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Abstract: Diamond-like carbon (DLC) film has gained widespread popularity as a versatile and
important solid lubricant material in the field of tribology. Among various types of DLC films,
hydrogen-rich DLC (a-C:H) film as a high-performance material has greatly enhanced anti-friction
and anti-wear. However, despite its remarkable capabilities, the surface chemical properties and
tribological performance of a-C:H film are significantly influenced by the surrounding environment,
in special atmospheric conditions. Its super-slip mechanism involves the participation of hydrogen
atoms, which can weaken the normal electron number of the outermost layer of a-C:H film. What is
more, it is essential to investigate tribofilms in a vacuum or inert gas environment to ascertain the
appropriate tribological properties of a-C:H film, which helps in mitigating oxidation effects. When
non-doped DLC films are subjected to friction in a dry nitrogen or argon environment, they create
sp3—C-rich transfer films on the contact surface, resulting in macroscopic super-slip effects. This paper
aims to introduce and discuss the diverse nanostructures of in situ tribofilms in a-C:H film, focusing
on the working environment, and explore the prospective application directions of a-C:H film.

Keywords: diamond-like carbon film; tribofilm; two-dimensional materials; lubrication mechanism

1. Introduction

Diamond-like carbon (DLC) is a synthetic material that has garnered significant at-
tention due to its unique properties, making it an excellent coating material for various
mechanical devices. As a widely engineered and industrial application, DLC film has
already been utilized in engines and bearings resulting in a friction coefficient lower than
0.01 (a superlubricity state [1,2]). Superlubricity helps reduce friction and wear, thereby
extending the life of materials. The superlubricity of DLC is due to the formation of a
highly ordered tribofilm with a thickness of only a few nanometers. This highly ordered
structure reduces the friction between surfaces, resulting in superlubricity. The growing
focus on superlubric DLC has caught the attention of many. Besides its excellent tribo-
logical performance, carbon thin film also possesses low surface energy, which has been
explored in diversified superlubricity pathways. Super-low friction and wear are common
characteristics of DLC films, which exhibit significant tribological behaviors and negligi-
ble energy consumption during rubbing. As a representative of amorphous carbon (a-C)
films in relevant tribological fields [3-6], DLC film has bonding structures and properties
resembling both diamond (sp>-C phase) and graphite (sp?-C phase), as shown in Figure 1.
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Among various types of DLC films, hydrogen-rich DLC (a-C:H) films have been success-
fully designed to achieve ultra-low (friction coefficient < 0.1) or even super-low (friction
coefficient < 0.01) friction in dry inert atmospheres like dry nitrogen atmospheres. This is
mainly attributed to the buildup of a nanostructured graphitic tribofilm (a thin film that
forms on the surface of an induced-friction transfer substance, reducing its abrasion) and
the associated surface passivation from —H or -OH free groups along the sliding inter-
face [7-9]. This kind of induced-friction transfer substance is called a tribofilm, which does
not have any hardness and cannot be tested independently. Essentially, a tribofilm is a
substance generated through physical action or a chemical reaction induced by shear force
during the friction process. The tribological performances are obtained by characterizing
the contact structure and friction coefficient of the friction pair that carries the transfer film.
However, when friction occurs in the atmosphere, the structure of the a-C:H film surface
is easily destroyed due to O and moisture-induced strong tribochemical reactions [10-12],
leading to the failed protection of materials or key mechanical moving parts. The tribofilm
generated by the DLC coating possesses a distinct nanoscopic structure, smaller than a
micrometer. The superlubricating property of DLC can be ascribed to the aforementioned
nanoscopic structure of the tribofilm. The tribofilm generated by DLC exhibits a highly
organized arrangement and is only a few nanometers thick. Therefore, it is crucial to
comprehensively investigate the nanostructures of in situ tribofilms on the contacts for
broadened environments.

Figure 1. HRTEM images showing the atomic microstructures of DLC film.

In the past decade, low-dimensional (2D) materials and zero-dimensional (0D) ma-
terials have been extensively studied as efficient alternatives for surface modification, to
exploit novel superlubricity systems. Graphene, 2D titanium carbide (TizCy, one type
of MXenes), graphene quantum dots (GQDs), and nanodiamonds, owing to their special
atomic-scale structure, are gradually being utilized in fundamental applied research [13-17].
In general, the combination of DLC films and low-dimensional materials has become the
core of modified solid lubrication films. The major characterizations of in situ tribofilm
nanostructures are high-resolution transmission electron microscopy (HRTEM)), the focused
ion beam-scanning electron microscopy dual-beam system (SEM-FIB), and dual-aberration-
corrected scanning transmission electron microscopy and electron energy-loss microscopy
(STEM-EELS) [15,18-21]. These characterization methods have already been utilized in
the interfacial structure and surface morphology of materials for basic research and me-
chanical engineering applications. In a few research groups aspiring to investigate the
nanostructures of in situ tribofilms, our group has carried out a large amount of work
based on the structures and characterizations of macro-lubrication. Due to the drawbacks
of DLC films, their surface properties need to be modified or matched with proper tribo-
couples to meet the increasingly stringent requirements of superlubricity in complicated
working conditions. In previous experiments [15,16,22], we found that nanocoating, which
is utilized as a highly effective solid lubricant, accelerated the formation of the tribofilm
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as a protective surface layer, especially in a dry nitrogen atmosphere. In addition, the
selection of friction counterparts has a significant impact on tribological performances and
in situ tribofilm structures in mechanical engineering [19,23-28]. Mechanical performances
such as hardness and elastic modulus exert the most pivotal influence on the tribological
behaviors of the tribo-couples. Commonly, among the counterpart materials, steel [29,30]
and ceramic [26,31] are the most frequently used tribo-couples through intensive adhesive
or abrasive interactions between sliding surfaces. DLC-based steel or silicon nitride sliding
against the same type of film material substrate (namely a self-mated system) has the
superiority to establish the superlubricity state (friction coefficient namely p < 0.01). During
the sliding process, the contact surfaces of the counterfaces are usually covered by forming
an in situ tribofilm to reduce friction and wear [9]. The nanostructures of in situ tribofilms
are governed by tribophysics and tribochemistry on the interfacial contacts. Weak interac-
tions along the sliding interface are accordingly realized by low-shear-strength lubrication
phases such as the sp?-C phase or the highly passivated contact surfaces induced by van
der Waals forces such as the sp3-C phase [6].

