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ABSTRACT: Hydrogenated diamond-like carbon (H-DLC) is
typically produced as a coating or thin film through plasma-
enhanced chemical vapor deposition (PE-CVD). H-DLC is
relatively hard and well known to exhibit superlubricity. Is
superlubricity an intrinsic property of H-DLC? This paper
argues that H-DLC is not intrinsically superlubricious, but it has an ideal structure that allows transition of the interface region to a
superlubricious structure upon frictional shear in proper conditions. Thus, its superlubricity is an extrinsic property. This argument is
made by comparing frictional behaviors of three allotropes of carbon materials—graphite, amorphous carbon (a-C), and diamond,
and carefully scrutinizing the run-in behavior as well as environment sensitivity of H-DLC friction. The superlubricious structure is
generally known to be graphitic, but its exact structure remains elusive and is subject to further study. Nevertheless, accurate
knowledge of how superlubricity is induced for H-DLC can guide engineering design to achieve superlubricious behaviors with
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other carbon materials produced via different synthetic routes.
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1 Introduction

Friction plays an important role in almost all aspects of moving
systems—both natural and engineering. In some cases, we want
friction. Without friction, one cannot grip objects or walk from
one location to another. In a brake system, a large friction is
necessary to stop the moving vehicle. In other cases, we want to
reduce friction. For example, friction causes parasitic energy loss
in moving engineering systems [1]. In automobiles with internal
combustion engines, only 21% of the energy generated by fuel is
actually used for propulsion of the car; out of 79% of energy loss,
17% is due to friction [1-3]. Considering the large number of
automobiles around us and in the whole world, it is easy to
imagine how significant the energy saving would be if the
frictional energy loss is reduced by 1% in the transportation
industry alone.

In most engineering systems, friction mitigation is usually done
through liquid lubricants or grease, which prevents direct contact
between two solid surfaces moving at different speeds [4—6]. But,
during the start and stop of motion, the lubricant film is squeezed
out, and direct solid-solid contact is inevitable. In that case,
boundary lubrication is needed, where solid lubricant coatings
may be beneficial for surface protection [7-9]. On the other hand,
in microelectromechanical systems or space applications,
conventional liquid-based lubricants cannot be used, and friction
control should be done through solid lubricants or lubricious
coatings [10—14].

Probably, the two most widely used solid lubricants are

graphite and MoS,. One common feature of these two is that they
are two-dimensional (2D) layered materials. Under proper
environmental conditions, these solid lubricants can provide a low
coefficient of friction (COF; p), protecting the substrate material
from wear [15—20]. Especially when COF is close to or even lower
than 0.01, the solid lubricant is called “superlubricious” [21, 22].
The basal planes of these layered materials are intrinsically
superlubricious due to atomic smoothness and chemical
inertness [23—31].

There is another type of solid coating material that can exhibit
superlubricity—it is hydrogenated diamond-like carbon (H-DLC),
which is typically produced via plasma-enhanced chemical vapor
deposition (PE-CVD) methods [32-36]. Figures 1(a) and 1(b)
display the very first data showing the superlubricity of H-DLC,
published by Erdemir et al. [36] and Donnet et al. [37]. Unlike
graphite and MoS,, H-DLC does not have a well-defined 2D
layered structure in the bulk. Instead, it consists of three-
dimensional (3D) amorphous carbon (a-C) networks of sp* and
sp*-hybridized carbon species with some hydrogen species
randomly distributed in the network [38, 39]. Then, how does H-
DLC coating with the 3D network structure exhibit the
superlubricious behavior that is typically observed at the basal
plane of 2D layered materials?

Since the discovery of the superlubricity of H-DLC [40-54],
this question has been studied extensively. From
phenomenological observations, it was initially proposed that the
superlubricity originates from the hydrogen termination of the
carbon atoms exposed at the sliding interface (Fig. 1(c)) [33, 55-57].
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Fig.1 Superlubricity of H-DLC reported by (a) Erdemir et al. and (b) Donnet et al., and (c) schematic illustration explaining the superlubricity proposed by Erdemir et
al. in 2001. In (a), H-DLC films were derived from pure CH, and 50% CH, + 50% H, plasmas, respectively, and the friction tests were conducted in dry nitrogen
environment. In (b), H-DLC film was deposited by DC PECVD from acetylene, and the friction tests were performed in an ultra-high vacuum. Reproduced with
permission from Ref. [36] for (a), © Elsevier Science S. A. 2020; Ref. [37] for (b), © Plenum Publishing Corporation 2001; Ref. [34] for (c), © Elsevier Science B.V. 2011.

The main supporting evidence for this view comes from the facts
that (i) in inert environments (such as high vacuum or dry
nitrogen), superlubricity is readily observed for H-DLC with high
hydrogen contents but not for H-DLC with low hydrogen
contents [33, 36, 49, 54], and (ii) the poorly hydrogenated DLC
can also exhibit superlubricity in H,-containing environments
[33, 37, 49]. It was hypothesized that the H-terminated DLC
surfaces can be positively charged, and the electrostatic repulsion
between these two surfaces could be the origin of superlubricity
[58, 59]. Computationally, it was predicted that H-bearing carbon
atoms could be slightly positively charged due to the
electronegativity difference between H and C [57]. Although H-
termination provides the passivation of the carbon surface, it is
unlikely that this partial charge plays a significant role in
superlubricity.

