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ABSTRACT

As the hardest known material, diamond and its coatings continue to generate significant
attention for stringent applications involving extreme tribological conditions. Likewise,
diamond-like carbon (DLC, especially the tetragonal amorphous carbon, ta-C) coatings have
also maintained a high level interest for numerous industrial applications where efficiency,
performance, and reliability are of great importance. The strong covalent bonding or sp®-
hybridizaiton in diamond and ta-C coatings assures high mechanical hardness, stiffness,
chemical and thermal stability that make them well-suited for harsh tribological conditions
involving high-speeds, loads, and temperatures. In particular, unique chemical and
mechanical nature of diamond and ta-C surfaces plays an important role in their unusual
friction and wear behaviors. As with all other tribomaterials, both diamond and ta-C coatings
strongly interact with the chemical species in their surroundings during sliding and hence
produce a chemically passive top surface layer which ultimately determines the extent of
friction and wear. Thick micro-crystalline diamond films are most preferred for tooling
applications, while thinner nano/ultranano-crysalline diamond films are well-suited for
mechanical devices ranging from nano- (such as NEMS) to micro- (MEMS and AFM tips)
as well as macro-scale devices including mechanical pump seals. The ta-C coatings have
lately become indispensable for a variety of automotive applications and are used in very

large volumes in tappets, piston pins, rings, and a variety of gears and bearings, especially
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in the Asian market. This paper is intended to provide a comprehensive overview of the
recent developments in tribology of super-hard diamond and DLC (ta-C) films with a special
emphasis on their friction and wear mechanisms that are key to their extraordinary
tribological performance under harsh tribological conditions. Based on the results of recent
studies, the paper will also attempt to highlight what lies ahead for these films in tribology

and other demanding industrial applications.

1. INTRODUCTION

Naturally occurring bulk diamond and its crystalline coatings remain as the hardest material
known while DLC coatings (especially ta-C with very high sp® content) are structurally
disordered but can also provide exceptional hardness (i.e., 70 to 90 GPa) and stiffness
comparable to those of diamond and other superhard materials [1-4]. Such highly impressive
mechanical properties of diamond and ta-C DLC coatings are thought to stem from their
extreme atomic density with shortest bond lengths and strong covalent (sp?) bonding between
the carbon atoms [3-5]. Figure 1 shows crystalline and disordered atomic configurations of

diamond and typical ta-C structures.
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Figure 1. Atomic configurations of (a) crystalline diamond and (b) network of a hard amorphous ta-

C material with sp® carbon in red and sp? carbon in blue. Adapted from ref. [75].



These coatings are very resistant to biological, chemical or corrosive attacks by almost all
known acids and bases and are inherently very resistant to abrasive, adhesive, and erosive
wear [6,7]. Therefore, they are ideal for applications involving harsh tribological conditions
involving open air, hydrogen, liquid lubrication, moderate temperatures and sliding
velocities [8,9]. However, under high temperatures and in vacuum or inert gas environments,
they may suffer elevated friction and wear losses due to highly adhesive covalent bond
interactions at their rubbing interfaces [6,9-12]. Overall, passivation of covalent bonds with
hydrogen, hydroxyl group and/or other gaseous species as well as the formation of an
amorphous or graphitized tribolayer appear to dominate friction and wear of diamond and
ta-C films.

There now exist numerous physical and chemical vapor deposition (PVVD and CVD) methods
for the production of DLC and diamond coatings on all kinds of substrate materials [13-18].
All of them involve gas discharge plasmas primarily consisting of hydrocarbon gases (as the
carbon source) and hydrogen and/or argon. In the case of DLC, solid carbon targets such as
graphite and amorphous or glassy carbons may also be used for the extraction of carbon for ta-
C film growth. Deposition conditions are tailored to dissociatively extract carbon from the
gaseous species and produce highly energetic ionic and neutral carbon species that are necessary
for the initial nucleation and subsequent growth of these films. Among all other hard coatings,
diamond and DLCs have gained huge industrial acceptance and use in recent years [14,19,20].
Some of the industrial applications include nano/microelectromechanical systems, or
NEMS/MEMS [21,22], magnetic hard disks [23], cutting tools [24], all kinds of automotive
parts and components [13,25], mechanical seals [26], biomedical implants [27,28], and scratch-

resistant optical windows [29].

Since their initial inception for more than a half Century ago [30,31], countless research
articles, conference proceedings, books, and handbook chapters have been devoted to
diamond and DLC coatings [13-19]. Such a vast knowledge base was very instrumental in
further optimizing/customizing these coatings to meet the increasingly more stringent operating
conditions of many tribological applications. In this paper, we provide a comprehensive
overview of recent developments in the tribology of diamond and ta-C DLC films with
emphasis on their extraordinary wear performance under dry and lubricated sliding
conditions. Also provided is the present state of the art in the making of smooth diamond

films with nano-to-ultra-nano grain sizes giving some of the lowest friction and wear



coefficient. As mentioned, diamond and ta-C films are used extensively in combatting
friction and wear especially in tooling and automotive applications where wear of moving
parts became a major issue due to increasingly harsher operating conditions. However, in
this paper, we mostly concentrate on the wear of these coatings and specifically highlight the
fundamental mechanisms that control their exceptional wear performance. We will also
touch on the deposition conditions that can lead to the synthesis of smooth diamond and DLC
films that are most suitable for superlow-friction and -wear in sliding tribological
applications.