It is crucial to choose the appropriate friction counterparts to optimize the overall
performance and efficiency of mechanical systems. The selection process involves con-
sidering various factors such as material compatibility, load capacity, and environmental
conditions [23,25]. The design of tribo-couples also plays a crucial role in reducing wear
and increasing the lifespan of moving components. The geometry, surface roughness, and
lubrication strategies are carefully evaluated and implemented to minimize friction and
enhance tribological performances. For instance, steels [29,30] and ceramics [31,32] are the
most commonly used substrates among the counterpart materials. Generally, the mechani-
cal properties, such as hardness and elastic modulus, have the most significant influence on
the tribological behaviors of tribo-couples. Additionally, friction and wear are also greatly
affected by the surface morphologies and bonding chemistry of the counterpairs [24,33]. To
improve the sliding accommodation to the working conditions, the surfaces of mechani-
cal components are typically coated with a layer of solid film or lubricated with various
lubricants [34]. With breakthroughs in technological methods and algorithm innovations,
there have been significant advancements in the study of DLC friction behavior, specifically
the microstructure of transfer films. These approaches have provided valuable insights
into the interactions, conformational changes, and dynamic processes between molecules
within transfer films, shedding light on their formation mechanisms, stability, and function-
ality [35,36]. Simulating the interactions between molecules in transfer films allows for the
investigation of changes in parameters such as binding forces, bond lengths, and angles,
thereby exploring the mechanisms behind transfer film formation. Furthermore, molecular
dynamics (MD) can simulate the movement of molecules within transfer films, including
torsion, rotation, and displacement, providing insights into conformational changes and
dynamic processes.

To date, there has been a lack of comprehensive summaries regarding the nanos-
tructures of in situ tribofilms that induce superlubricity for DLC films. Therefore, this
paper aims to introduce and discuss the diverse nanostructures of in situ tribofilms that
induce superlubricity for DLC films. The influencing factors of superlubricating tribofilm
nanostructures are also considered, with a focus on the working environment atmosphere
(such as atmospheric, dry inert, harsh, and humid environments), which is supplemented
with computational simulation techniques. Furthermore, the lubrication mechanisms of
obtained tribofilms based on various working conditions are summarized at the end of
the paper. This paper provides perspectives on the nanostructures of in situ tribofilms
that induce superlubricity, particularly in the field of surface engineering. Our goal is to
establish a system that provides useful guidance for understanding and analyzing the
nanostructures of in situ tribofilms for DLC films and solid lubrication films. Meanwhile,
we hope that interested researchers will offer valuable suggestions for characterizations
and the analysis of nanostructures of in situ tribofilms.
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2. Atmospheric Environment
2.1. Nanostructure of Transfer Film

Atmospheric conditions at room temperature are commonly used operating environ-
ments for aircraft, cars, high-speed trains, ships, and other vehicles. In such environments,
it is crucial to investigate the structure of the super-slippery surface of a-C to guide the
improvement of surface lubrication for large critical motion mechanisms operating in
atmospheric conditions at room temperature. In the atmospheric environment, the lowest
u of hydrogen-free DLC is 0.016, as shown in Table 1. The reason for the low p is that under
strong shear, there is unstable sp3-C bond break and bond length and direction change,
causing adjacent atoms to rearrange carbon bonds along the shear direction to reduce lattice
strain energy. Ultimately, transfer materials containing discontinuous graphite nanocrys-
talline (cluster clusters) are formed on the contact surface, and much complete amorphous
carbon is generated along the direction of maximum shear stress [37]. After hydrogen
doping, the p of DLC can be further reduced to 0.005, resulting in a super-slippery state, as
shown in Figure 2. The mechanism behind this effect is that the participation of hydrogen
weakens the normal electron number of the outermost layer of the a-C:H film’s electric
dipole. Due to the lower van der Waals force, the terminal hydrogen bonds randomly
distribute and passivate the outermost electrons, further weakening the induced electric
dipole moment and obtaining a lower polarization rate. Finally, a transfer film composed of
curved multilayer graphene strips or onion-shaped carbon nanoparticles is formed in situ
on the sliding contact surface, effectively reducing the u and wear rate [27,38,39]. When
other elements, such as Cr, are doped into amorphous carbon film, excluding hydrogen, it
is found that the p increases. This is because Cr is a hard metallic element that enhances
the hardness of the contact surface, resulting in the structure of the transfer film being
mainly composed of sp?>-C and Cr [40]. Other carbon-based amorphous films, such as
onion-like carbon (OLC) and hydrogenated fullerene-like carbon (FL-C:H), also exhibit
extremely low . The p of OLC can reach 0.01, and the wear rate is also extremely low
at 6.41 x 1078 mm3/Nm. Onion-like carbon can slide as a nanoscale “rolling bearing”
during the friction process, providing an amorphous contact interface between the friction
contact surface and the OLC film. In situ this generates an interface transfer film combining
onion-like carbon and graphitized carbon, thereby achieving ultra-low friction—wear, and
greatly reducing energy loss [41]. The p of FL-C:H film is also less than 0.02, and a transfer
film is generated in situ on the friction-sliding surface induced by friction. The composition
of the transfer film is composed of pentagonal and heptagonal carbon rings and hexagonal
graphene rings caused by the thermal and strain effects of repeated friction. These polygo-
nal ring-shaped carbon structures form a stable fullerene-like structure, thereby achieving
ultra-low friction and wear of FL-C:H in the atmospheric environment.

Table 1. Tribological data of DLC film under different working conditions.