It should be noted that the basal planes of 2D materials
(graphite and MoS,) exhibit superlubricity immediately as soon as
friction test starts, while H-DLC coating surface becomes
superlubricious after a run-in period [43, 51, 53, 60-62]. Here, the
run-in is the period during which COF is initially high and
gradually decreases to a super-low value (<0.01). Initially, it was
thought that the run-in behavior of H-DLC is due to the presence
of a layer with non-ideal structures deposited at the end of PE-
CVD process (i.e., residual species after the deposition step is
ceased) or the adsorption of adventitious hydrocarbon
contaminants on H-DLC surface during the sample storage
[62—65]. If so, one could argue that the superlubricity of H-DLC is
an intrinsic property, which can be observed as soon as the
contaminant layer is removed.

If the superlubricity of H-DLC is an intrinsic property specific
to a-C network with a proper hydrogen content, an important
scientific question arises. One of the most widely used structural
analysis methods for a-Cs, including H-DLC, is Raman
spectroscopy [46, 48-52, 62, 66-70]. D- and G-band spectral
features in 1,300-1,600 cm™ region of Raman spectra provide
various structural aspects of H-DLC films, which include the
degree of graphitization, graphitic domain size, H-content,
density, etc. [71-74]. There are other types of a-C that exhibit
Raman spectral features similar to H-DLC but do not show
superlubricity [75-77]. Then, what is unique about H-DLC, and
why do other types of a-C showing similar Raman spectral
features not exhibit superlubricity? If the superlubricity of H-DLC
is not an intrinsic property of H-DLC, what causes the H-DLC
surface to transform into a superlubricious state? If the
superlubricity of H-DLC is an extrinsic property, can
superlubricity be achieved with other a-C networks by tuning
their structures or properties? These questions are important for
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both scientific understanding and knowledge-based materials
design to engineer friction behaviors of carbon materials.

This review paper compiles and delineates recently published
experimental data that collectively suggest that the superlubricity
of H-DLC is an extrinsic property induced by external conditions,
which include a proper amount of frictional shear applied to the
material with proper structures in proper environmental
conditions. The key to this thesis is to understand the run-in
behavior properly; thus, the chemical and physical processes
taking place during the run-in period will be reviewed and
cohesively interpreted to draw the argument that the
superlubricity of H-DLC is not an intrinsic property but an
extrinsic property. From this angle, we can explain why H-DLC
can readily exhibit superlubricity. It also helps to devise an
engineering strategy to attain superlubricity with other types of
a-C.

2 Comparison of friction behaviors of carbon
allotropes

Figure 2 schematically compares the structure of graphite, a-C,
and diamond and summarizes the typical friction behaviors of
these materials reported in the literature. Figure 3 plots COF
values of various types of carbon materials found in the literature,
along with the Raman spectral features revealing the hybridi-
zation structure of carbon in each type of carbon allotropes
[32-34, 58, 71, 78-96]. At a quick glance, it can be seen that H-
DLC is unique in terms of COF. Let us take a deeper look into
each allotrope.

Graphite consists of 2D hexagonal lattices of sp*hybridized
carbon atoms, which are stacked via van der Waals interactions
[97, 98]. Polycrystalline samples containing mostly nano-scale
crystallites are specifically called nano-crystalline graphite (NC-G)
[99, 100]. A bulk material molded by isostatic compression during
graphitization is called isographite [101]. By applying lateral shear
during the graphitization at high temperature, highly-oriented
pyrolytic graphite (HOPG) is obtained [102, 103]. Diamond has a
face-centered cubic (FCC) lattice of sp’-hydridized carbon atoms.
These two allotropes are in thermodynamic equilibrium state.
Other crystalline carbon materials are fullerene and carbon
nanotubes [104—106], which are not covered in this review.

All other bulk carbon materials without specific long-range
order of repeating units fall into the a-C category. These a-C
materials have random networks of sp- and sp’-hybridized
carbons. Raman spectroscopy is frequently utilized to qualitatively
assess the degree of sp” and sp® hybridizations in a-C materials
[48, 49, 73, 107-113]. It should be noted that a-C is a non-
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carbon; ta-C stands for tetrahedral amorphous carbon. Note that the vibrational mode
and graphitic domains, which is the breathing mode of sp*-C ring structures.

equilibrium material; it means that its chemical compositions and
structures vary if synthesis method or condition is changed
[33, 34, 36, 49, 50, 54, 114]. So, each a-C material produced via a
different method is unique, even though all of them are described
with the same name in the literature. a-C materials produced
through pyrolysis of organic precursors are typically called glassy
carbon (GC) [115, 116]. Obviously, the pyrolysis temperature of a-
C is lower than the full graphitization temperature. The coatings
produced via CVD or physical vapor deposition (PVD) are called
DLC. Probably, the reason they are called DLC is because they are
much harder than GC although not as hard as diamond. The ones

https://doi.org/10.26599/FRICT.2025.9440995

G represents nano-crystalline graphite; a-C:H denotes hydrogenated amorphous
of the D band of diamond (1,332 cm™) is different from the D-band of graphite

with substantial degrees of hydrogenation are specifically referred
to as H-DLC. The ones with high sp*-C content are called
tetrahedral amorphous carbon (ta-C). Depending on the
precursor gases used for synthesis, other elements can be
incorporated in a-C network [117-119].

