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Abstract: The reach of tribology has expanded in diverse fields and tribology related research activities have
seen immense growth during the last decade. This review takes stock of the recent advances in research
pertaining to different aspects of tribology within the last 2 to 3 years. Different aspects of tribology that have
been reviewed including lubrication, wear and surface engineering, biotribology, high temperature tribology,
and computational tribology. This review attempts to highlight recent research and also presents future outlook
pertaining to these aspects. It may however be noted that there are limitations of this review. One of the most
important of these is that tribology being a highly multidisciplinary field, the research results are widely
spread across various disciplines and there can be omissions because of this. Secondly, the topics dealt with in
the field of tribology include only some of the salient topics (such as lubrication, wear, surface engineering,
biotribology, high temperature tribology, and computational tribology) but there are many more aspects of
tribology that have not been covered in this review. Despite these limitations it is hoped that such a review will
bring the most recent salient research in focus and will be beneficial for the growing community of tribology
researchers.
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1 Introduction gories with compromise. Due to space limitation, it

has not been possible to cover all the publications in

In recent years, research activities in the field of  this review and undoubtedly there have been some

tribology have grown rapidly in terms of both scope
and depth. As a result, publications on experimental and
theoretical research work have increased enormously
in a variety of academic journals, covering phyisics,
chemistry, surface science, nanotechnology, materials
science and engineering, biomedical engineering, as
well as mechanical and manufacturing engineering. To
provide a survey on the advances in tribology research,
this review paper highlights the development in
lubrication, wear, surface engineering, biotribolgy, high
temperature tribology, and computational tribology,
based on the journal papers published in the period
of 2018-2019. For the intersectional publications, the
authors discussed them in either one or two cate-
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omissions. Despite best attempts, this review paper
is extraordinarily long and each of its sections has
focused on a particular topic. The readers may therefore
read the parts they are most interested in as it may
be hard to read the entire review from the beginning
to the end.

2 Lubrication

2.1 Introduction of lubrication

Lubrication has been developed greatly in the period
of 2018-2019, including superlubricity, lubrication
theory, new liquid lubricants and additives, new
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solid coatings, and measuring techniques. These
developments show that tribology research is moving
to new and emerging field, e.g., superlubricity,
bio-lubrication, and molecular lubrication. Green
lubrication, low viscosity lubricants, and lubricants
for harsh environment (high temperature, ultra-low
temperature, vacuum, and high pressure, etc.) have
received much attentions during the past few decades.
The following is a review of major developments in
the field of lubrication.

2.2 Superlubricity

Superlubricity is the fastest developing field in tribology
in recent years. It will be an important milestone
in technology development. It not only reduces the
friction coefficient by several orders of magnitude, but
also reduces the wear and the friction induced noise
greatly. Therefore, more and more tribologists are
engaged in on superlubricity. Great progress has been
made both in solid and in liquid superlubricity.

2.2.1 Solid superlubricity
2.2.1.1  Superlubricity of diamond-like carbon (DLC) film

DLC, one of the most exceptional solid lubricants [1, 2],
is still attracting intensive research attention in the
tribology community. Major achievements in the super-
lubricity of DLC film have been on two aspects, namely
DLC-based emerging lubricants and DLC-related
lubricity mechanisms.

Owing to the researchers’ concerted efforts, several
new kinds of DLC-based lubricants have emerged
over the year. As a common concern, all these studies
shed light on the bonding states and arrangement
of sp?/sp3-phases. For instance, as shown in Fig. 1,
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Argibay et al. [3] found that a self-lubricating DLC
nanocomposite film was in situ tribochemically formed
from the ambient hydrocarbons of alcohols and alkanes
on the nanocrystalline Pt-Au alloy surface. These
films were extremely wear-resistant and underwent
no obvious material removal even after 100,000 sliding
cycles at a contact pressure of 1.1 GPa. Similarly,
Wang et al. [4] developed a multi-phase carbonaceous
coating containing amorphous, fullerene-like, and
nano-crystalline carbons using magnetron sputtering
method, which exhibited an ultralow friction coefficient
of 0.05 and a low wear rate of about 10 mm?3N--m.
Another research group synthesized graphite-like
carbon (GLC) and fullerene-like carbon (FLC) films by
different heating and cooling processes after plasma
enhanced chemical vapor deposition (PECVD) [5]. Both
of them were capable of bearing quite high normal
loads and lowering the friction to a superlubricity
state at higher contact pressure. Besides pure FLC,
Wang et al. [6] designed a fluorine-containing FLC
(F-FLC) film, for which the bonding structure could
be tailored from fullerene-like to amorphous. Another
interesting lubrication system is the combination of
nanostructured DLC with ionic liquid (IL) toward
low friction and anti-wear interfacial behaviors for
special applications [7, 8].