Environment Sample Stable pu Wear Rate (mm?/Nm) Reference
Atmosphere a-C 0.016 [37]
a-C:H 0.005 [27,38,39]
a-C:.Cr [40]
OLC 0.01 6.41 x 10718 [41]
FL-C:H <0.02 [41]
Dry inert a-C:H 0.001~0.003 4.6 x 10710 [42]
GLC 0.005 [43]
FLC 0.009 [43]
B,C/a-C 0.035 [44]
TaC/a-C 0.002 8.80 x 10710 [45]
GQDs/a-C:H 0.01 [15,16]
Combustible gas-H; a-C:H 0.0001 [46,47]
—CH, a-CH 0.0093 8.0 x 10~8 [48-50]
Ultra-high vacuum a-C:H 0.003-0.02 4.6 x 10710 [51,52]

Moisture GO/a-C:H:Si 0.002 [53]
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Figure 2. Experimental demonstration of the superlubricity regime for a-C:H film under 1, 10, and
15 ecm/s linear velocity (air environment, room temperature, 2.89 GPa contact pressure) Rprinted
with permission from Ref. [38]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In addition to regulating the composition ratio of C, H, and F in DLC and the hybrid
structure of C, excellent lubrication effects can also be achieved by coating the surface
with a coating. By coating graphene or modified MXenes on the polymer-like carbon
(PLC) surface, it is found that the p is less than 0.1, and the wear rate is at the level of
1078 mm3/Nm. The structure of the transfer film is mainly composed of low molecular
weight polyacrylic acid forming a more ordered sp?-C phase. Additionally, the surface-
active groups of MXenes participate in the formation of multilayer lubricating transfer
films [16,54].

2.2. Effects on Surface Structure

Through the study of the structure of transfer films, it can be observed that the
air environment has a significant impact on the termination groups of the DLC surface,
especially a-C:H film. Firstly, oxygen in the air reacts with the hydrogen atoms on the
surface of a-C:H film, resulting in the formation of oxide surfaces. This will change the
physicochemical characteristics of the a-C:H surface, such as the surface energy and friction
coefficient. Additionally, oxide surfaces can reduce the hydrophobicity of a-C:H, reducing
its lubricating performances [55,56]. Therefore, in applications where high lubrication
requirements or key friction performance are needed, oxygen in the air may cause a
decrease in the surface performances of a-C:H film. Secondly, in addition to oxygen, there
may be other pollutants in the air, such as moisture and organic compounds [57,58]. These
pollutants can interact with the surface of a-C:H film through adsorption or reaction. For
example, moisture can cause hydrolysis reactions on the surface of a-C:H film, leading to
the detachment of hydrogen atoms from the surface and a decrease in the hydrogen content
of the DLC surface [59-61]. This will affect the hardness and conductivity of DLC films.
For instance, organic pollutants may form adsorption layers on the surface of a-C:H film,
affecting its optical transparency and optical performance [62,63]. To address these issues,
measures can be taken to reduce the impact of the air environment on the surface terminal
groups of a-C:H film. For example, special surface treatment methods, such as surface
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modification or coating, can be used to protect the surface terminal groups of a-C:H film
and maintain its effective lubricating properties when subjected to friction in the air [64].

3. Dry Inert Environment
3.1. Nanostructure of Transfer Film

The room temperature atmospheric environment is currently the most variable service
condition environment, including unstable humidity, temperature, and oxygen content.
Therefore, by controlling the variables and singling out the service environment, studying
the ultra-smooth transfer film structure and lubrication mechanism of amorphous carbon
films is beneficial. Among the commonly used methods for controlling service conditions,
dry inert environments (such as dry nitrogen and dry argon) are the easiest to implement
and operate in the laboratory. The advantage of dry inert gas environments is that they
do not react with the upper and lower friction pairs. Their surface coatings remain intact
during the friction process, thereby they do not affect the composition of the ultra-smooth
transfer film structure.

Several studies by researchers [1,65,66] have found that under dry nitrogen conditions,
silicon wafers coated with high-hydrogen DLC (namely 40at.%H-DLC, which is made
from 25% methane and 75% hydrogen) films have extremely low p. During the running-in
period, the p is 0.15 [67]. During the stable period, the p is 0.001~0.003, and the wear rate
is 4.6 x 1071 mm?/Nm, as shown in Table 1. The transfer film structure on the surface
is mainly composed of amorphous carbon layers. The most directly contacted surface
contains a large amount of released hydrogen elements and hydrogenated sp®-C, which
passivate the surface chemically and increase the local density, as shown in Figure 3 [42].
This passivated surface cannot form strong chemical bonds and covalent o bonds (which
can lead to high adhesion/friction) on the sliding interface. The variation results in the
enhanced hydrophobicity of the film and reduced possibility of frictional adhesion by
reducing the number of carbon dangling bonds, thus achieving ultra-low friction and
wear. The friction-induced hydrogenated amorphous carbon layer is crucial to the wear of
diamond films. In addition to hydrogenated DLC, graphite-like carbon (GLC) and fullerene-
like carbon (FLC) DLC also exhibit ultra-smooth effects. Wang’s study [43] found that steel
balls and plates coated with GLC or FLC on the surface (i.e., self-mated friction pairs) have
extremely low p during wear. The self-mated GLC has a p of 0.005 and forms some ordered
graphene layer structures on the sliding interface. These layered structures are formed by
GLC through adaptive sliding-direction hybridization and rearrangement along the sliding
direction, resulting in a larger and more ordered graphene structure in the transfer film
on the surface. The self-mated FLC has a slightly higher u of 0.009. The reason for this is
that the spherical nanoparticles with a graphite shell formed on the sliding interface of FLC
reduce the contact area. FLC forms spherical nanoparticles with a graphite shell through
hybridization and rearrangement from the surface to the center of the particles but partially
resists the rearrangement of its graphene layer. Compared with GLC, FLC exhibits a lower
degree of hybridization under low and high loads and can only achieve ultra-low friction
at higher loads (>0.77 GPa). Different initial structures of sp2—C films are transformed into
different friction products through different hybridization pathways and achieve ultra-low
friction through different friction reduction pathways such as reducing the contact area or
interlayer sliding. In other words, the structural characteristics of sp?-C films determine
the transformation pathway in advance, thus producing a friction reduction mechanism in
macroscopic contact.
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Figure 3. HRTEM cross-section images from a-C:H wear track and sapphire hemisphere contact
region. (a) Wear track center. (b) Edge of the wear track. (c) Cross-section HRTEM micrograph of the
sapphire hemisphere. (d) The transfer film on the sapphire surface. Rprinted with permission from
Ref. [42]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2. Effects on Surface Structure