The friction of the graphite basal plane (including graphene)
has been studied extensively [23, 120—125]. While COF measured
on the (0001) basal plane of graphite in a nanoscale using atomic
force microscopy (AFM) is as low as 0.001 (even lower in even
lower in some literatures) [23, 120-122], COFs measured for
various graphite-based materials in a macroscopic scale (for
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example, using a pin-on-disk tribometer in ambient air) are
typically > 0.1, many orders of magnitude larger than the values
measured with AFM [78-85, 95, 126]. COFs measured in dry
nitrogen or vacuum are higher than those measured in humid air
[78-83, 95].

This contact scale dependence must be due to mechanical
weakness of graphite; its hardness is only a few GPa for the basal
plane [127]. In the macroscopic experiment, the microfracture of
the crystallites in the sliding contract region exposes prismatic
planes (which consist of step edges). The graphene step edges have
much higher friction than the basal plane [27, 128-132]. In AFM
experiments, it was found that even a single-layer thick step edge
of graphene (i.e., 0.35 nm thick) with the zig-zag structure on the
graphite basal plane can increase the local COF from < 0.001 to >
0.1. Figure 4 displays AFM lateral and height signal recorded as a
sharp AFM probe (made of silicon, covered with native oxide)
ascends and descends a single-layer thick graphene step edge on
the graphite basal plane [128]. Although a buckling of the
graphene edge had been proposed as a potential source for large
friction at the step edge [133], it was found to occur rather rarely
[130]. The adhesion force measured at the step edge is obviously
larger than that at the basal plane, but its dependence on the
distance from the step edge is quite different from (at least does
not correlate with) that of friction force [132]. Through detailed
comparisons with reactive molecular dynamics (MD) simulations,
it was found that the resistive force during the step-down
(descending) is due to hydrogen bonding interactions between the
native oxide at the tip surface and the OH groups at the graphene
step edge, and the step-down assistive force is due to local strain of
atoms within the tip caused by the edge topography [128]. The
large friction during the step-up (ascending) is due to the

4
Applied load = 36.7 nN
Y
Z
‘d'; Step-up
3] resistive
RS
T 14
o
8 Step-up —»
() e G T mgenpare
i <— Step-down
-1 4 Step-down  Step-down
e resistive assistive
E.O.B . - —’7'—::41‘-.-:*--:..-:::_-;—#-1:3-—' ]
= B 0.34 nmi Ao
D00+ —mmeermae B -
o)
T

— T T T

-30 -20 -10 0 10 20 30
Position (nm)
Fig.4 Lateral force (solid lines) and height profile (dashed lines) measured at a
graphene step edge with a silica AFM tip. The normal force applied to the tip was
36.7 nN, and the sliding speed was 500 nm/s. In the step-up direction, the
positive lateral force means that the graphene step edge is resisting tip sliding. In
the step-down direction, the negative lateral force is resistive to the tip sliding,
and the positive (or upward deviation from the negative trend) force is assistive to
the tip sliding. The inset is the AFM topographic image of the graphene step
edge. The height of the step edge is 0.34 nm, corresponding to the sum of the
thickness of one graphene layer and the interlayer spacing between adjacent
graphene layers. Reproduced with permission from Ref. [128], © The Authors
2019.
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synergistic actions of the chemical (hydrogen bonding) and
physical (topography) effects [128]. Without the chemical effect,
the topography alone does not cause a large increase in friction
during the AFM probe sliding [27]. At the graphene step edge
with the arm-chair structure, COF is much lower than that of the
zig-zag edge, but the arm-chair edges are not abundant [27, 134].
These nanoscale experimental data collectively provide a key
insight into the reason that COFs measured for graphite with pin-
on-disk instruments are high. The microfracture of the basal plane
is difficult to avoid in macroscale friction tests due to the
roughness of the counter-surface and a large shear force from the
large contact area.

When friction is measured directly on the prismatic planes of
graphite, COF is even higher because the areal density of these
high-friction edges is much larger [127]. The hardness of the
prismatic facets of graphite is less than 1 GPa. Thus, mechanical
damage to the surface can readily occur locally, resulting in a large
wear. All these detrimental effects can be avoided in the nanoscale
experiment with AFM by finding the area where the step edges
are absent and measuring friction under the condition where the
basal plane structure is unaltered.

The diamond surface provides an ideal platform to test the
hydrogen termination hypothesis because the extremely high
hardness allows the measurement of COF without surface
damage. When single-crystalline diamond facets are terminated
with hydrogen, COF measured with AFM or simulated
computationally is on the order of 0.1 [135-137]. The fact that the
H-terminated diamond surface cannot give COF smaller than 0.1
suggests that the hydrogen passivation mechanism shown in
Fig. 1(c) may not be sufficient to fully explain the superlubricity of
H-DLC. Also, it is noted that due to the extremely high hardness,
diamonds can abrase the counter-surface, especially when
polycrystalline surfaces with a large roughness are used in the
friction test [138—140]. For that reason, diamond is not a good
solid lubricant material.