With the strides in characterization techniques and
simulation methods, researchers are now able to
explore the lubricity mechanisms of DLC in a more
elaborate way, especially the possibility to probe the
sliding interface and tribo-induced products at atomic
scale or even in real-time observations. All these
works highlighted the critical role of tribo-induced
structural changes and the in situ formed tribolayers
in establishing a low-friction lubricity state. Chen et al.

(b) o Multi-layered DLC/Pt-Au nanocomposite film
g s s "

Pt-Au film

Fig.1 (a) Wear-resistant Pt—Au alloy surface lubricated from ambient trace hydrocarbons in dry N,, (b) the in situ tribochemically
formed self-lubricating DLC/Pt—Au nanocomposite film. Reproduced with permission from Ref. [3]. © Elsevier, 2018.
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[9] proposed the combination of focused ion beam
(FIB) slicing method with scanning transmission
electron microscopy (STEM) and electron energy-loss
spectroscopy (EELS) to detect the carbonaceous sliding
interface. Their results demonstrated that this state-
of-the-art technique could provide ultra-high imaging
resolution and confirmed the dominating influence of
tribo-induced interfacial nanostructures in governing
the superlubricity for hydrogen-rich DLC films in
dry sliding contact, as shown in Fig. 2.

Among the influencing factors, normal load (contact
pressure), sliding velocity, temperature, and the
surrounding atmosphere are playing pivotal roles in
affecting the tribological performance [10]. Evidence
has been collected to confirm that sp2rich (FLC
and GLC) [5, 11] or hydrogenated DLC [12] could
withstand very high contact pressure (up to 1.24 GPa)
by reconstructing the interfacial sp?-layered structures
into graphene or the formation of graphitic shells or by
the stress-triggered local transformation. Liu et al. [13]
investigated the velocity dependence of superlubricity
stability in a wide range of 3-70 cm's and found that
the failure of superlubricity at high sliding velocity
was due to the absence of tribolayer on contact surface
rather than the flashing heat effect or the destruction
of hydrogen passivation. Experimental and theoretical
calculation results verified the decisive roles of fluorine
and silicon in stabilizing the bonding network of the
bulk film and the as-formed tribolayer by forming F-C

Tribolayer
i(b)

and Si—C bonds [14, 15]. For adhesive tribocouple of
DLC against alumina, a volcano-type temperature
dependence (300-1,000 K) of friction was clarified
from the viewpoint of tribochemical reactions [16].
The increase of friction in the range of 600-800 K was
attributed to the formation of C-O and C-Al bonds
along the sliding interface, and the subsequent decrease
at 800-1,000 K originated from the graphitization of
DLC. As regards the ambient gaseous effects, a new
set of data broadened low friction application of DLC
to the carbon dioxide atmosphere through forming
lactone-terminated surfaces [17]. Furthermore, Shi
et al. [18] conducted comprehensive DFT calculations
and demonstrated the effects of terminal states on
friction behaviors of DLC in various gaseous environ-
ments. Meanwhile, they brought forward another
possible strategy for hydrogenated DLC to realize
superlow friction by electron lubrication. Another
striking phenomenon encountered in amorphous
carbon nitride film is the self-healing of lubricity state
by mechanically induced material inflation [19], in
which the C-N bond breaking assisted the release of
cross-linkages between sp?-sites and N, desorption
from the film surface. For in situ analysis of the lubricity
mechanisms, Nevshupa et al. [20] improved the
mechanically stimulated gas emission (MSGE) method
with much higher accuracy to detect the emitted gas
species from the hydrogenated DLC and confirmed
that the major emitted gases were composed of C1-C3