The p of amorphous carbon films is between 0.015 and 0.15 [68,69]. In addition to pure
amorphous carbon films, doped amorphous carbon films also exhibit excellent tribological
properties. Borides are effective graphite catalysts that can accelerate the graphitization
process of different carbon materials. The p of B4C/a-C films doped with boron carbide
(B4C) during wear with steel balls is u ~ 0.035. The reason for this is that under the action
of shear force, B4C forms a compact and ordered graphite-like carbonaceous tribolayer on
the sliding interface of the upper and lower friction pairs, ultimately leading to the low
friction and wear of B4C/a-C films [44]. In addition, introducing atomically dispersed gold
(Au) atoms into the nanocomposite structure of tantalum carbide (TaC)/amorphous carbon
(a-C) achieves a p of 0.002 and a wear rate of 8.80 x 1071” mm?3/Nm [45]. In the initial stage
of running-in, high shear forces strip TaC nanoparticles, causing them to roll and merge
into larger TaC nanoparticles to reduce surface energy. Meanwhile, under the assistance
of shear forces and nano-Au atoms, a-C is graphitized in situ, generating graphite-like
carbon (GLC) flakes that wrap TaC particles in the shear layer to form TaC/GLC nanocoils.
Finally, a multicontact configuration and non-conforming contact are achieved by obtaining
a robust macroscopic ultra-smooth state. Recently, low-dimensional materials such as
GQDs, MXenes, and graphene have been preliminarily applied in research on surface
engineering. These low-dimensional materials have excellent layered nanostructures,
which are beneficial for causing interfacial sliding and accelerating effective lubrication
during the frictional process. The sliding counterparts contain transfer layers, namely in
situ tribofilms, which act as protective shielding to weaken friction and wear. Through
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comprehensive analysis of the interfacial structures of in situ tribofilms, it has been found
that the in situ tribofilms always contain some sp?>-C phase such as nanoflakes. For instance,
this is distinctly different from the as-formed nanostructured tribofilm on the contact
counterfaces. Studies have shown that the contact surface of the upper counterfacing ball
was covered by 2D-layered carbon and graphitic lubricants induced via the structural
transformation of GQDs during the whole sliding [15,16]. Meanwhile, the tribofilm of the
disk wear track was composed of a silica-like SiOx boundary layer and a multicomponent
mixed layer induced by tribochemistry. Compared to the self-mated DLC system, the
structural boundary enriched with SiOx compounds was not formed at the bottom region
of the tribofilm for the bare steel system; however, the disk wear track was covered by a
thicker tribofilm containing plenty of degraded GQDs. This inferred that the formation of a
nanostructured sliding interface was the key to realizing superlubricity.

Dry nitrogen gas does not contain oxygen. Hence, the inert atmosphere does not
react with the hydrogen atoms of the contact surface, avoiding the formation of oxide
surfaces. The inert connection helps maintain the hydrophilicity of a-C:H and reduces the
adsorption or reaction of other pollutants, such as organic compounds. This helps maintain
the physical and chemical properties of the DLC surface, thereby maintaining its lubricity
and wear resistance.

4. Harsh Environment
4.1. Combustible Gas Environment
4.1.1. Nanostructure of Transfer Film

Combustible gas environments, such as hydrogen and methane, are also complex
service environments. The main concern is to ensure the safety of the friction pair, including
the moving mechanism, during the movement process, while also ensuring the safety of
personnel. From 1960 to 2000, fuel cells developed rapidly as an important tool for hydrogen
utilization. The application practice in aerospace, power generation, and transportation
fields fully proves the feasibility of hydrogen as a secondary energy source. The upstream
link of hydrogen energy is hydrogen production, mainly including industrial by-product
hydrogen, fossil fuel hydrogen production, and renewable energy hydrogen production.
The midstream link is hydrogen storage, transportation, and refueling, mainly including
low-temperature liquid, high-pressure gas, and solid-state hydrogen storage. Refueling
stations are important infrastructure for hydrogen refueling. The downstream link is the
fuel cell and application link, and the current main application areas are various fuel-cell
vehicles. Therefore, achieving the stable and safe operation of the moving mechanism in a
hydrogen environment is imperative. DLC, as a stable and inert film, can maintain great
physical and chemical stability in hydrogen.

In a hydrogen environment, the p of DLC is extremely low, reaching 0.0001, as shown
in Figure 4. Its super-slip transfer film is composed of hydrocarbons generated by the
polymerization of hydrogen and ethanol vapor during the friction process [46,47]. By
controlling the surface tribochemistry in a hydrogen environment, DLC films can induce
the formation of hydrogen-rich transfer materials on the contact surface, achieving a super-
slip state. Methane, as a clean energy source, is one of the pillars of global energy. However,
damage to moving parts operating in methane can put pressure on social security and
economic development. Hydrogen-rich DLC films are believed to protect moving parts
operating in natural gas, mainly composed of methane. At a pressure of 10 kPa, the steady-
state p is 0.0093, and the wear rate is 8.0 x 1078 mm3/mN [48-50], as shown in Table 1.
The transfer film is composed of a graphitized structure in the central region of the contact
interface. Meanwhile, by dissociating methane molecules into hydrogen and methane
groups, and combining them with carbon dangling bonds, the smoothness of the sliding
interface is increased. Through the chemical termination and graphitization process of the
sliding interface (the re-hybridization process from sp3-C to sp?-C), the tribofilm induces a
weak interaction between the friction interfaces to achieve low friction and wear.
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Figure 4. Friction coefficient trace. Rprinted with permission from Ref. [46]. Copyright 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