Similarly, ta-C is not an ideal solid lubricant coating. COF
values reported in the literature vary over a wide range, mostly
larger than 0.1 (Fig. 3) [87-92]. It has a relatively high hardness
[39, 141, 142]. Thus, it may work well for the protection of the
surface onto which ta-C coating is applied, but it could cause wear
of the counter-surface [143].

Once again, we can see in Fig. 3 that H-DLC is the most
promising carbon allotrope for solid lubrication purposes [38, 39].
But it should be noted that H-DLC exhibits superlubricity in the
macro-scale friction test always after a brief run-in period, only
when it contains enough hydrogen in the film in inert
environment or the tribo-test is carried out in H,-containing
environments [58, 93, 94]. It does not exhibit superlubricity in
humid air [93, 144-146]. It is very rare to see the superlubricious
behavior in the nano-scale test [48, 147]. The following sections
summarize mechanistic understanding made so far in regard to
this peculiarity in friction of H-DLC.

3 Removal of the air-oxidized surface layer of H-
DLC during run-in

Figure 5 displays C 1s spectra of an H-DLC surface with a 40% H-
content taken with X-ray photoelectron spectroscopy (XPS)
analysis [65]. The sample was stored in air since H-DLC surface
does not degrade over time in typical storage conditions in
ambient air. In the survey spectrum taken without Ar-ion
sputtering, oxygen-to-carbon (O/C) ratio was found to be around
0.15+0.01 [65]. Even if the surface is cleaned with oxygen plasma
or ethanol prior to XPS analysis, this ratio does not vary

Friction, 2025, 13: 9440995
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through chemical derivatization. Reproduced with permission from Ref. [65], ©
Elsevier B. V. 2011.

meaningfully, and the spectral components in C 1s region do not
change significantly [65, 148]. If the oxygen-containing species
originated from adventitious contaminants, the O/C ratio would
have been altered upon cleaning. Thus, the oxygen-containing
species detected in XPS after proper cleaning must be a
constituent part of H-DLC surface.

Since PE-CVD was done in high vacuum with precursors that
do not contain oxygen, the oxygen detection in XPS indicates that
H-DLC surface undergoes post-synthesis oxidation upon air
exposure. It can be viewed as “native oxide” in analogy to those on
silicon and metal surfaces. Based on the O/C ratio and the
photoelectron escape depth in XPS, the thickness of the oxidized
surface layer is estimated to be 1-2 nm [65, 148]. The distribution
of the oxidized species could be determined by the combination of
peak deconvolution of C 1s XPS spectra and/or chemical
derivatizations (Fig. 5) [65].

The surface oxidation of H-DLC upon air exposure is an
unavoidable outcome of the nonequilibrium structural
distribution of sp- and sp>-hybridized carbon atoms. Since H-
DLC is produced via PE-CVD process, which involves the
bombardment of high-energy particles and ions, its structure is
highly reactive. The hybridization structures of sp> and sp® carbons
deviate from the ideal geometry because they cannot be fully
relaxed to the equilibrium structures once they are randomly
connected to form a 3D network. In the randomly-connected
network, a large fraction of carbon atoms have bond angles and
distances inevitably far from the equilibrium geometry. In MD
simulations of DLC structure produced by rapid quenching from
6,000 K, the pair-distribution function for the interatomic C-C
distance is found to be quite broad [149]. Although the synthesis
process is different from experimentally-produced H-DLC, the
carbon atoms possessing non-ideal bond lengths and angles must
be highly reactive since they are not in the energy minimum
(equilibrium) state. For this reason, when H-DLC is retrieved
from the deposition chamber, its surface will readily react with
oxygen and water molecules impinging from the ambient air.

The fact that the thickness of the air-oxidized layer is only 1-

https://doi.org/10.26599/FRICT.2025.9440995

2 nm means that the growth of the native oxide layer is a self-
limited process [150]. It is most likely to be limited by the
diffusivity of oxygen into the subsurface region at room
temperature. As the oxygen or H,O diffuses into the subsurface
region and reacts with carbon atoms that are far from the
equilibrium hybridization geometries, the sub-nm scale pores, if
they ever exist, may get congested, forming a barrier layer that
limits further ingress of oxygen or water species [150]. This is the
reason that H-DLC surface does not degrade even after storage in
ambient condition for a long time. Obviously, if the sample is
heated in air, the oxidized layer thickness can grow further [46, 62].