——— |

Fig. 2 (a) BF-STEM image showing a tribolayer with thickness of ~20 nm in situ grown on the ball surface for self-mated a-C:H:Si
(9.3 at% Si) films after superlubricity test in dry N,, and (b—d) its nanostructure revealed by BF-, HAADF-, false-colored BF-STEM
and IFFT (or FFT) images. Reproduced with permission from Ref. [9]. © Springer Nature, 2017.
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alkanes, of which the tribo-emission rate increased
with the hydrogen and methyl terminal group con-
centrations. To monitor the tribo-reactions in real
time, a MEMS holder developed by Sato et al. [21]
enabled in situ observation of the rolling and slipping
events of DLC wear nanoparticles during lateral sliding.
The DLC surface underwent permanent deformation
at the nanoscale when subjected to forces as small as
tens of nano-Newtons. Recently, Kuwahara et al. [22]
using sliding experiments of ta-C/ta-C tribopairs
showed that superlubricity with negligible wear can
be achieved by lubrication with unsaturated fatty acids
or glycerol. Zhang et al. [23] using high-intensity
pulsed ion beam irradiated WC-Ni surface against
graphite under water lubrication also got significant
friction reduction.

2.2.1.2  Superlubricity of two-dimensional (2D) materials

Due to their weak interlayer interaction, graphite,
graphene, carbon nanotubes, and other 2D materials
have been reported to offer potential opportunities to
achieve superlubricity [24-29]. Up to now, superlubri-
city has been achieved in various material systems
at different length scales, revealing a series of new
physical mechanisms. Following is a brief introduction
of the recent advances in this complex area.

It has been theoretically proposed that hetero-
structures composed of 2D layers with lattice mismatch
and intrinsic incommensurate interfacial geometry
provide a perfect model system to achieve robust
superlubricity [30, 31]. Although theoretically sound,
it has been challenging to verify this mechanism
experimentally, due to the fact that it is difficult to
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perform sliding friction tests between 2D layers.
Recently, a thermally assisted mechanical exfoliation
and transfer (TAMET) method has been proposed to
achieve superlubricity between 2D heterostructures
with friction coefficient down to the 104 level [32],
where various 2D flake-wrapped AFM tips were
fabricated to directly measure the interlayer friction
between 2D flakes in single-crystalline contact, as
shown in Fig. 3. Also the interlayer coupling between
twisted MoS; layers has been detected by using the
low-frequency Raman spectroscopy, which is a reflec-
tion of interlayer shear mode and force constants [33].
Researchers have also made arduous attempts, such
as AFM-based nanomanipulation experiments of gold
nanoparticles sliding on HOPG [34], and the super-
lubricity sliding of monolayer tungsten disulfide (WS,)
on epitaxial graphene grown on silicon carbon [35].
Besides the superlubricity mechanism due to incom-
mensurate interfacial geometry within the atomically
small contacts, some theoretical studies have been
performed to understand new mechanisms of super-
lubricity. Sadeghi [36] found that superlubricity could
be controlled by the multiatomic nature of nanocontacts.
In this context, an increase in the layer size or the
interlayer couplings could enhance the multiatomic
nature and result in the reduction of friction. On
the other hand, superlubricity can be achieved by
pressure-induced friction collapse based on the first-
principles calculations. Sun et al. [37] demonstrated
that abnormal load dependence of atomic-scale friction
in a graphene/graphene system, where the sliding
friction initially increased and then decreased with
increasing normal load until collapsed to a frictionless

6 layers (3.