4.1.2. Effects on Surface Structure

In a combustible gas environment, the termination groups on the a-C:H surface
may be susceptible to erosion and reaction by gas molecules. For a-C:H film, the bond
between hydrogen and carbon atoms is very strong, giving it high chemical stability.
However, there may be unique reaction mechanisms in combustible gases that can lead
to the decomposition or alteration of the termination groups on the a-C:H surface. The
specific reaction mechanisms are as follows:

Firstly, gas molecule adsorption, where molecules in combustible gases can adsorb
onto the terminal groups on the a-C:H surface. This adsorption can result in structural
changes or the formation of new chemical bonds in the terminal groups. Secondly, gas
molecule reaction, where molecules in combustible gases can chemically react with the
terminal groups on the film surface [70]. This reaction can lead to the breaking, alter-
ation, or formation of new chemical bonds in the terminal groups. Thirdly, gas molecule
erosion, where molecules in combustible gases can physically or chemically erode the
a-C:H surface [71]. This erosion can cause damage or detachment of the a-C:H film and
even the matrix, thereby affecting its lubricity, wear resistance, and other physical and
chemical properties.

4.2. Ultra-High Vacuum Environment
4.2.1. Nanostructure of Transfer Film

With the development of vacuum acquisition technology, vacuum applications are
increasingly expanding into various aspects of industry and scientific research. Vacuum
applications refer to the use of the physical environment of rarefied gases to complete
specific tasks. The energy transfer in outer space outside the atmosphere is similar to that
in an ultra-high vacuum. Therefore, an ultra-high vacuum can be used for space simulation.
Under ultra-high vacuum conditions, the time for the formation of a single molecular layer
is long (in hours), which can be used to study surface properties. Before being contaminated
by gas, vacuum conditions take advantage of a sufficiently long time for the formation of a
contact surface.

Atomic-scale friction behavior mainly depends on chemical reactions and interactions
on the friction interface. Friction experiments with DLC in an ultra-high vacuum can
reveal interface reactions and atomic-scale wear mechanisms. The results show that the n
of a-C:H is <0.02. Under the action of a frictional force, the hydrogen concentration and
methane gas emission in the transfer film structure are high, and this interface emission
induces DLC atomic-level chemical wear. With the increase in hydrogen concentration
in a-C:H, chemical wear and mechanical wear increase and decrease, respectively. Total
wear shows a concave hydrogen concentration dependence, with an optimal hydrogen
concentration of about 20% [51,52]. Injecting low-temperature nitrogen into the ultra-high
vacuum environment, DLC’s u can be further reduced to 0.003, with the wear rate of almost
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zero (4.6 x 1071 mm?3/Nm), as shown in Table 1. A graphitized structure was also found
in its transfer film structure, and a local friction-induced increase in the content of sp?-C
bonds (Figure 5), thereby achieving ultra-low friction and wear of the hard carbon film.
Among a-C:H films against various ceramic-based balls, the significant reason for the failure
in superlubricity is attributed to the van der Waals force [72]. The weak interface adhesion
between the Al;O3/a-C:H interfaces helps to maintain a stable tribofilm on the surface of
the friction ball and forms a smooth graphitized surface on the wear track, resulting in
long-lasting superlubrication. The strong adhesion between the ZrO, ball, Si3Ny ball, and
SiC ball and the contact interface of a-C:H film causes serious damage to the surface of the
friction ball, making the superlubrication fail.
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100 F —DLC-F

Number of interfacial bonds

0 100 200 300 400 500
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Figure 5. Time evolution of the number of interfacial C-C bonds. Rprinted with permission from
Ref. [52]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4.2.2. Effects on Surface Structure

On one hand, one possible change that may occur in an ultra-high vacuum environ-
ment is that the dissociative hydrogen ions may dissociate from termination groups on
the surface and react with ions or molecules in the surrounding air, thereby affecting the
properties of the a-C:H film. On the other hand, in an ultra-high vacuum environment, due
to the absence of gases or impurities, the termination groups on the surface of the a-C:H
film may undergo rearrangement, altering the structure and properties of the a-C:H film.

5. Humid Environment
5.1. Nanostructure of Transfer Film

A water vapor environment is a common environment faced by humid areas near the
equator, and DLC does not have low friction and wear characteristics in high-humidity
environments. Therefore, lubricating oil needs to be added to achieve lubrication in high-
humidity environments [73-78]. Therefore, achieving ultra-low friction and reducing the
wear of DLC in high-humidity environments is a problem that needs to be solved. By
using ceramic-based balls (such as Al,O3 and Si3Ny [78]), an altered tip showed a notably
low adhesion on the original a-C:H film. It was additionally discovered that the rubbing
factor of the a-C:H/Al,O3 duo steadily declined as the oxygen level on the surface of the
a-C:H substrate decreased. This occurrence can be elucidated by a shift in the connective
surface from an oxygen ending with potent hydrogen bond connections to a hydrogen
ending with feeble van der Waals interactions. By using graphene oxide (GO) nanosheets
as additives, the lubrication of silicon-doped DLC (a-C:H: Si) films was achieved, and
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the p reached 0.002. On the sliding contact surface of the upper and lower friction pairs,
it was found that the surfaces of both were covered by a layer of silicon gel induced by
frictional chemistry. At the same time, through the physical adsorption between the upper
and lower friction pairs of the friction surface, touched GO nanosheets were transferred
from the SizNy/a-C:H: Si interface to the GO/GO shear interface. This further reduces
the shear stress and achieves macroscopic super-slip on a synergistic basis of GO and
a-C:H: Si, as shown in Figure 6 [53]. This is similar to the friction of diamonds in humid
environments. In high-humidity environments, the pu of nanodiamonds is <0.05, and
the wear rate is in the order of 107! mm3/(Nm), as shown in Table 1. The passivation
mechanism of dangling bonds on the contact surface depends on the fracture of bonds
in the slip process (such as contact stress, sliding rate, and temperature settings). The
passivation equilibrium is induced by dissociative adsorption of relative humidity, which
is the re-hybridization process of graphitized carbon (sp® — sp?). The structure of the
interface transfer film is mainly diamond nanoparticles embedded in the amorphous carbon
layer. The collision between nanodiamond particles causes friction and the amorphization
of chemically induced carbon in the contact area, and then breaks in the uneven contact
point, resulting in nanodiamond particles adhering to the amorphous carbon phase [68,79].
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Figure 6. The cross-sectional structure of the tribofilm on the Si3Ny surface and a-C:H: Si film
after a friction test. (a,b) The tribofilm formed on the SizNy surface and a-C:H: Si film, respectively.
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(c) Elemental distributions along the cross-sectional profile in (a). (d) Elemental distributions along
the cross-sectional profile in (b). (e,f) Enlarged views of the tribofilms (area: A and B) formed on the
Si3Ny surface and a-C:H: Si film, respectively. Rprinted with permission from Ref. [53]. Copyright
2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

