure of carbon films. FL-C:H films exhibit
typical character of DLC films in the region of 1000~2000 cm™,
shown in Figure 5, but with some versatile bands at about 400
and 700 cm™ and a distinct shoulder at around 1230 cm™.

The two low intermediate wave number bands near 400 cm™ and
700 cm™ are very similar to that of fullerene like carbon nitride
(FL-CNXx) films that can be attributed to relaxation of Raman
selection rule because of the curvature in graphene planes [59].
The same bands can also be observed in the Raman spectra for
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carbon onions and Cg that have been attributed to the transverse
optic and transverse acoustic vibrations [60]. Thus, combined
with HRTEM images, an acceptable fitting lines could be carried
out via four Gaussian peaks at about 1230, 1350, 1470, and 1560
cm™, respectively [12,37,39,40]. Thus, all peaks at around 400,
700, 1230 and 1480 cm™ can be considered that all active from
curled graphene flakes in FL-C:H films.

(@) 4 i (b)

Intensity (a.u.)
INTensity (a.u.)

200 400 600 BOO 10001200 14001600 1800 2000 2200 1000 1200 1400 1600 1800 2000

Wave Number (cm™) Wave Number (cm™1)

Figure 5: Raman spectra of hydrogenated carbon film deposited by dc- pulse
plasma CVD: (a) Raman spectrum and magnified wave number region from 0
to 1000 cm and (b) four bandsfitting of the Raman spectrum of (a) in region
from 1000 to 2000 cm'™.

Friction Performance and Superlubricity

FL-C:H films have excellent mechanical properties with high
hardness and high elastic recovery due to the existence of
fullerene-like structures [61-64]. At the same time, fullerene-like
structures can improve the performance of a-C: H in wet and
inert environments. The onion-like structures largely determine
the appearance of superlubricity and greatly improves the wear
resistance [37,65,66]. Superlubricity was firstly reported that
superlow friction (coefficient at 0.009) could reach under load of
20 N. The loads effects on the friction were carefully studied in
Ref. [67]. Liu et. al. studied the relationship between sliding
speed and superlubricity on H-DLC films. In air, sliding speed
has a negative correlation with friction and wear. As the sliding
speed increases, the friction and wear value firstly decrease to a
minimum and then increase, due to the synergistic effect of the
transfer films and the passivation effect [68]. In vacuum, low
sliding speed is beneficial for maintaining superlubricity [69].
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However, for FL-C:H films prepared by magnetron sputtering
have a lifetime of 36000 times in a vacuum environment due to
the presence of the fullerene-like structures and the formation of
onion carbon during friction, it can be known from the work of
Song et al. [64]. The life is affected by the poor adhesion
between FL-C:H films and steel, which can be solved by
incorporating iron particles [70]. The friction coefficient
decrease with load was reported everywhere though no
superlubricity was observed [71]. The conversion from low
friction to super-low friction can also be achieved by increasing
the normal load [72]. In comparison, H-DLC films have a
threshold load in a humid environment, and the friction force
does not significantly change below the threshold value. When
the load is above the threshold value, the friction force
significantly decreases with the load increased. In vacuum, low
load could keep the interface transfer layer for a long time, so
low load is beneficial to achieve low friction [73]. Deeply study
showed that some special nanostructure was forming during
friction. This is a huge difference from a-C(:H) film due to the
particular of nanostructures [15,21,26,38,74].