2. DIAMOND FILMS

Natural bulk diamonds are very difficult to machine or manufacture into special shapes or
forms for practical applications. They are also cost-prohibitive and hence used very rarely
for wear applications. Instead, much cheaper synthetic polycrystalline diamonds (PCD) are
produced using high-pressure, high-temperature synthesis methods in fine power forms and
then sintered into useful shapes or inserts for a variety of machining and grinding
applications. During the middle of last Century, the prospect of synthesizing gem-quality
diamond films from gaseous media generated huge excitement [13,15,31]. Out of these
dedicated efforts, the production of microcrystalline diamond (MCD) as thin films had
finally been realized from the low pressure methane gas in the presence of hydrogen. Since
these groundbreaking studies, research work on diamond films has exploded during the
1980s and 1990s and as a result, the production of high-quality (or highly crystalline)
diamond films were realized using a variety of CVD techniques [13,18,31,32]. This was
certainly a major breakthrough in the field of super-hard materials and coatings. Until then,
there were of course numerous other nitride, carbide, and boride-based hard coatings but
none was as hard and effective as diamond in combatting wear especially in metal-cutting
and -forming operations. At present, the deposition of high-quality MCD films has become
a routine operation using a variety of CVD methods. Figure 2 shows gem quality natural

diamond and its thin film forms produced by CVD methods.
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Figure 2. Typical morphology of (a) naturally occurring bulk diamond and (b) synthetic micro- and —nano-
crystalline diamond films. Reprinted from [38] with permission from Elsevier.

Some of the most common deposition methods in use today include hot-filament CVD,
microwave CVD, combustion flame, DC-arc jet, laser assisted, hydrothermal growth etc.
[2,13,18,31,32]. A typical operating gas composition for microwave CVD as an example
contains about 0.5 to 5% methane and 95 to 99.5% hydrogen. Small amounts of other gases
(i.e., oxygen, nitrogen, and halogen, and other precursor gases) may also be blended to help
etch out the non-diamond phases and/or to introduce N, P, and B atoms into the growing
diamond films to achieve better optical and/or electronic properties. The deposition
temperature could be as high as 1000°C which leads to the initial formation of sp3-bonded
diamond precursors that act as the nucleation points on underlying substrates. Highly
energetic hydrogen ions and atoms continuously etch those phases other than diamond and
stabilize only the sp® bonding in the growing diamond film. It also facilitates the creation of
open sites to which the next rounds of carbon atoms can attach with sp® bonding and thus
leads to the synthesis of a highly crystalline, phase-pure diamond film.

Industrially, hot-filament CVD is the most popular process (especially for use in large-
volume operations) for the synthesis and deposition of phase-pure MCD films. It uses
electrical coils of heat-resistant refractory metal filaments (i.e., W, Ta, Re, etc.) to create very
high temperatures (between 2000 and 2700°C) which help dissociate methane [13,15,31,32]
and produce large amounts of hydrogen atoms which are essential for the synthesis of high-
purity MCD phase. In the cases of plasma jet and laser assisted CVD methods, an intense
plasma torch or laser is used to achieve very high temperatures as in hot-filament CVD to
produce atomic hydrogen which is essential for diamond nucleation and growth as well as

etching non-diamond precursors.

Initial nucleation and subsequent growth mechanisms of diamond films are rather complex

and involve many types of kinetics and thermodynamically-controlled surface phenomena



[33,34]. For example, using special seeds or blending in some nitrogen or argon during
deposition may increase the proportions of ionic or highly energetic species that are essential
for increased nucleation density as well as subsequent growth of diamond films into nano-
scale grains and hence nano-scale roughness on top surface [18,34,35]. These nano- and
ultra-nano-crystalline diamond (NCD and UNCD) films are most desirable for both friction
and wear control [6-11]. Due to their nano-crystalline nature, these films also have higher
fracture toughness which can be very important under severe loading and shearing conditions
as well as cyclic loading unloading situations. Furthermore, the amount and proportion of
hydrogen gas being bled into microwave plasmas make a big difference in the structural

integrity and surface finish of growing diamond films. Figure 2 shows the typical surface.

Methods mentioned above have been further optimized over the years and now are adopted
worldwide for the production of high-quality diamond films on cutting tools and other
industrial components [2,19-24, 26-29]. Some of the major limitations of diamond deposition
processes include high-temperature requirements, smaller volumes, slower growth rates
(compared to other coating technologies), generally rough surface finish, and most

importantly higher production cost (despite all those great advances made over the years).

2.1 Friction and Wear of Diamond Films

As the hardest material known, diamond provides an extraordinary resistance to wear.
Further, depending on the test environment and/or conditions, its friction coefficient against
itself or other materials could also be among the lowest (i.e., 0.03) as reported by Bowden
and Hanwell back in 1960s [36]. Depending on test environment and/or condition, thin film
forms of diamond possess most of the desired properties of natural diamonds hence they may
also provide very low friction and wear coefficients to sliding surfaces [6,8-11]. However,
depending on the deposition method, temperature, and other relevant parameters; non-
crystalline carbon phases and many defects at grain boundaries may degrade their mechanical
and tribological properties. Overall, the wear mechanisms of diamond films are
predominantly governed by their surface-specific physical, chemical, and mechanical
properties as well as surrounding environments. In particular, deposition methods and/or
conditions by which diamond films were grown are critically important for the chemical
purity, structural integrity, grain morphology, growth orientation and ultimately surface
roughness all of which can greatly impact the wear performance of resultant diamond films.



Diamond films can be categorized as macro/microcrystalline, nanocrystalline, and
ultrananocrystalline on the basis of their grain sizes with each providing very different

friction and wear performance mainly because of their surface and structural differences.
2.1.1 Microcrystalline Diamond (MCD)

Phase-pure and highly crystalline MCD films are generally made of wide and long columnar
grains with very peculiar preferred growth orientations leading to a highly-faceted and hence
very rough surface finish (as in Figure 2b) which can cause severe abrasion during sliding
contacts [6,37,38]. In fact, the thicker the film, the rougher the surface finish with a typical
rms surface roughness of = 10% of the film thickness. The rough diamond films can be
polished to achieve a very smooth surface finish using laser beams, ion-beam or plasma
etching, mechanical lapping with fine diamond particles, and thermomechanical polishing
with hot iron plates [39]. After rigorous polishing, it is possible to achieve an ultra-smooth
surface finish on MCDs and then the friction and wear properties become comparable to
those of natural diamonds [40-42]. However, from an industrial application point of view,
the mentioned polishing methods tend to be very slow (take very long time to get rid of all
the asperities) and in the case of complex geometries, some of the polishing methods may
not be practical. This is perhaps one of the key reasons that rough diamond films have not

found many sliding tribological applications as they can trigger severe abrasive wear.