5.2. Effects on Surface Structure

In a humid environment, similar to the air environment, there is a high concentration of
oxygen, water vapor, and organic compounds, which can cause some physical and chemical
changes on the surface of DLC. Firstly, the interaction between water molecules and the
hydrogenous surface may result in moisture absorption [80,81], leading to an increase
in friction and subsequently an increase in the friction coefficient. Secondly, the positive
terminal groups on the surface of a-C:H film are prone to react with water molecules and
oxygen in a humid environment, forming hydroxyl groups [82,83]. Unlike the original
hydrogenated groups, hydroxyl groups introduce new functional groups, thereby altering
the chemical reactivity of the DLC surface and reducing its hydrophobicity. Thirdly, water
molecules in a humid environment may form microscopic droplets with passivating groups
on the surface [84,85]. These droplets can create an uneven liquid layer on the surface of
a-C:H film, increasing the lubrication.

6. Lubrication Mechanism
6.1. Computational Simulation of the Formation of the Transfer Film

Computational simulation is an emerging research method. With the breakthrough
of technology and algorithm innovation, the accuracy of the simulation calculation is in-
creasing, resulting in accurate predictions of the structural properties of materials, avoiding
material waste caused by experimental research, and saving costs. For the study of the
microstructure and properties of DLC, there are mainly three types of research methods:
density functional theory (DFT) simulation based on quantum mechanics, first-principles
calculation based on classical mechanics, and MD simulation based on classical mechanics.
Some good progress has been made among these methods. MD is a set of molecular
simulation methods that mainly rely on Newtonian mechanics to simulate the motion of
molecular systems, extract samples from systems composed of different states of molecular
systems, and calculate the integral configuration of the system. MD can be used to calculate
the thermodynamic properties and other macroscopic properties of the system based on the
results of the integral configuration. MD studies atoms or groups of atoms, and the system
size is relatively large compared to DFT calculations. The bond length and bond angle
between molecules are determined by the force field, making it difficult to carry out detailed
research. MD is mostly used for large molecular systems and is often used in conjunction
with DFT calculations when studying microproperties, mainly for the construction of DLC
models. Through the MD modeling of DLC films, it has been found that the super-slip
properties of DLC, that is, surface passivation, mainly depend on two factors [86]: the
degree of carbon hybridization and hydrogen content, and the test environment conditions.

For non-hydrogenated DLC, such as a-C or Ta-C films, the molecular modeling design
of the friction process simulates interface sliding between graphene-like layers by adjusting
the steady-state velocity. This aims to explain the formation of graphitized and carbon-rich
transfer layers in the transfer film, as shown in Figure 7 [87-89]. The results show that the
formation of well-separated graphene-like interface layers on the interface can be observed
when the interlayer spacing is large. The interlayer bond fracture is reduced, and the final
bond disappears. That is, triggered by plasticity between adjacent amorphous carbons, the
sp? to sp? transition of the carbon phase occurs, greatly increasing the content of sp?-C
at the interface and forming a soft amorphous carbon friction transfer layer. Finally, the
friction result is super-slip (1 < 0.01), that is, a sliding interface with almost no friction and
wear. These results are also consistent with the results of super-slip experiments.
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Figure 7. Constant height asperity collision simulation of (a) a-C and (b) a-C:H under a load pressure
of 1.0 GPa. Rprinted with permission from Ref. [90]. Copyright 2017, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Compared with non-hydrogenated DLC films, the addition of hydrogen in hydro-
genated DLC films leads to a significant reduction in unsaturated carbon bonds at the film
interface. These unsaturated carbon atoms serve as contact points for the formation of C-C
covalent bonds between the friction pair surface and the a-C:H film [4,90-93]. The adhesive
force between these contact points can increase the friction force during sliding. As the
sliding time increases, the steric hindrance effect of hydrogen molecules generated can
remove the load on the substrate and inhibit the formation of C-C bonds. At the same time,
surface hydrogen atoms play a key role in promoting the cleavage of C-C bonds during
the sliding process of a-C:H films. As C-C covalent bonds form and break, the number of
unsaturated carbon atoms (including sp3- and sp?-hybridized carbon atoms) decreases,
inducing the formation of a transfer film. When covalent bonds break, the friction effect
weakens, and the local temperature of the interface increases, leading to the formation
of a passivation layer. Compared with DLC films without H or F, a higher sp3-C content
can cause the DLC film to produce smaller deformation during sliding, thereby reducing
the contact area and adhesion [92,93]. In addition, there are a large number of hydrogen
or fluorine atoms doped in the DLC film, which form covalent bonds with unsaturated
carbon atoms. Non-bonded interactions result in a lower p for a-C:H or a-C:F than for
a-C. The anti-bonding effect exists in the friction interface of a-C:F and the repulsive force
between the interface atoms is strong. However, a-C:H has weak van der Waals forces on
the interface, resulting in a higher p (0.13) for a-C:H than for an a-C:F end DLC model
(1 =0.07). Therefore, the number of unsaturated C-C bonds on the sliding interface is
reduced, resulting in a lower adhesive force and a lower steady-state value of interface
friction force.