During the run-in period in inert environments (dry N, or
vacuum), the air-oxidized layer wears off. This can be supported
by the following experimental evidence. The wear depth of H-
DLC measured after the run-in period is typically on the order of
a few nanometers, which is close to the thickness of the air-
oxidized surface layer [63—65]. Once the superlubricious state is
reached, the wear rate is extremely low since fiction is extremely
small. That means most wear has occurred during the run-in
period. When H-DLC is oxidized, the D-band is enhanced and
the G-band is slightly blue-shifted (Fig. 6(b)) [46, 62]. This is
because the oxidation is accompanied by the enhancement of the
graphitic sp? carbon fraction [70, 73, 151]. During the run-in
period of the thermally-oxidized H-DLC surface, it was observed
that the D-band is decreased, and the G-band is slightly red-
shifted as the oxidized surface layer wears off (Fig. 6(a)) [46].
More recently, a time-of-flight secondary ion mass spectrometry
(ToF-SIMS) analysis was used for oxygen signal mapping and
showed that the oxygen content is reduced in the friction-tested
region (Fig. 6(c)) [147].

4 Structural changes in the interface region
during run-in

From the data discussed in Section 3, we can see that the
prerequisite to the superlubricity of H-DLC is the removal of the
air-oxidized surface layer. However, it is just a necessary
condition, not a sufficient condition. The superlubricity of H-DLC
is not readily observed in the nanoscale friction test with a sharp
AFM tip even after the wear depth exceeds the thickness of the air-
oxidized surface layer [48]. In contrast, superlubricity was
observed when a dull AFM tip was used [147]. The main
difference between these two was the presence of a carbon deposit
on the tip surface. When the tip was sharp, there was no sign of
carbon deposits in the apex of the tip [48]; but when the tip was
blunt, there was a clear sign of carbon deposits [147]. This carbon
deposit on the counter-surface is called a transfer film. Also, in
microscale and macroscale friction tests, the superlubricity of H-
DLC is always accompanied by the formation of transfer film on
the counter-surface, and based on the Raman analysis, the
structure of the transfer film is quite different from that of H-DLC
[46, 48-51, 53, 152-156]. All these reports suggest that the
formation of a “stable” transfer film on the counter-surface during
the run-in process plays an important role. It appears that the
transfer film prevents direct contact between the two sliding solid
surfaces. In that sense, it could be said that, although it is solid, the
transfer film formed on the counter-surface by rubbing against H-
DLC behaves like a liquid lubricant film in the hydrodynamic
lubrication regime in the Stribeck curve. Note that COF at the
onset of hydrodynamic lubrication is also ultra-low (typically, u on
the order of 0.01 or even less) [157, 158]. Here, it would be
interesting to make an analogy to physical gels, which remain
solid-like in their stationary state but flow like a fluid under shear
stress [159].
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It is important to understand the chemical composition and
structure of this superlubricious transfer film; however, such
information has been elusive for various reasons. Two immediate
reasons are the high reactivity of a-C surface and the detection
limit of the technique used. When the sliding track was analyzed
ex situ with XPS, which has a probe depth on the order of 10 nm,
the surface was always subjected to oxidation during the sample
transfer from the tribo-tester to the XPS system [50, 62, 160]. In
dry air and humid argon environments, the surface condition
changes within a few seconds, and the run-in behavior resumes in
the subsequent test at the same location (Figs. 7(a) and 7(b)) [160].
Even in a high-purity argon environment that contains only
~10 ppm of oxygen and water, it takes less than 5 min to lose the
superlubricity, and the run-in behavior resumes (Fig. 7(c)) [160].
This implies that even if a special suitcase that is pulled to vacuum
or filled with inert gas is used for sample transfer, it may not be

(a) (c)

sufficient to keep the superlubricious H-DLC surface unaltered
before the ex-situ analysis begins. Again, this attests that H-DLC
surface is highly reactive; its reactivity is self-limited to the top
surface region (around 1-2 nm thick) due to the transport limit in
the subsurface region [150].

For structural analysis, Raman spectroscopy has been
extensively used to analyze the sliding track in H-DLC surface
after the run-in period [44, 46-50, 61, 64-68]. But, because the
probe depth of Raman spectroscopy (typically exceeding several
hundred nanometers) [49, 161-163] is larger than the thickness of
this superlubricious interface, the measured spectrum is
convoluted with the signal from H-DLC underneath the surface.
For that reason, the Raman spectral features of the tribo-tested
region appear essentially identical to those of the pristine surface,
as shown in Fig. 8(a) [49]. The in-situ Raman analysis can
monitor spectral changes in real-time under the tribo-testing
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Fig. 6 (a) In-situ Raman spectra captured at the sliding interface between a sapphire ball and an H-DLC surface that was thermally pre-oxidized at 300 °C. (b) Ex-situ
Raman spectra of pristine and thermally-oxidized H-DLC at 180 and 300 °C. (c) Line profiles of H-DLC after sliding at 1,000 and 100 nN, along with their respective
lateral force signals. O-mapping images of the wear regions obtained using TOF-SIMS are displayed on the right. Reproduced with permission from Ref. [46] for (a, b), ©

American Chemical Society 2017; Ref. [147] for (c), © Wiley-VCH GmbH 2020.
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condition, but it still encounters the issue of (or is difficult to
deconvolute) the contribution from the bulk H-DLC beneath the
sliding interface.