Depending on the deposition method, temperature, and other parameters (i.e., precursor gases
and their fractions as well as partial pressures), non-crystalline carbon phases and many
defects may also be incorporated into or in-between growing diamond grains. From a
mechanical and tribological point of view, the presence of such phases may pose some
adverse effects on hardness, stiffness, chemical and thermal stability as well as wear
performance [43]. More explicitly, those non-crystalline carbon phases and structural defects
are mostly composed of graphitic sp? bonded carbon types hence are the weakest links
causing accelerated wear under the high contact pressures and shearing conditions. In some
instances, the harder diamond grains surrounded by such softer phases loosen up or are
dislodged from the top surface. As they get trapped and accumulate at the sliding contact
interface, they may give rise to third body abrasive wear. Likewise, if the diamond film has
a highly faceted rough surface finish, they themselves trigger severe abrasion on opposing
surfaces [37]. Specifically, sharp edges and/or tips of diamond crystals can easily penetrate

and hence scratch and remove large chunks of materials at accelerated rates (especially



during the run-in period) [44]. As they chip away or fracture during the repeated rubbing
actions, worn diamond fragments trapped at the sliding contact interfaces can further

exacerbate the situation by triggering a third body wear process.

Typical deposition temperatures for diamond growth range from 700 to 1000°C. In recent
years, several variants of lower temperature diamond deposition processes have also been
developed and these are the ones that are most commonly used nowadays by industry. At
lower temperatures, the growth rates are much lower and the amount of defects and non-
diamond phases in growing films become higher. Unlike PVD nitride and carbide coatings
(which are typically 2-20 um in thickness), diamond films can be grown to very thick layers;
i.e., more than 100 um which are most preferred for tooling applications for long wear life.

2.1.2 Nanocrystalline Diamond Films (NCD)

Realizing the handicaps of MCD films for tribological and other engineering applications,
researchers have developed new deposition procedures and/or conditions that can reduce
grain size and hence surface roughness [18,45]. Typical grain size of NCD films may vary
between 10 and 100 nm and their surface roughness may range from 10-50 nm RMS [45-
47]. These films are synthesized by creating conditions that favor very high nucleation
densities during deposition such as using nanodiamond particles as seeding purposes. As a
result, their surfaces are much smoother and the film structure is made of highly crystalline
columnar grains of 10 to 100 nm wide. Deposition of NCDs is done at around 900°C and the
typical gas composition could be 0.1 to 1% CH4 and 99.9 to 99% H.. Portion of hydrogen
may also be replaced by certain inert gases like Ar or He to further enhance nucleation
density during deposition [18]. Nanodiamond powders used as seeds promote nucleation
from multiple sites and the growth mechanism is thought to involve a homoepitaxial process
in which carbon atoms being abstracted from the CHs radicals are inserted to appropriate
sites on the nanodiamond seeds which lead to multiplicity in film growth [18,46]. Hydrogen
present in the plasma plays a critical role in the creation of methyl (CH3) groups from
methane molecule and further in the removal of hydrogen from the hydrogen-terminated
diamond surfaces so that CHz can chemisorb and thereby allowing the carbon atoms to insert
into a diamond lattice site to promote film growth further. Hydrogen also removes the non-
diamond carbon phases from the surface and in the end provides highly phase-pure

nanocrystalline diamond film.

From a tribological point of view, even such levels of roughness may still be too much for



achieving low friction and wear. Just like the MCD films, these films may also exhibit a

columnar structure when imaged in cross-sections.
2.1.3 Ultrananocrystalline Diamond Films (UNCD)

Ultrananocrystalline diamond films differ from MCDs and NCDs in that their crystalline
grain structures are far more refined and their surface finish could be far much smoother.
Specifically, the typical grain size for UNCD is in the range of 3-10 nm and they are
consistently grown under conditions of high nucleation density leading to nanoscale grain
sizes and hence a very smooth surface finish [47]. UNCD films typically derived from
hydrogen-poor plasmas, but they can also be synthesized from Ar-C60 plasmas [48]. The
plasma essentially consisted of argon with either Ceo (perhaps some CHs as well) as the
carbon sources. Ceo can be sublimed from a heated tube furnace and subsequently transported
into the plasma where it dissociates into carbon dimers that act as the building blocks for
UNCD [49,50]. To further increase nucleation density, bias voltage may also be applied to
the substrates. Because of the very low hydrogen concentration in the plasma, little
gasification of nascent diamond grains occurs, resulting in an extremely high renucleation
rate that results in a UNCD with 3-5 nm grain size and an RMS surface roughness of 3-20
nm (which makes these films far more smoother than MCD films). Mechanistically, it was
proposed that during deposition carbon dimers are extracted first from CH4 molecules and
subsequently inserted into the growing diamond surfaces [48-50]. In the bench-top
tribological tests, these UNCD films were able to provide friction coefficients of 0.01 to 0.03
in open or humid environments [7-9,38,51-53]. These coatings are suitable for precision
machining and sliding surfaces without the need for expensive post-deposition polishing.
Figure 3 shows cross-sectional SEM and TEM photomicrographs of a UNCD film produced
at Argonne National Laboratory.
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Figure 3. (a) Cross-section SEM and (b) TEM images as well as (c) typical grain size distribution of
UNCD films ((a) Reprinted from [52] with permission from Taylor&Francis, (b) reprinted from [20]

with permisison from Elsevier, (c) reprinted from [21] with permission from Elsevier).
2.1.4 Wear Mechanisms

Carbon atoms that constitute diamond’s cubic crystal structure are covalently bonded to one
another with shortest bond lengths in a highest packing density. This unique combination
makes diamond the hardest and the strongest material of all. Diamond has also the highest
Young's modulus, thermal conductivity (at room temperature) and the chemical inertness.
Owing to such impressive array of outstanding properties, many experimental studies have
shown that bulk diamonds are literally indestructible under most ordinary mechanical sliding
conditions. However, diamond tends to be very prone to chemical dissolution when in
contact with hot iron plates (which was often used for polishing diamond in the past).
Furthermore, diamond can be chipped or cracked along the weaker {111} cleavage planes.
In fact, earlier fundamental studies have confirmed that crystallographic orientation of
diamond in coatings can have a significant impact on wear resistance [54] but in most
diamond coatings (especially the nano-to-ultrananocrystalline diamonds), these effects are

essentially absent.