When the tribo-couples are changed, the tribology behavior of a-C:H film changes
accordingly, as shown in Figure 8. Mechanical action should also play an important role in
the superlubricity of a-C:H films in a vacuum [94-96]. Compared with Al,O;3 balls, ZrO,,
Si3Ny, and SiC balls have stronger adhesion to the diamond surface. Weak interfacial adhe-
sion contributes to the stable superlubricity of the a-C:H surface (such as the Al,O3/a-C:H
interface) under vacuum conditions. However, excessive interfacial adhesion [97-99] can
lead to the wear of a-C:H film or the friction pair (such as the ZrO, /a-C:H, Si3N4/a-C:H,
and SiC/a-C:H interfaces), both of which shorten the lifespan of superlubricity. The inter-
facial adhesion between the SiC/a-C:H interfaces is weaker than that of the SizN,4/a-C:H
interfaces, but the hardness and contact stress of SiC balls are higher, resulting in more
severe wear of the a-C:H film and thus reducing the durability of superlubricity.

By surface doping a-C films with materials such as diamond or methanol, a super-slip
model was established, and the simulated friction force was approximately zero [100,101].
Through calculation, it was found that an ultra-thin graphene-like friction layer was formed
on the friction interface, and the specific formation reason was shear localization rather than
uniform deformation. The main manifestation is the redirection (orientation angle < 10°)
and phase transition (sp?-C ratio > 90%) of C-C covalent bonds that occur preferentially
in the friction contact area (graphene-like friction layer) and structural ordering. As the
graphene-like sheets gradually aggregate and layer in the friction layer, under the induction
of normal stress, the graphene-like sheets transition from adhesive sliding to continuous
sliding with ultra-low friction characteristics. This ultimately leads to shear weakening and
achieves ultra-low friction. The proposed shear localization mechanism helps to reveal the
mechanism of superlubrication.
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Figure 8. Atomic structures: (a) ZrO,(001)/diamond(001), (b) Al,O3(010)/diamond(001), (c) Si3sN4(110)/
diamond(001), (d) SiC(110)/diamond(001), (e) ZrO,(101)/diamond(110), (f) Al,O3(10-2)/diamond(110),
(g) SizsN4(1-30)/diamond(110), (h) SiC(1-20)/diamond(110). The calculated works of separation
(Wsep) with J/ m? in units are marked upon each structure. Rprinted with permission from Ref. [72].
Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

6.2. Material Composition of Tribo-Couples

The appropriate material composition of a-C films plays a crucial role in determining
their comprehensive performances. When used as a tribo-couple material, a-C films offer
excellent anti-friction and -wear, leading to improved performances and the extended
lifespan of a-C films [102,103]. Additionally, their good adhesion to substrates contributes
to reduced friction and wear. When selecting counterparts for a mechanical system, one
must prioritize their ability to adhere to the substrate, such as metal and ceramic [104-108].
This consideration is vital as it directly impacts on the lubrication properties. The adhesion
between the friction pair and the substrate ensures stability and durability, which can
avoid slipping or even detachment that would result in system failure. One of the primary
factors that affects the tribological performances of a-C film-based counterpairs is the film
thickness [109-112]. Thicker films are generally associated with higher wear resistance and
improved surface hardness to enhance the durability of the frictional system. However,
excessive film thickness may lead to increased friction and hinder the smooth sliding
motion. Another crucial aspect that affects the tribological performances is the deposition
technique (such as plasma-enhanced chemical vapor deposition (PECVD)) used to fabricate
the a-C films [40,113-120]. For instance, PECVD films tend to have a higher sp>/sp?
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carbon ratio, which enhances their hardness and wear resistance. On the other hand,
sputtered films exhibit a more amorphous structure, leading to lower friction coefficients.
In addition, proper mating materials can help optimize the tribological properties [121-126].
For example, surface materials with low surface roughness can further reduce friction and
wear with excellent chemical compatibility. The key to achieving desired tribological
performances depends on the suitable thickness of the a-C film, deposition technique, and
counterface materials. By considering these factors, researchers can enhance the lubrication
performances of a-C film-based systems, enabling their widespread application across
various industries.

6.3. Comparative Summary of the Formation of the Transfer Film

The formation of an in situ tribofilm is crucial in achieving ultra-wear resistance and
low friction coefficients. The structure of the tribofilm plays a key role in its effectiveness,
as demonstrated in Figure 9, which summarizes the tribofilms formed under various
conditions. These tribofilms exhibit unique formations that enhance their mechanical
performance and provide protection against wear and tear. In addition, the presence of
certain elements in the environmental conditions or lubricants used can influence the
composition and structure of the tribofilms, leading to even greater improvements in wear
resistance and friction reduction. Overall, the careful management and optimization of
in situ tribofilm formation have the potential to greatly benefit a wide range of industrial
applications by providing long-lasting and effective protection against wear and tear.
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Figure 9. Lubrication mechanism diagram of DLC under different service conditions.

(a) Atmospheric environment

Under strong shear, unstable sp3 carbon bonds in a-C break, and their length and
direction change, causing adjacent atoms to rearrange along the shear direction to form
stable sp? carbon bonds and reduce lattice strain energy. Eventually, discontinuous graphite-
like nanocrystalline (nanoclusters) transfer materials are formed on the frictional contact
surface, and complete graphite-like amorphous carbon is generated along the direction of
maximum shear stress. The super-slip mechanism involves the participation of hydrogen
atoms, which can weaken the normal electron number of the outermost layer of a-C:H
film. Due to lower van der Waals forces, hydrogen end bonds will randomly distribute
and cause the outermost electrons to be passivated, further weakening the induced dipole
moment and obtaining a lower polarization rate. Finally, a transfer film composed of curved
multilayer graphene strips or special structured carbon (such as onion-like or multi-ring) is
formed in situ on the frictional sliding contact surface.
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(b) Dry inert environment

When non-doped amorphous carbon films that contain elements other than carbon,
hydrogen, and oxygen are subjected to friction in a dry nitrogen or argon environment,
they create graphitized transfer films on the contact surface, which are rich in sp®-C. These
transfer films possess chemically inert passivation surfaces, producing macroscopic super-
slip effects. However, when the films are doped with other elements, their transfer film
structures not only contain graphitized structures but also exhibit new nanostructures due
to friction-induced processes. These newly formed structures may exist as nanocoils and
can further enhance the friction-reducing properties of the films. Adding these elements
greatly enhances the films’ super-slip effects, providing optimal conditions for various
industrial and mechanical applications.