This predicament can be circumvented by analyzing the
transfer film on the counter-surface. The frictional interface is not
an equilibrium surface. The inherent complication of
nonequilibrium thermodynamics is that its property is not a state
function but a path-dependent function. But this complication
can be used as an advantage—it means that the chemical and
structural information of the shear plane during friction is
inscribed into the transfer film on the counter-surface; thus, by
analyzing the transfer film on the counter-surface of a foreign
material (so, not self-mated friction test), one can deduce the
chemical and structural information of the sliding interface that is
not accessible otherwise. It just needs to be remembered that the
degree of oxidation upon air exposure after the friction test may
vary depending on the transfer film structure.

Figure 8(b) displays a typical Raman spectra of a transfer film
remaining on a stainless-steel ball surface after reaching the steady-
state ultra-low COF [49]. The Raman analysis of the transfer films
clearly shows an increase in the D- and G-band intensity ratio
(Ip/I;) and a blue shift of G-band position. This suggests that the
transfer film (and, thus, the sliding interface) is more graphitic
than the pristine H-DLC structure. In fact, the high-resolution
transmission electron microscopy (TEM) images of the transfer
films often show layered patterns that are parallel to the sliding
plane [147, 152, 153]. This must be formed by the action of
“frictional shear stress” [157, 158].

There appears to be a critical threshold for the shear-induced
graphitization to occur (Fig. 9) [147]. When the contact pressure
is low, the run-in process takes longer (i.e., more reciprocating
cycles are needed). When the contact pressure is high, the
frictional force is also high, and the run-in cycle is relatively short.
In nanoscale testing with a blunt AFM tip, the threshold contact
stress was found to be ~1.35 GPa [147]. In macroscale tests, the
threshold stress is much lower; for example, superlubricity is
readily observed even at an average Hertzian contact pressure of
~230 MPa [48].

TEM has been used to analyze the cross-section of the surface
region in the sliding track on H-DLC or the transfer film
[147, 152, 153]. Many of these TEM images show a few nm thick
“layered structure” regions in which multiple lamellae lie parallel
to the sliding direction. These features also indicate that the sliding
interface is “graphitic”. But, the exact nature is not known. The

(a) Wear track analysis

(1) Pristine H-DLC
(2) Tribo-tested H-DLC in H,
>
8
>
‘»
=
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layered feature does not necessarily mean that they are graphene
or graphene oxide layers. Similarly, reactive MD simulations also
suggested some degree of graphitization of carbon structures
within the sliding interface [149, 164—166].

5 Role of hydrogen on H-DLC superlubricity

In addition to the removal of the air-oxidized layer and the shear-
induced graphitization, the degree of hydrogenation of the
transfer film (which reflects the chemistry of the shear plane
region) also plays a very important role. The degree of
hydrogenation can be estimated by comparing the fluorescence
background in the Raman spectra with an empirical correlation
function [49, 107, 167]. Note that this is just an approximation.
Since the empirical equation was produced with bulk H-DLC
coatings with different hydrogen contents, the effect of surface
oxidized layer in the Raman spectral features is quite small. In
contrast, the transfer film on the counter-surface could be porous,
and thus, the degree of oxidation could be high. The effect of
oxidation by air on the Raman signal background has not been
studied systematically [168]. Nonetheless, a qualitative comparison
could still be possible.

For H-DLC coating with an H-content of 40%, the
superlubricious transfer film always shows a high degree of
hydrogenation—very close to the maximum H-content (which is
about 40% due to stoichiometric and structural constraints in H-
DLC) [48, 49]. In contrast, H-DLC with a lower H-content (for
example, 30%) shows high friction in N, after the initial run-in
and its transfer film was less graphitic and poorly hydrogenated
[33, 49, 169, 170]. It is known that if the poorly-hydrogenated H-
DLC is tested in H,-containing environments, ultra-low COF can
be achieved after a brief run-in period [31, 35, 47]. Figure 10
schematically compares the Raman spectral features measured for
the transfer films formed from H-DLC with 30% H-content
retrieved at various stages of the run-in period. The transfer film
formed in dry nitrogen, which gives high friction, shows the
spectral features of low degree of graphitization and low hydrogen
concentration. In contrast, the transfer film formed in H,-
containing gas exhibits the spectral features of more graphitic and
highly hydrogenated species [49]. Considering the crucial role of
hydrogen in the structural rearrangement of DLC network [171],
future research could focus more on the correlation between
hydrogen content and the degree of graphitization.

The role of hydrogenation is thought to be the passivation of

(b) Counter surface analysis
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Fig.8 (a) Raman spectra of pristine H-DLC with an H-content of 30% and its sliding track produced in an H, gas environment; (b) transfer film formed on a stainless-
steel counter ball after sliding in H,. Reproduced with permission from Ref. [49], © Elsevier Ltd. 2022.
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dotted line. The inset is an HR-TEM image of the blunted tip apex after running-
in, showing the formation of an extremely thin layer with a total thickness of
~2 nm and an interlayer spacing of ~0.55 nm, which is consistent with the layer

spacing of graphene oxide. Reproduced with permission from Ref. [147],
© Wiley-VCH GmbH 2020.

the reactive sites. Similar to the graphene step edges (Fig. 4), the
edges of the graphitic domains could cause high friction. During
the frictional sliding, some dangling bonds could be produced due
to local tribochemical dissociation of C-C and C-H bonds. If they
are not properly passivated, they can form C-C covalent bonds
across the shear interface, which will lead to high friction and high
wear. When H-DLC contains a sufficiently large amount of
hydrogen, endogenous hydrogen species could be available to
passivate such reactive sites. If the degree of hydrogenation is not
high enough (as in the case of H-DLC with a 30% H-content),
such passivation effects can be induced by keeping a sufficiently
high partial pressure of H, in the test environment [31, 35, 47].