Friction of diamond was also reported to be very low due to its very high chemical inertness
and smallest contact sizes afforded by its ultra-incompressible nature. For bulk or single
crystal diamonds, Bowden and his coworkers have confirmed that the friction coefficients in
open air could be as low as 0.02 with no measurable wear [55-57]. However, past
experiments have also shown that diamond’s tribology could be rather complex especially
when test conditions and/or environments become severe; i.e., inert or vacuum environments,
high temperatures and contact pressures [36,57,58]. In the case of synthetic diamond films,
complexity is further exacerbated mainly because unlike natural diamonds, diamond films
are made of polycrystalline grains with different growth orientations, which lead to a rough
surface finish. Further, between their many grains of diamond films, there may be significant

amounts of non-diamond carbon phases, which can also influence friction and wear.

Effect of Surface Roughness: Depending on the type of diamond films, the surface
roughness may vary a great deal. As a rule of thumb, previous research has confirmed that
the rougher the surface finish, the higher the wear losses [37,38,40,41,59-61] as shown in

Figure 4. As a rule of thumb, rough surface finishes always causes high friction (regardless
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of the test environments [38]). Recently reported friction values for ultra-smooth
nanocrystalline or polished diamond films could be as low as 0.01 in humid air, while for
rough microcrystalline films are as high as 0.7 as summarized in Table 1. Specifically, a
rough microcrystalline diamond film like the one shown in Figure 2, can easily cut or scratch
mating surfaces (especially softer counterfaces, like steel) and thus cause severe abrasion
(especially if the mating surfaces are made of softer materials, like steel). In the case of brittle
materials like ceramics, sharp edges can cause micro-cracking under the influence of highly
concentrated stresses and thus give rise to material removal. Repeated sliding passes over the
same contact area may also trigger micro-fatigue events away from the contact spots and

thus weaken the structure and further accelerate the wear process.
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Figure 4: Variation of friction coefficient of diamond films with respect to their surface roughness

(reproduced from [41] with permission from American Institute of Physics).

Rough diamond films can be polished very efficiently by a variety of methods [39]. If such
polished or smooth nanocrystalline diamond films are subjected to sliding tests, increasingly

lower friction coefficients can be attained as shown in Figure 4 [38,40,41,42,51].

When sliding against smooth diamond films, most often a tribochemically-induced transfer
layer can form on the sliding counterface surfaces. These layers are in the form of amorphous
carbon or disordered graphitic carbon and eventually, the sliding contact largely occurs
between the transferred graphitic layer and the original diamond film which favor lower

friction and wear.

Effect of Environment: Carbon atoms within the cubic crystal structure of diamond are held
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together by strong covalent (sp®) bonds in a tetrahedral bond configuration. However, on the
outer surface, one of the bonds is unoccupied. These bonds may either reconstruct into a
double bond, (i.e., sp?) by pairing with another carbon atom or react with the species in the
surrounding environment, such as water molecules, hydrogen, oxygen, etc. When such
unoccupied bonds enter into chemical reaction with such species, the adhesion component of
friction may be lowered substantially [10,38,51,52,62,63]. Figure 5 shows possible surface
termination scenarios for self-mated diamond surfaces and the effects of various environments
on friction. As is obvious, the lowest friction is attained in water and open air (with water
molecules), whereas, in argon, the friction is substantially higher presumably due to increased

dangling or unoccupied sigma (o) bond interactions.

Likewise, if the tests are run in high vacuum and/or at high temperature, previous research
shows that the friction and wear of diamond films are significantly higher, i.e., <0.5[11,58,59].
Again, the lowest friction was attained under conditions where dangling s-bonds of diamond
surfaces are passivated by atomic or molecular adsorbates such as the ones shown in Fig. 5
[10,62-66]. All and all, the surface physical and chemical nature of diamond films play a
pivotal role in their friction and wear. Table 1 summarizes typical structural, mechanical, and

tribological properties of diamond and ta-C films.

12
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Figure 5. lllustration of surface termination states of self-mated diamond by (a) hydroxyl groups
and (b) water molecules, (c) hydrogen, (d) oxygen and (e ) effect of test environment on friction of
self-mated diamond films ((a) - (d) are courtesy of M. Clelia Righi and G. Zilibotti - University of

Modena, Italy and (e) is courtesy of Joakim Andersson - Uppsala University, Sweden).

Effect of Phase Transformation: Depending on the test conditions and/or environments,
diamond films may undergo shear or ambient-induced phase transformation under high
contact pressures through rehybridization from sp® to sp? bonded top surface layer under
high-load, high-speed, and high temperature sliding conditions. sp? bonding is very typical
of graphite, which is thermodynamically the most stable form of carbon at room temperature.
Graphite is a well-known solid lubricant due to its lamellar structure and hence when present
at a sliding interface it can provide reasonably low (i.e., 0.1 to 0.2) friction coefficients due
to an interlayer shear mechanism; however, friction may be higher in inert or vacuum

environments since graphite does not lubricate well under such conditions [7,9,11,65,66].