(c) Harsh environment
(c-i) Under the combustible gas environment

Controlling the target material during the preparation process and controlling the
surface or friction chemistry during friction in a hydrogen environment can induce DLC
films to form hydrogen-rich transfer materials on the contact surface, achieving a super-
slip state. Methane molecules are dissociated into hydrogen and methane groups, which
combine with carbon dangling bonds. Through the chemical termination effect of the
sliding interface and the re-hybridization process from sp3-C to sp?-C, the smoothness
of the sliding interface is increased, thereby weak interactions are induced between the
friction interfaces and low friction and wear are achieved.

(c-ii) Under an ultra-high vacuum environment

Maintaining a suitable level of hydrogen can be advantageous in mitigating methane
gas emissions and decreasing atomic-level chemical wear in the transfer film. Additionally,
the transfer film structure reveals the presence of graphitized structures, and friction-
induced augmentation of the sp? bond content in certain locations has a positive effect on
the ultra-low friction and wear of hard carbon films.

(d) Humid environment

In increasingly humid environments, the application of DLC can undergo a transfor-
mative process, resulting in a combination of surface coatings and DLC that reduces the
effects of abrasion and attrition. This unique feature is achieved by these two elements
collaborating, working together to form a protective layer on the surface. The interface
transfer membrane responsible for this process is created by combining unspecified carbon
with graphitized carbon, which undergoes re-hybridization. The result is a layer that is
resistant to wear and tear, providing enhanced durability to the material’s surface. This
attribute is particularly useful in applications where exposure to moisture and other ele-
ments can lead to corrosion and degradation, making this type of surface treatment ideal
for use in a wide range of settings.

7. Conclusions and Perspectives

In the presence of oxygen, the DLC film’s surface can oxidize, leading to alterations
in its chemical properties and a decline in lubrication performance. However, when in a
vacuum or inert gas environments, the DLC film surface experiences a minimal reaction
with its surroundings, resulting in outstanding lubrication performance. Alternatively,
hydrogen or methane gas can cause gas molecules to dissociate and combine with the
carbon dangling bonds on the DLC surface. This process facilitates strong lubrication using
chemical termination and graphitization at the sliding interface. Controlling the target
material during the preparation process and the surface or friction chemistry during friction
in a hydrogen environment can induce a-C:H film to form hydrogen-rich transfer materials
on the contact surface, achieving a super-slip state. Methane molecules are dissociated
into hydrogen and methane groups, which combine with carbon dangling bonds. Through
the chemical termination effect of the sliding interface and the re-hybridization process
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from sp3-C to sp?-C, the smoothness of the sliding interface is increased, thereby weak
interactions are induced between the friction interfaces and low friction and wear are
achieved. For the tribological properties of a-C films, the composition of the material plays
a crucial role. The introduction of elements such as silicon can enhance the hardness and
anti-wear properties of a-C films, making them perform well in harsh environments such
as high temperatures and high pressure. The introduction of oxygen, fluorine, and other
elements can improve the adhesion and corrosion resistance of a-C film and improve its
tribological properties in a specific environment. In addition to the addition of elements,
the tribological properties of a-C films can also be affected by adjusting the preparation
process (such as deposition temperature, deposition rate, and adding metal elements).

Overall, significant advancements have been made with superlubricating a-C film
in terms of low friction coefficient and wear resistance. However, several areas require
further improvement. Firstly, the preparation technology of superlubricating a-C film
needs to be simplified and made more efficient. The current methods, such as PECVD and
ion-beam deposition, are complex and costly. Developing simpler and more cost-effective
preparation methods would enhance production efficiency and reduce costs. Secondly,
the performance stability of superlubricating a-C film needs to be enhanced. While it
exhibits excellent wear resistance, its performance may be compromised under harsh
conditions like a combustible gas environment. Further research is necessary to improve
the stability of the film, ensuring it maintains its excellent performance under various
working conditions. Additionally, the application range of superlubricating a-C film should
be expanded. Currently, it is primarily utilized in high-end fields like aerospace and
electronic equipment. The correspondingly mature products have been applied in high-
load-bearing wear-resistant fasteners and self-lubricating bushing in aircrafts. However,
applications in other fields are limited in the depositing device and service conditions.
Exploring and developing the potential applications of super-slippery carbon film in other
industries would broaden its usage and increase its market demand. Although research
on the tribofilm of a-C:H film has achieved certain results, there are still some challenges
and issues for large-scale utilization. Firstly, enhancing the adhesion of a-C:H films is
essential to prevent detachment and ensure their long-term effectiveness. By improving the
sp?/sp° ratio or doping of soft metal elements, a-C:H films can offer durable and reliable
industrial manufacturing, where friction and wear are prominent concerns. Secondly, the
production cost of a-C:H film is high, and the preparation process is complex, which limits
the reliability of renewable energy technologies. By combining the coating technique with
the deposition technique to enhance the tribological properties, a-C:H film can minimize
energy losses and prolong the lifespan of critical parts upon high-load capacity and high
wear resistance. Additionally, in the biomedical field, a-C:H film can offer innovative
solutions in prosthetics and medical devices. Its low friction characteristics can improve
the efficiency and functionality of joint replacements and implants, as it reduces the risk of
adverse reactions and enhances patient safety. Overall, with further research, optimization,
and cost reduction, a-C:H film holds tremendous potential to revolutionize a wide range of
industries in industrial manufacturing, as well as biomedical fields.
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