Fig.3 (a) Friction between graphite flake-wrapped tip and h-BN substrate. The inset was the schematic view of the experimental
tip and the substrate, (b) HRTEM images of the MoS, flake wrapped-tip. Reproduced with permission from Ref. [32]. © American

Chemical Society, 2018.
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regime at a critical point. This is attributed to the
transition of the sliding potential energy surface from
corrugated, to substantially flattened, and eventually
to counter-corrugated states.

Besides the experimental demonstration of nanoscale
structural superlubricity [25], observation of frictionless
sliding in microscale and macroscale contacts has
also been reported, such as self-retraction behavior in
graphite mesas and intershell sliding in multiwalled
carbon nanotubes [38, 39]. Recently, microscale super-
lubricity has been obtained at heterogeneous interface
between multilayer graphene and hexagonal boron
nitride in Luo’s [40] group by using a graphene-
coated microsphere (GMS) probe, as shown in Fig. 4(a).
This ultralow friction was attributed to the sustainable
overall incommensurability due to the multi-asperity
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contact covered with randomly oriented graphene
nanograins. Microscale superlubricity of heterojunctions
between graphite and mica [41], graphite and hexagonal
boron nitride [42] was also obtained based on the
self-retraction behavior of graphite mesas.
Macroscopic superlubricity has been observed
between diamond-like carbon films and nanoscrolls
formed from graphene flakes and nanodiamond
particles [43]. The same group recently demonstrated
that ultra-low friction also occurs between onion-like
carbon structures (OLCs) and the hydrogenated
diamond-like carbon (H-DLC) surface, as shown in
Fig. 5 [44]. Nanodiamonds would form OLCs catalyzed
by molybdenum atoms from molybdenum disulfide.
In another study, OLC films were prepared by con-
stant current high-frequency dual-pulsed enhanced
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Fig. 4 (a) Friction between graphene-coated microsphere tip and h-BN substrate. The inset was the schematic view of the microsphere
and substrate. Reproduced with permission from Ref. [40]. © Springer Nature, 2017. (b) Schematic diagram of the experimental set-up
to measure the friction in graphite/h-BN junctions, and (c) fabrication process of the graphite/h-BN heterostructure. Reproduced with

permission from Ref. [42]. © Springer Nature, 2018.
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Fig.5 Macroscale superlubricity achieved by onion-like carbon formation. (a) Coefficient of friction during sliding of MoS, combined
with nanodiamonds against DLC surface reaches ultralow friction values (~0.005), (b) observed superlubricity is attributed to the
formation of onion-like carbon films, as observed in TEM images. Reproduced with permission from Ref. [44]. © Springer Nature, 2018.
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chemical vapor deposition technique, where super-low
friction and wear rate were achieved due to an effect
of “molecular bearing” in the friction process [45].

The microscale superlubricity of graphite can be
achieved with a friction coefficient of 0.0003 by the
formation of multiple transferred graphene nanoflakes
through tribointeractions [46], and the superlubricity
of graphite sliding against graphene nanoflake can
also be achieved under ultrahigh contact pressure of
up to 2.52 GPa [47].

In 2019, there are some new works on superlubricity
of 2D materials with their thickness down to few
atomic layers, which show intrinsic advantages,
such as atomically smooth, chemically inert, and
weak interlayer van der Waals interaction, including
theoretical models and experimental explorations
[48, 49]. Li et al. [50] showed that the critical adhesion
forces between BN and graphite, and MoS; and
graphite were respectively 0.953 and 1.028 times than
that between graphite and graphite, which were con-
sistent with the prediction based on Lifshitz theory.
Liu et al. [51] reviewed the research and application
of 2D materials in recent years.