6 Environmental effect on H-DLC superlubricity

There is a plethora of literature reporting the loss of the
superlubricity of H-DLC due to the presence of O, and/or H,O in
the testing environment [91, 140—142]. Again, this environment
sensitivity originates from the chemical reactivity of carbon species
whose bond length and angle deviate from the equilibrium sp” and
sp® hybridization [50]. By modeling the effect of O, and H,0O
partial pressure on COF with a Langmuir-type kinetics derived for
tribochemical processes taking place within the sliding contact
and during the time between consecutive sliding cycles, one can
estimate the probability of the topmost H-DLC surface freshly
exposed by frictional wear to react with molecules impinging from
the gas phase [47, 50].

Figure 11 compares the reaction rate constant obtained for two
H-DLC coatings (30% and 40% H-content) as a function of partial
pressures of H,O and O, [50]. The oxidation probability (a) of
30% and 40% H-DLCs in O, and H,O environments is on the
order of 10°-107* kPa"s". These values are quite comparable,
magnitude-wise, to the hydrogenation reaction probability of
unsaturated hydrocarbons on highly-reactive noble metal catalysts
such as Pt and Pd (around 102 kPa™s™) [172—174]. In both H-
DLC cases, a(H,0) is 3-4 times larger than a(O,). This difference
could be ascribed to the higher sticking coefficient of H,O
molecules [175, 176] than O,. Unlike O,, H,0 can have hydrogen
bonding interactions among physisorbed molecules and thus a
longer residence time at the surface.

It is also interesting to note that the oxidized surface species
formed by reaction with O, are highly susceptible to tribochemical
wear, and thus, the overall wear rate increases as the O, partial
pressure increases. In contrast, the water molecules physisorbed at
the sliding surface act like a molecular lubrication layer; thus,
although COF in humid nitrogen is higher than that in dry air, the
wear rate in humid nitrogen is lower than that in dry air [47, 50].
In high humidity conditions, the adsorbed water layer can act like
a “liquid” film and cause galvanic corrosion of dissimilar material
contact [177]. Although H-DLC is an insulator, the shear-induced
graphitic layer can be conductive. Since graphite is highly
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Fig. 10 Schematics illustrating the distinct frictional periods of H-DLCs hydrogenated at 30% and 40% in N, and H, gas environments, along with the evolution of
Raman spectral features of the corresponding transfer films formed on a counter ball. This depicts the correlation between friction and the degree of graphitization and
hydrogenation at the sliding interface. Reproduced with permission from Ref. [49], © Elsevier Ltd. 2022.
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cathodic, the anodic counter surface (such as stainless steel) can be
corroded in the presence of liquid water. This leads to severe wear
of the metallic counter-surface and negligible wear of H-DLC in
high humidity conditions [177].

Recently, it was also found that molecules physisorbed on the
silica counter-surface and dragged into the interface between the
silica and the graphite basal plane could alter the friction behavior
[31, 178]. When an AFM tip covered with a native oxide layer is
slid on the graphite basal plane, a small degree of stick-slip
behavior can be observed (Fig. 12(a)). When pentanol is adsorbed,
it can reduce the stick-slip behavior, making the interface more

(b) n-Pentanol vapor

lubricious (Fig. 12(b)) [31]. In contrast, when phenol or water
molecules are adsorbed, the stick-slip behavior can be amplified
(Figs. 12(c) and 12(d)) [31]. It is speculated that such amplification
effects are due to commensurate interactions between the
molecules adsorbed on the silica surface and the 2D lattice of the
graphite basal plane [31]. Something similar could occur more
readily at the shear-induced graphitic planes in the sliding
interface of H-DLC and the counter-surface. If so, this could be
another possible mechanism contributing to the environmental
sensitivity of H-DLC friction.