Crystalline diamond films are thermally very stable but may undergo phase transformation
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or graphitization well above 600°C. Those diamond films that contain nondiamond phases at
grain boundaries may have lower thermal stability and hence inferior wear resistance [66] at
elevated temperatures. Phase transformation may occur at lower temperatures in open air but
in inert or vacuum test environments, diamond films resist degradations at much elevated
temperatures, i.e., 800 °C and above. In both open air and vacuum test conditions, with
sliding surfaces being transformed to graphitic layer, the friction and wear behaviors become
similar to those interfaces lubricated with graphite powders; i.e., higher friction and wear (as
graphite is a poor lubricant at elevated temperatures). Overall, wear resistance of diamond

films at elevated temperatures is not as good as room temperature.

2.1.5 Computational Simulations

Bulk diamond and thin diamond films have been the subject of many dedicated
computational studies aimed at understanding of the atomistic or molecular level origins of
their unusual friction and wear mechanisms especially in water and/or hydrogen-containing
environments. In one of the earliest MD simulations looking into the effects of these, Cagin
et al. have shown that surface passivation was literally imperative in achieving and
maintaining low friction and wear on sliding diamond surfaces. Both water and hydrogen
were suggested as good molecules for effective passivation of dangling o- or covalent bonds
on sliding diamond surfaces as were experimentally verified by his coworkers in a vacuum
tribometer [67].

With the advent of high-power computers and simulation software, interest in atomic scale
mechanisms of diamond and other carbon films has increased tremendously in recent years.
For example, based on the results of a combined macro-scale experimental and first-
principles DFT study, Barros-Bouchet et al. have reconfirmed the pivotal role of water and
hydrogen molecules in diamond’s tribology [10]. Specifically, they have shown that ultralow
friction of nanocrystalline diamond films is closely associated with OH and H passivation of
their sliding surfaces, which can occur through the dissociative adsorption of H.O molecules
in the surrounding environments. They argued that OH and H termination (as illustrated in
Fig. 5) keeps the surfaces apart and thus hinder the formation of strong covalent bonds across
the interface. They also concluded that H-termination or passivation of sliding surfaces result

in much lower friction than OH-termination.

Looking at the effect of surface termination states on the nanotribological properties of
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diamond (001) surface, Zilibotti et al., further confirmed the pivotal role of hydrogen,
oxygen, and hydroxyl groups on friction and wear [68]. In their follow up study, they found
that the presence of unoccupied dangling bonds at sliding interface were extremely
detrimental; i.e., if the interfacial hydrogen coverage was only ~75%, the average shear
strength of contact interface could increase by 2 orders of magnitude (despite the fact that
little or no covalent bonds are yet formed). For a much lower hydrogen coverage of 50%; the
covalent bonds across the interface form and the adhesion energy increases tremendously
and finally approaches to the ideal shear strength of bulk diamond in the cases of 0%

coverage [69].

In a most recent study involving tight-bonding MD simulation of a diamond (111) surface,
Takuya et al. have further shown that the presence or absence of water indeed plays an
important role in the tribology of diamonds. Specifically, in the absence of water,
amorphization was shown to occur readily and to lead to higher friction, but when water is
present, then the crystalline surface is preserved due to a high degree of H/OH surface
termination as in Fig. 5 [70]. They also observed through their simulations that the presence
of only a trace amount of H.O may give rise to cold welding via formation of some ether

groups without disturbing the crystallinity of sliding diamond surfaces.

In another model experimental study involving ultrananocrystalline diamond films with and
without hydrogen termination, Sumant et al. showed that the lowest work of adhesion
(comparable to van der Waals’ interactions) was achieved with H-terminated diamond
surfaces which also provided the lowest friction during nanotribology experiments [71].
Overall, these and other dedicated studies in recent years have shown clearly that despite
their ultra-high hardness, resilience and high chemical and thermal stability, their friction
and wear properties are largely governed by surface chemistry and/or complex tribochemical
interactions. Specifically, termination or passivation of dangling o-bonds by H and other

active species is an important prerequisite for attaining low friction and wear.
3. DIAMONDLIKE CARBON (DLC) FILMS

Unlike diamond, DLC coatings are structurally amorphous and can be produced more
conveniently at much lower temperatures (i.e., room temperature to about 300°C) and
deposition rates. There exist numerous deposition methods (i.e., DC and RF sputtering, arc-
PVD, plasma-enhanced CVD, pulsed laser deposition, ion-beam deposition, etc.) that can be
used to produce these films from all kinds of hydrocarbon gases (such as methane, acetylene,

15



ethylene, cyclohexane, etc.). Ta-C DLCs are synthesized using solid carbon targets in argon
gas discharge plasmas using arc-PVD, pulse-laser deposition, and ion-beam methods. Those
DLCs extracted from hydrocarbon gases may contain considerable amounts of hydrogen
(i.e., 10-50 at.%). Films derived from solid carbon sources are essentially hydrogen free.
Depending on the method used (i.e., PECVD vs. arc-PVD), they can be super-hard (and
hence highly diamondlike) or soft and graphitelike. Structurally, all DLC films consist of a
disordered or amorphous network of very-short-range-ordered diamond (characterized by
sp3-type tetrahedral bonds) and graphitic phases (characterized by sp?-type trigonal bonds)
[14,16]. Hence, these films can be regarded as degenerate forms of bulk diamond and/or
graphite. Sputtered DLCs tend to be more sp? bonded hence highly graphitic, while those
produced by arc-PVD and pulsed-laser deposition tend to be mostly sp® bonded and hence
highly diamondlike and sometimes they are referred to as amorphous diamond.