2.2.2  Liquid superlubricity

Liquid superlubricity has been proposed for more
than 20 years [52-55]. Its mechanism can be summarized
as hydration effect [56], chemical reaction layer [57],
hydrodynamic effect [58, 59], double electric layer
interaction which will be more important in super-
lubricity [60, 61], and the combination of multiple
effects [62]. Superlubricity lubricants have been
developed from pure water [63], brine [64], acids [65]
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to acid-alcohol system [66, 67], alcohol system [68],
bioliquids [69], oil-based system [70], and surfactants
[71]. The progress in 2018 is as follows:

2.2.2.1 Superlubricity of acid basic solution and ionic liquids

Ge et al. [72] made use of boric acid-polyethylene
glycol aqueous solution (BA-PEG) to achieve stable
superlubricity state at macro scale between SisN,/SiO,
surfaces. Compared with other weak acids or moderately
strong acids, including acetic acid, tartaric acid, citric
acid, and lactic acid, they found that boric acid was
easy to achieve superlubricity state and its solution
was neutral, as shown in Fig. 6. Their analysis and
tests indicated that the friction reaction between
lubricant molecules and solid surfaces occurred during
the friction process with boric acid-polyethylene glycol
aqueous solution. As shown in reaction formulas
(1)-(3), hydrogen ions are produced and consumed
continuously. The lubricant has the characteristics
of superlubricity similar to that of phosphoric acid
solution [73], and the solution is neutral as a whole.

SisNy + H,O — SiO, + NH; (1)
H:BO; + PEG — H'X" + H,0 2)
H*X+ NH; — NHy'X ®)

Li et al. also used 1-ethyl-3-methylimidazole-
trifluoromethane sulfonate ([EMIM] TES) solution to
achieve stable superlubricity at macro scale as shown
in Fig. 7 [74]. The friction coefficient can be down to
about 0.003 and the superlubricity state can be stabilized
for at least 1 h.
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Fig. 6 Friction coefficient of the solution of different acids with PEG. Reproduced with permission from Ref. [72]. © American

Chemical Soeity, 2018.
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Fig. 7 (a) Molecular formulas of several ionic liquids and (b) corresponding friction coefficients with the ionic liquid content of 40 wt%,
(c) XPS Spectra (N1s and S2p) of worn zone on silicon nitride ball lubricated by [EMIM]TFS aqueous solution, and (d) superlubricity
model. Reproduced with permission from Ref. [74]. © American Chemical Soeity, 2018.

The XPS results of [EMIM]TES solution on the
surface of silicon nitride ball after test show that there
is cation ([EMIM]*) adsorption on the worn surface.
The anion TFS™ and wear surface formed a chemical
reaction film which was identified as sulfide and
produced during the friction process. The chemical
reaction film and adsorption film on the worn surface
provided low shear stresses and reduced friction.
Based on the above analysis, a superlubricity model
for the formation of adsorption film by friction induced
chemical reaction is proposed by Ge et al. [72]. Recently,
Xiao et al. [75] achieved water-based superlubricity
with the lubrication of HsPO, solution in vacuum
(highest vacuum degree < 10+ torr) for the first time
by performing a pre-running process in air before
running in vacuum. This will create further research
interest pertaining to the phosphate superlubricity.

2.2.2.2  Superlubricity in thin film lubrication region

Thin film lubrication was proposed by Luo’s group
20 years ago in which the main lubricating effect is from
the ordered molecules, and so the shear stress should
be higher than that of the fluid molecules [76, 77].
Therefore, finding ways to realize superlubricity in
thin film lubrication become a great challenge for

tribologists. Luo’s group successfully reduced the
friction coefficient and achieved the superlubricity state
under thin film lubrication conditions in 2018 [78].

In their work, the steel surfaces of the friction pair
was lubricated with PEG aqueous solution in the
running-in process, then changed to polarity lubricant
(PAG) and non-polar lubricant (PAO), respectively. It
is found that a very low friction coefficient (about
0.005) can be obtained directly, as shown in Figs. 8(a)
and 8(b). Through the analysis of the worn surface,
it is found that there is a layer of friction induced
chemical reaction film on the steel surface after PEG
running-in treatment, and the reaction film still exists
after PAG (or PAO) lubrication test. The superlubricity
is attributed to the interaction of chemical reaction
layer, adsorption layer, and fluid layer. In addition,
they also realized macroscopic superlubricity state
between steel/steel surfaces by using 1,3-diketone
(EPBD-02/01) with a friction coefficient of 0.006, as
shown in Fig. 8(c) [79].