7 Summary and perspective

Putting together the experimental evidence discussed so far, it
becomes clear that the superlubricity of H-DLC is not an intrinsic
property of the hydrogen-terminated topmost surface of the
amorphous network consisting of randomly-connected sp* and sp’
carbons (Fig. 1(c)). If it is an intrinsic property, it would not be
sensitive to the test conditions. COF of H-terminated diamond
surface is about 0.1. COF of ultrahigh molecular-weight
polyethylene is also around 0.1 and 0.15, although its sliding
surface has C-H terminations [179]. COF of these materials is not
sensitive to environmental conditions as long as there is no severe
wear. Thus, the superlubricity of H-DLC must be an extrinsic
interfacial property induced by friction in certain environmental
conditions. As shown in Fig. 13, the prerequisite conditions for
the superlubricity of H-DLC are (i) removal of the air-oxidized
surface layer (which would be tribochemical processes), (ii) shear-
induced graphitization of the interface region, and (iii) proper
passivation of graphitic domains by hydrogen. The exact nature of
the “shear-induced graphitic” domain in the transfer film remains
elusive. They could be turbostratic, at least locally [95, 180-183].
When a cross-sectional region of a transfer film was imaged with
TEM, a very thin layer of multiple lamellae aligned parallel to the
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Fig. 12 Nanoscale friction behavior of a silica AFM tip (applied load = 6.5 nN) sliding on graphite basal plane recorded in (a) dry nitrogen, (b) n-pentanol vapor, (c)
phenol vapor, and (d) water vapor at ambient pressure and ambient temperature. The upper panel schematically shows the atomic arrangements in the sliding interface,
where vapor molecules adsorbed on the silica are projected to the graphite basal plane. The lower panels show the lateral force recorded during the contact scan,
indicating that the contact commensuration is influenced by the adsorbed molecules. The relative partial pressure (P/Psy ) indicates the concentration of the gas species
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while the background is dry nitrogen. Reproduced with permission from Ref. [31], © Elsevier Ltd. 2022.
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Fig. 13 Schematic illustration of the surface condition on H-DLC during run-in leading to superlubricity. H-DLC is of amorphous sp*- and sp*-carbon network and has
a native oxide layer on it (black colored). During the run-in, the oxidized surface layer wears off, and a more graphitic structure with passivation with hydrogen at all

reactive sites is formed due to frictional shear in the sliding interface (green-colored).

shear direction is often observed, which has been interpreted as
the presence of “graphitic” or “graphene-like” layers. However, it
is also difficult to firmly rule out the possibility that such graphitic
features are produced by high-energy electron beam damage
during TEM analysis. If they are not something caused by the
beam damage, then the parallel alignment of the lamellae along
the shear direction might be the fourth prerequisite [184].
Another important prerequisite (which could be the fifth) is that
the shear-induced graphitic domains should always remain within
the sliding contact (via adhering to the counter-surface). When
the contact area is extremely small (such as a contact scan with a
sharp AFM tip), the shear-induced graphitic domains are
continuously pushed out (probably because the adhesion force is
too small as compared to the friction force), and the sliding occurs
between the H-DLC surface against the fresh counter-surface.

Knowing that the superlubricity of H-DLC is a friction-induced
extrinsic property, one could ask the following question—why is
superlubricity readily observed for H-DLC but not for other a-C
materials that have even more graphitic structures? Maybe the
governing factor is the mechanical property. The shear-induced
graphitization requires a certain threshold. If the bulk cannot
support the applied load, the sliding interface will continuously be
subjected to abrasive wear. H-DLC with a 40% H-content has a
hardness (H) of ~7-8 GPa and an elastic modulus (E) of ~55-
70 GPa [78-85,95]. H-DLC with a 30% H-content has H = ~20 GPa
and E = ~200 GPa [32, 39, 46, 54, 59]. In contrast, GCs have H =
3-4 GPa and E = 30-35 GPa [185]. The poor mechanical
properties may be an Achilles’ heel of GC materials. In order to
have the shear-induced graphitization at the sliding interface, the
bulk phase should be able to sustain the applied load so that
sufficient frictional shear stress can be generated at the sliding
interface. If the bulk is mechanically too weak, then abrasive wear
will continuously take place at the sliding interface. Note that the
run-in period means the shear-induced graphitization requires
repeated sliding [147], it cannot occur instantaneously during the
first sliding cycle.

If this view is right, one strategy to attain superlubricity from
GC is to enhance its mechanical strength. In fact, GCs are brittle
and fracture very easily; they can be porous as well. If one could
make GC mechanically stronger—by reducing porosity or filling
pores with secondary materials, or by doping with other elements,
etc.—it might be possible to improve the lubricity. Although most
literatures that studied tribological properties of GCs reported
relatively high friction (4 > 0.1) [78-85, 95], a few papers reported
a COF less than 0.1 (in some cases, as low as 0.02) [78-80].
However, the experimental details were not well described in
those old papers. Maybe those old studies might have achieved
something unique (mechanically strong) without recognizing the
importance of that trait.

Another possibility could be residual oxygen. Since H-DLC is
produced using oxygen-free precursors in high vacuum
conditions, the incorporation of oxygen species in the bulk phase
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is very unlikely. Since GCs are produced from organic precursors
containing not just carbon and hydrogen but other elements,
including oxygen, they are likely to contain residual oxygen
species unless the pyrolysis temperature is increased to the full
graphitization temperature. The trace amount of oxygen may have
an impact on how low COF of GCs can be [184]. If this is a
dominant factor, an engineering strategy is to use a precursor that
would leave a lower level of residual oxygen species.

Since GC films are made at high temperatures and then cooled
to room temperature, the adhesion to the substrate may be weak if
the coefficient of thermal expansion (CTE) of the substrate is
significantly different from that of GC. Thus, the substrate
materials should be chosen properly to match CTE of GC. CTE of
GC is around 2-5 ppm/K [185-187]. This means that
superlubricious GCs could be produced on ceramic surfaces that
have low CTEs but not on metal surfaces with large CTEs. In that
case, PE-CVD of H-DLC would be a better option to mitigate the
friction problem.
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