Despite their amorphous nature, DLC films may offer excellent mechanical and tribological
properties that are comparable to those of crystalline diamond films. In fact, mechanically,
they can be made very hard and stiff. Maximum reported hardness values for hydrogen-free
ta-C DLC films are in the range of 70-90 GPa [3,14]; while the hardness of hydrogenated or
graphitic DLCs can be as low as a few GPa. In this paper, we will mostly concentrate on the
ta-C films due to their superhardness and ultra-wear resistance in applications. Chemically,
ta-C films are very stable and can resist highly acidic and saline media as crystalline diamond
films. Unlike diamond, these films are thermally insulating and depending on the type and

ambient conditions, they can be used at temperatures up to about 500 °C.
3.1 Friction and Wear of ta-C Coatings

Historically, hydrogenated carbon films (a-C:H) were developed much earlier than the ta-C
films and they have also been employed first in many industrial applications including
internal combustion (IC) engines. Because the lubricant was generally the same as for steel
surfaces, some chemical wear problems were quickly encountered with the traditional oil
additives, especially the ones containing molybdenum compounds [72]. Later, hydrogen-free
ta-C films were developed and much preferred mainly because of their less chemical
sensitivity to lubricant additives. At the same time, deposition techniques for ta-C films were
optimized and became mature to be extensively used in engine parts on the Asian market
(tappets, piston rings and pins). The low friction properties of ta-C films with specific

lubricants have been extensively studied and friction coefficient values in the order of 0.01
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has been successfully obtained in a wide range of conditions [73,74]. However, wear
resistance of ta-C films was much less investigated than friction reduction. In the following,

we focus primarily on this aspect.
3.1.1 Structure and surface chemistry of hard ta-C coating

We remind here that ta-C coatings have an amorphous structure and are made of a network of
sp? and sp®-hybridized carbon atoms. Typically the sp*/sp? ratio lies between 40 and 70 %
corresponding to soft and hard ta-C, respectively. If the sp*/sp? ratio is below 40%, the material
is called a-C and the hardness is much lower (say about 25 GPa)), even if it is much higher
than hardened steel (i.e., 7-8 GPa). In hydrogen-free carbon material, it is known that the
sp®/sp? ratio varies linearly with the density of the material and then with the hardness. Figure
6¢ shows a computer simulation of the construction of a ta-C structure using the ReaxFF
method by melting and quenching carbon with a cooling rate of 100 K/ps [adapted from 75].
In this case the sp/sp ratio is about 70% corresponding to a density of 3.24 g/cm?® (diamond
is 3.54 g/cm® and graphite is 2.26 g/cm?®), the percolating sp® network is associated with
isolated sp? carbon and a few sp! units. The corresponding hardness is estimated to be 60 GPa
depicting a hard ta-C material. Energy Filtered TEM imaging of sp? and sp® carbon (recorded
at the 1s/n* and 1s/c* transitions at the C K-edge) in a ta-C coating deposited by PVD process
is in agreement with the calculated structure and is homogeneously distributed in the layer

thickness (Figure 6 a, b).
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1s/n* EELS transition
at 284 eV

Figure 6: a, b) Energy Filtered TEM images of sp® and sp? hybridized carbon in a hard ta-C coating
showing homogeneous amorphous structure, ¢) computer simulation of a ta-C structure of density 3.24

g/cm? corresponding to a sp*/sp? ratio of 70 % (adapted from ref [75]).

Hardness can be measured by nanoindentation using a diamond indenter. However, another
technique is more interesting but needs the fabrication of focus ion beam (FIB) cross-sections
adapted for TEM analysis. Observed in the Energy-Filtering TEM, the hardness can be derived
from the low-loss EELS spectrum by measuring the maximum energy of the plasmon loss
peak. After calibration with pure diamond, the hardness can be estimated at different depth of
the coating thanks to the high spatial resolution of the electron probe. In the example shown
in Figure 7, the hardness of the ta-C coating is estimated to be 60 GPa and this value is very
homogenous through the whole coating depth. The analysis position 1 in red corresponds to

the chromium adhesion layer and cannot be exploited for such hardness measurement.
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Figure 7: FIB cross-section of a ta-C coating deposited by arc ion plating PVD. Low-loss EELS spectra
recorded at different positions in the coating thickness. The maximum plasmon energy corresponds to
a hardness of 60 GPa homogeneously distributed in the whole film thickness. Adapted from ref [76].

Before dealing with wear experiments, the last important parameter in the ta-C layer is the
chemical nature of the ta-C outmost surface. Computer simulation (Figure 8a) predicts first an
increase in sp? hybridized carbon atoms near the surface and secondly different possible
hydrogenated and/or oxygenated terminations including C-H, C-OH, C=0 and sometimes C-
O(OR). Practically the ta-C surface obtained by PVD is not always very smooth depending on
the deposition process. Sometimes, it is necessary to polish the ta-C with diamond powder or
metallic brush. Another way is to use filtered ion plating PVD deposition, thus eliminating
most of droplets. The coating surface can also be observed by Energy Filtering TEM (Figure
8b,c) and it shows effectively an increase of sp? carbon content when approaching the top
surface and an oxygen increase at the very top surface in good agreement with computer
simulations. The chemical species present at the termination of the ta-C coating are well visible

in the XPS spectrum.
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Termination {H, OH, O)
sp?, sp'* enrichment

Figure 8: ta-C passivation surface layer as studied by a) computer simulation (ReaxFF method), b)
plasmon loss EELS image on the n/a* transition at 6 eV energy loss, c) plasmon loss EELS image on

the o/c™* transition at 30 eV energy loss. The very top surface is enriched in sp2-hybridized carbon.