To understanding how the effects of fullerene-like structure on
the tribological properties. X-ray diffraction (XRD) analysis,
HRTEM and Raman Spectroscope have been performed at the
original surface and wear debris and tracks of FL-C:H films.
XRD pattern shows three peaks at about 20=69.1°, 33°, and
22.4°. The two peaks at 26=69.1° and 33° are from the silicon
substrate [004] and [002], respectively (Figure 6). other studies
considered a weak peak at 20=22.4° which can be ascribed to
fullerene-like or onion-like nanoparticles [74]. And after friction
tests, the peak at 26=22.4° become prominent, accompanying
with a new band at 20=15° which arise from fullerene-like or
onion-like nanoparticles. It was further confirmed by HRTEM
that onions as well as fullerene-like carbon were observed in FL-
C:H films. A well- structured carbon onions can play as a
"molecular bearing" during the friction process, and achieve
macroscopic superlubricity in a humid environment, owing to
the incommensurate contact achieved by carbon onions [75]. In
addition, the advantage of fullerene-like to superlubricity can be
deduced from the friction properties of fluorine atom (F)
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incorporation which destroys the fullerene-like structures via F-
terminating. Therefore, the friction coefficient increases with the
amount of F content in carbon films. Besides, the effects of F
incorporation, the humidity variation on the tribology properties
of FL-C:H films were widely studied [46,47,49,52,61,76-78].
Unfortunately, humidity has a great influence on friction
coefficients, that is, with increasing the humidity, the friction
coefficient increases quickly to 0.07 at 50% for humidity (using
GCr15 ball as couple). HRTEM results show that the onion-like
nanoparticles in the debris are restrained: from spherical shell
structure below 30% humidity to short curved graphene
dispersed in amorphous matrix [21,26]. However, humidity
effects on superlubricity vary with couple materials. As shown in
Figure 7, in the dry open air, Al,Os, Steel (GCrl5) and SisN;
balls are used as couples, all of them can reach superlubricity
under load scope of 2 to 20 N, but the superlubricity property
only can keep under humidity of 30%. HRTEM images proved
that higher humidity suppressed the formation of onions or
fullerene-like structures beyond the humidity of 30%,
accompanying with disappearance of superlubricity. It can also
conclude that superlubricity is strongly related with couple
materials. Recently, Zhang’s group showed that couple ball with
a-C(:H) film surface could widen the superlubricity scope [79].

In order to further reveal superlubricity phenomenon FL-C:H
films, the interface structure evolution was studied on the debris.
Surprisingly, multilayer graphene nanoparticles (GNPs) were
observed in wear debris. It can be proposed that the formation
mechanism of GNPs is the self-organization of graphene sheets,
which can be divided into two steps, nucleation and growth,
respectively. The nucleation of GNPs core is similar to the
reaction pathway from graphene-to-fullerene, since the
molecular cage of fullerene is more stable than graphene [80,81].
However, the driving force of the process is not high temperature
but friction shear force. A possible nucleation and growth mode
is given in Figure 8. The nucleation process can be divided into
four stages: (1) At initial stage, the dual surface and the film
have strong coupling, resulting in strong wear and a large
number of wear debris. The graphene layers (Figure 8a) peeled
off from the bulk body and direct contacted with the dual surface

12 www.videleaf.com



Prime Archives in Material Science

(Figure 8f). (2) Subsequently, these graphene sheets (Figure 8b)
is folded and coiled under the shear stress (Figure 8g). (3) With
the development of friction process, these short range graphene
fragments are coiled to form a cage-like structure under the
action of periodic shearing force (Figure 8h). (4) After more
friction cycles, the carbon cage structure becomes more regular
(Figure 8i), position 2 and 3 (Figure 8c) marks a monolayer and
a double layer, respectively. The single wall carbon cage
diameter is about 0.7 nm, which has a similar radius to C60
(0.71nm).

Film, debri$ and track
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Figure 6: Experiment XRD patterns from the film and wear debris showing
that the debris has a structure analogous to that of Cgo, far from that of nc-

graphite. (Reproduced from Ref. 75 with permission from the Royal Society of
Chemistry).
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Figure 7: (a), (b) and (c) The friction coefficient curves as a function of
rubbing cycles at different humidity against Al,Os SisN;, and steel
ball,respectively. (d) Friction coefficient curves of the FP-C:H films in a dry air
atmosphere under a load from 2 N to 20 N, the inset shows the
frictioncoefficient as a function of load. (Reproduced from Ref. 21 with
permission from the Royal Society of Chemistry).

The growth mechanism can be surmised from the HRTEM
images of wear debris, the defected graphene layers (soft) are
easy to package fullerene core (hard), which is similar to the
mechanism reported by Anirudha et al. [25]. The growth model
of GNPs was similar to the snowball effect. When the friction
process tends to reach a balance, the thermodynamic non-
equilibrium state of fingerprint like-carbon (FP-C:H) films tend
to reach an equilibrium state. A large class of GNPs can be
formed after 3000 friction cycles (Figure 8d). Few GNPs layers
(position 4) can be found on the edge of a big particle, which can
be seen as the evidence of this form of nucleation and growth
pattern. Raman spectra of original films and wear debris of 600,
1200 and 6000 friction cycles also confirmed this growth model
(Figure 8e), since the Ip/Ip+G+1,p increased. Figure 8j, k, | and
m are a possible growing model. Due to the spontaneous
reduction of surface energy, the graphene sheets tend to wrap
around the carbon cage core to reduce the surface area (Figure 8j
and k). Under the effect of shear stress, the bonding
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recombination occurs at the interface, and finally leads to the
formation of multilayer GNPs (Figure 81 and m).

Intensity (a.u.)

Figure 8: (a) HRTEM images of original FP-C:H films . (b), (c) and (d) wear
debris of 600, 1200 and 6000 friction cycles, at 10N, 10Hz. () Raman spectra
of original films and wear debris of 600, 1200 and 6000 friction cycles,
respectively. (), (g), (), (i), (j), (k), (I) and (m) Schematic diagram of
nucleation and growth model for GNPs. (Reproduced from Ref. 21 with
permission from the Royal Society of Chemistry).

Potential Industrial Applications

Recently, Holmeberg et al. have published papers to state the
current austere condition about friction induced energy loss in
passenger cars and engineering plants [80,81]. They come into a
conclusion that friction accounts one third of the engine’s fuel
energy consumption, which is a main problem conflicting to
energy save and emission reduction. Thanks to the great
tribology properties of DLC or carbon-based films, many
attempts and efforts has donated to using such films in engine
systems to save energy and reduce emission, and surely some
progresses are made [82-84].
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Figure 9: Some photos from FL-C:H films coated samples.

As a prominent anti-wear and anti-friction materials, FL-C:H
films has more attractive in dealing with energy conservation
and emission reduction of engine. For this great purpose, our
group have in hand with FAW Group Corp., the biggest auto
manufacturer in China, to push superlubricous FL-C:H films in
engine use to energy-saving reduction strategic Strategy. Engine
parts, like valve tappet, plunger, piston ring, pin valve and
bearings were coated with FL-C:H films in our lab (Figure 9).
Even some of them realize mass production. Figure 10 shows a
bench test example that valve tappet with or without FL-C:H
films run for more than 100 times on a home-made electrically
driven valve train test rig in China Faw Group Corporation R&D
Center. The results show that friction factor of the FL-C:H films
coated valve train was reduced by 67% and the ability of wear
resistance was enhanced [85,86]. Friction loss of engine valve
train was decreased by 6%. Thanks to the excellent FL-C: H
film, engine component makes engines more efficient and
suitable for the low carbon technical route.
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Figure 10: Bench test for valve tappet with or without FL-C:H films.
Conclusion and Prospection

In summary, deposition strategies, growth mechanism, the
factors to superlubricity and its inner-mechanism for FL-C:H
films are all discussed in this chapter. One of the great
advantages is that FL-C:H films can be grown via PECVD,
ECR-PECVD and R-MS methods, and all of them are suitable
for mass production, providing basic conditions for the practical
application of that films. The superlubricity of FL-C:H films are
arisen from their excellent mechanical properties and unique
bulk structure, which can provide graphene flakes to form carbon
onions or scrolls to afford micro-bearing, achieve
incommensurate contact and reduce shear force in interfaces.
FL-C:H films exhibit low or super-low friction properties in a
variety of environments including humidity, atmosphere, and
vacuum etc., which determines the its application. Combined all
these merits, FL-C:H films are considered as a good candidate
for widely industrial use. Furtherly, collaborating with FAW
Group Corp., kinds of engine parts were coated with FL-C:H
films which were tested on bench or even using on real engine,
and it proves that benefit from superlbubricious FL-C:H films,
engine component makes engines more efficient and suitable for
the low carbon technical route. Superlubricity under open
atmosphere can be realized by introduce of fullerene-like
structures into amorphous carbon matrix, which open the way to
save energy and reduce emission for many mechanical units
without special conditions by superlubricity technology. When
(before/during friction) and where (application) should fullerene-
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like structures be in what way (composite or interface
introduction) are worth to studying, such as: (1) introducing
fullerene-like structures in some application-deficient materials
to improve friction performance. (2) Generating or adding
fullerene-like structures in the friction interface can regulate
friction or availability period. In addition to saving energy by
reducing friction, the expanded use of fullerene-like films or
containing fullerene-like structures materials may be considered
for some high-end equipment.
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