3.1.2 Wear of ta-C coatings in vacuum and in different atmospheres

Unlike a-C:H coatings, ta-C coatings show very high friction and wear in ultrahigh vacuum
(Figure 9a). This is the result of the absence of hydrogen termination and the formation of
covalent bonds between the two contacting counterparts. Typically the friction coefficient
rises up near unity and severe seizure occurs on both surfaces. However, introducing a low
partial pressure (say 60 hPa) of hydrogen gas in the surrounding of the ta-C/ta-C contact leads
to a drastic decrease of both friction and wear (Figure 9a,b). The reason is the triboreaction of
dangling bonds with hydrogen radicals and the formation of C-H termination. The ta-C friction
pair can also be lubricated by methane and more preferentially by polar molecules, such as
water vapor, ethanol, methanol, glycerol etc. It is interesting to note that the partial pressure
of polar molecules necessary to reach the low friction is a thousand times less than the one for
H> and CHa. On the contrary, there is no effect of inert gas like nitrogen or argon on the

tribological properties of ta-C coatings.
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Figure 9: (a) Friction and (b) wear of ta-C tribopair in ultrahigh vacuum (10 nPa) and in hydrogen gas
(pressure 60 hPa), respectively. The ta-C pair is lubricated by hydrogen after an induction period
corresponding to the generation of dangling bonds and passivation by hydrogen. Wear of the ta-C layer

is very low as seen from the optical image of wear scar on the flat.
3.1.3 Wear of ta-C coatings in liquid water

Water would be a perfect lubricant in a lot of practical situation, however steel contacts are
not lubricated by aqueous solutions because of the corrosive attacks and rapid formation of
abrasive metal oxides and hydroxides particles. Fortunately, this is not the case of H-free
coatings that gives a relatively low friction in a humid air environment. Figure 10 shows
friction results of a ta-C/ta-C contact lubricated by distilled water (pin-on-flat configuration).
The friction coefficient is about 0.03 and the wear scar on the ball corresponds to the Hertzian
contact area, indicating a very low wear rate and only a slight polishing of the coating. Other
materials are also well lubricated by water, such as silicon carbide, silicon nitride or even
alumina, but the origin of low friction in these cases have been often attributed to a high wear
rate of the contacting surfaces to eventually reach the hydrodynamic regime at high speeds.
The mechanism of low friction and wear of ta-C in water has been investigated by using
different analytical tools (XPS, Raman, SIMS) in order to detect tribochemical reactions.
Different groups in the world have also carried out computer simulations. The overall result is
the formation of oxygenated termination of the ta-C surface under water lubrication, namely

H, OH and O. The sliding of such oxygenated carbon surfaces gives the low friction and wear.
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Figure 10: (a) Variation of friction coefficient of a ta-C tribopair in distilled water showing ultralow
friction and (b) wear is only visible as a polished Hertzian contact area (contact pressure: 0.8 GPa,

sliding speed 3 mm/s, room temperature).
3.1.4 Wear of ta-C Coatings in Glycerol and Oleic Acid

Water has the drawback of low viscosity for most tribological applications. Therefore glycerol
was used to lubricate ta-C contacts because it also contains a lot of hydrogen bonds between
molecules like in water and a relatively high viscosity (about 1 Pa.s at ambient temperature).
Moreover, like water, it has a low piezzo-viscosity coefficient of about 5 GPa " at 30 °C.
Friction tests has been carried out with ta-C/ta-C friction pairs in glycerol at 80°C, cylinder-
on-flat tribometer, 0.7 GPa contact maximum pressure and in the boundary regime. Friction
coefficient was stabilized at 0.02 that is a very low value not attainable with steel contacts in
a fully formulated engine oil. It is interesting here to focus on the wear mechanism of the ta-
C coating. By using FIB cross-sections and TEM observation (Figure 11a,b), we observed a
decrease of about 15% of the coating thickness (900 nm as deposited). Moreover the
examination of the structural changes in the bulk of the coating by EFTEM gave interesting
information on the anti-wear mechanism. First of all, by EFTEM and plasmon loss EELS
imaging, we observed clearly a change in the sp/p? ratio inside the bulk of the ta-C and a
gradient in the layer thickness. Quantitatively, the coating hardness is now 40 GPa near the
steel substrate (instead of 60 GPa in the pristine ta-C) and falls down to 20 GPa near the sliding
surface (Figure 11c). Starting from a very hard ta-C material, the coating is now a hard ta-C
one with a subsurface made of a soft ta-C layer. The change in the carbon hybridization is

accompanied by a change in the density of the coating material and a better distribution of
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stress (compressive at the beginning). Clearly this is an evidence for a self-adaptation of the
ta-C structure to tribostress in the lubrication test. During the friction test, this structural
change is related to higher friction value and the ultralow friction regime is attainable when
the coating structure has been stabilized. In correlation to this, the roughness of the coating
has drastically decreased. The polishing of the ta-C surface by glycerol is attributed to a

chemical wear process.
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Figure 11: Structure modification of a ta-C coating after a lubricated test in glycerol a) The hardness
profile is calculated from the low-loss EELS spectra and shows a drastic decrease of hardness when
approaching the surface, b) the dark field TEM image using the (0002) graphite ring shows an
enrichment of the surface in amorphous sp? carbon, ¢) schematic of the change in hardness of the

coating due to friction in glycerol.

This polishing process is thought to take place once the sp? carbon concentration has increased
near the top surface. The sp? carbon reacts with glycerol molecules (or its decomposition
products) and the carbon coating is progressively eliminated as oxygenated small molecules,

including gaseous species.

Other similar experiments have been performed in oleic acid as a lubricant. Results have been
found very similar to the case of glycerol with very low friction values (below 0.01) and a
mitigated wear on the ta-C. Photoemission spectroscopy (PES) analyses using the synchrotron
radiation have shown the presence of a graphene oxide-like structure at the very top of the
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worn coating. This graphene layer is formed when the sp?/sp? ratio is higher than 70%.
3.1.5 Wear of ta-C coatings in engine oils

The use of DLC coatings in internal combustion engines started about 20 years ago, mainly in
racing cars. First the a-C:H coatings were deposited on valve lifters. The hydrogenated carbon
material (containing between 20 and 40 % hydrogen) is twice harder than steel after thermal
treatment. So it was thought that the wear would be lower than the bare steel. At this stage, the
composition of engine oil was the same that the one used for steel contacts and wear results
were very promising indicating that a-C:H coatings are very wear resistant. Later, with the use
of certain friction modifiers (mainly Mo-containing additives), the situation became more
complicated and it was recognized by many research groups that hydrogenated carbon films
suffered significant chemical wear by complex tribochemical reactions. Moreover, a-C:H
coatings did not reduce friction to a large extent.

Ta-C coatings were considered later and now they are successfully deposited on piston
rings and pins on the Japanese market. Parametric studies carried out by several research
groups in the world have indicated that the reduction of friction was larger using ta-C coatings
than a-C:H ones, particularly in the presence of some oxygenated organic friction modifiers
(GMO for example). The main issue in using DLC coatings with formulated oils is the
occurrence of drastic chemical wear. This chemical wear is associated with the low friction
mechanism so that there should be a mitigation of acceptable wear for a guaranteed low
friction performance. Also it was pointed out that tribochemical wear of ta-C in presence of

Mo-containing additives was lower than for the a-C:H coatings.

Little work has been published on lubrication of UNCD coatings compared to DLC ones.
Mostly water-based and biological lubricants have been investigated [77]. From a general
point of view, the tribological performances of NCD diamond coatings are very similar (and
sometimes better) to hydrogen free carbon coatings. This could be explained by the fact that

the termination of UNCD coating is amorphous and resembles the termination of ta-C material.

Table 1. Typical structural, mechanical and tribological characteristics of diamond and ta-C films

Typical RMS | Hardness | Typical References
Classification Grain  Size | surface (GPa) Friction
(nm) roughness Coefficient in
(nm) humid air
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Natural Diamond Made of very | Atomically 100 0.01-0.05 55-58, 61,66
large single Smooth on (depending
crystals cleaved/ on crystalline
crystalline face)
faces
Microcrystalline 1,000-10,000 100 - 1,000 90-100 <0.6 37,44,59-61
Diamond
Nanocrystalline 10 -100 20 -50 80-90 0.05-0.1 10,38,40,52
Diamond
Ultrananocrystalline | 3-10 3-20 90-100 0.01 -0.03 6,9,8,18,20,
Diamond 51-53
ta-C Amorphous 5-10 70-90 0.01-0.05 8,12,14,25

4. APPLICATIONS AND FUTURE PROSPECTS

As was obvious from the foregoing, great progress have been made in the synthesis and
tribological characterization of diamond and ta-C coatings. Extensive tribological studied in
the past confirmed that these coatings can provide some of the lowest friction and wear
coefficients in air and under lubricated conditions of moving mechanical assemblies that are
very common in many cross-cutting industrial applications including manufacturing,
transportation, oil and gas, mining and earthmoving, microelectronics, and micro-machines.
Due to their smooth nature, NCD/UNCD coatings are well-suited for sliding bearing
applications like mechanical pump seals where high resistance to abrasive, erosive,
corrosive, and adhesive wear are required. These films are also preferred choices for NEMS

and MEMS devices as well as the fabrication of AFM tips.

Some of the most common uses of diamond coatings include metal-cutting and forming
operations such as micro/macro-machining, milling, and wire-drawing as well as many other
parts used for preventing erosion and abrasion (such as jet nozzles). Diamond coated
mechanical pump seals have also been another success story as they have been shown to
literally eliminate wear and significantly reduce torque. These seals are now available for
large-scale industrial applications. Diamond coatings are used for machining of the carbon
fiber-reinforced composites as the precision cutting of such composites with least amounts
of damage has become vital for aerospace industries. Some of the most other machining
applications for diamond films include the machining of metallic and ceramic composites,
high silicon aluminum alloys, copper alloys, graphite, fiber-reinforced polymers, fiberglass,
wood products, concrete, mining and rock drilling operations.



As opposed to ceramic-based PVD and CVD coatings, diamond coatings can provide
exceptional thermal conductivity which can help dissipate frictional heat rapidly from a
sliding contact or cutting interfaces to prevent rapid oxidation or thermal degradations. One
of the major drawbacks of diamond films is that they cannot be grown on the surface of steels
and other engineering materials. The range of suitable substrates for diamond film growth
include cemented carbides, carbide forming transition metals (such as Si, W, etc.) and
carbide-based ceramics. In applications involving high temperatures, diamond and ta-C
coatings may oxidize and thus suffer accelerated wear. Under high-loads or contact
pressures, large cracks or fracture may also take place especially along the weaker cleavage

planes or through columnar grain boundaries to degrade wear performance.

In the case of amorphous ta-C coatings, some of the deficiencies mentioned above (i.e.,
fracturing along cleavage planes or through grain boundaries) will not be the case but these
coatings too suffer increased wear under elevated temperatures. In addition to metal-cutting
and forming operations, ta-C coatings have found many diverse applications in automotive
sector and recording media due to their extreme resistance to wear. High chemical inertness,
biocompatibility and wear resistance make diamond and ta-C coatings very attractive for

high precision cutting in medical surgery and grinding in dental burr applications.

As with all types of materials and coatings, the experimental results and field data suggest
that friction and wear performance of diamond and ta-C coatings is greatly impacted by test
and/or environmental conditions. Specifically, strong surface and/or tribochemical
interactions with surrounding environments (as confirmed by MD simulations) may occur
during sliding and determine the extent of friction and wear performance. Both coatings do
not function well in vacuum or inter gas environments, while they function quite well in open
air or in the presence of water and other polar fluids. The greatest challenge for
microcrystalline diamond coatings is their very rough surface finish which causes severe
abrasion on other materials. Researchers have developed very effective polishing methods

for microcrystalline rough diamond films to improve their tribological performance.

Recent advances in deposition technologies have greatly increased the quality, reliability,
and cost of diamond and ta-C coatings and thus increased their prospect for large-scale
applications. Overall, despite their very long history, these coatings have enjoyed an
increasing interest in many tribological applications thanks to their superhard and self-

lubricating properties. With increasingly harsher operating conditions of future tribological
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systems, there is no doubt that they will keep maintaining growing interest in coming years.
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