2.2.2.3 Superlubricity of hydration layer

For the first time, Han et al. achieved macroscopically
superlubricity with hydrated alkali metal ions [80].
At first, the solution of phosphoric acid with pH 1.5

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 8 Friction coefficient of steel surface before and after PEG running-in treatment: (a) PAG, (b) PAO, and (c) 1,3-diketone. (a) and
(b) Reproduced with permission from Ref. [78]. © The author(s), 2018. (¢) Reproduced with permission from Ref. [79]. © Elsevier, 2018.

was used for a 300 s running-in process, and then the
residual phosphate solution was washed out by DI
water and 50 mM KCl solution was used as lubricant.
Under 3 N load, an ultra-low friction coefficient of
0.005 was realized as shown in Fig. 9(a). The XPS
analysis revealed that a soft silica layer of about 6 nm
is formed on the worn surface. As shown in Fig. 9(b),
the contents of silicon dioxide in the surface layer of
silicon nitride balls after the superlubricity test and
that after running-in by phosphoric acid, KCl solution,
KOH solution, HF acid, and the surface of the original
silicon nitride ball were 55.1%, 46.0%, 21.7%, 5.9%,
2.1%, and 10.1%, respectively. The content of silica is
higher after running-in by the acid, which indicates
that the silica layer should be formed in the acid
running-in process.

Finally, the realization of macroscale superlubricity
of hydrated alkali metal ions depends on three aspects.
One is that the acid running-in reduces the contact

pressure and the surface roughness of the contact
area, which is ready for the hydration effect; another
is that the reaction of acid and silicon nitride to form
a soft silica layer which is easy to be deformed and
ensures the negative charge on the solid surface; and
the third is that hydration repulsion can be carried by
hydrated ions under limited conditions.

2.3 Lubrication and lubricant additives

2.3.1 Molecular lubrication

2.3.1.1 lIonic liquid lubrication

Ionic liquids (ILs) have excellent stability and can
produce low friction. Different ILs have different
molecular structures and different lubricating pro-
perties. Due to its high thermal stability and promising
tribological properties, the application of ILs as
boundary lubricants is becoming more and more
interesting. Dasic¢ et al. [81] have studied the influence
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Fig. 9 (a) The stable superlubricity state with a friction coefficient of 0.005 was achieved by using KCl solution between the silicon
nitride ball and the sapphire surface, (b) comparison of Si2p peak of XPS on silicon nitride surface after running-in by different solutions.
Reproduced with permission from Ref. [80]. © American Chemical Soeity, 2018.
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of limiting factors on the lubrication and flow
characteristics of ionic liquid by molecular dynamics
simulation. It is found that in the dynamic state, the
interaction between the IL molecules and the solid
wall is the main driving force to control the molecular
behavior of ionic liquids in the gap. The transition
from a dense liquid to an ordered and possibly
solidified ionic liquid is also observed under variable
normal loading and shear. More and more work
shows that water affects the structure and properties
of ionic liquids near solid surfaces. Zhang et al. [82]
studied how water affects the three-dimensional
structure of the ionic liquid [BMIM] [Tf2N] near the
surface of mica with two different charge densities.
They found that water can not only change the ion
layer near the mica surface, but also change their
lateral orientation order and the aggregation of the
cationic hydrophobic tail. Freita et al. [83] investigated
properties of the bulk phase of the surfactant-like
amphiphilic ionic liquid [C10C1Pyrr] [NTf2] and of
that in the confined space as well as that on the mica
interface by using molecular dynamics. The bicon-
tinuous structure in the bulk phase and the ordered
monolayer and bilayer structures spontaneously
formed in the confined space are well explained.

Khatri et al. [84] found that with the increase of
alkyl chains of the fatty acid ionic liquids, the wear
resistance and friction reduction properties of the
liquids were improved. The results of Shi et al. [85]
show that only the ionic liquid C6MIMBF4 with the
long alkyl chain can obtain stable ionic liquids-based
magnetic nanofluids which can be used as lubricant.
An et al. [86] found that the ionic liquid, glycol ether
mixtures, at titanium interfaces had a negative friction
load dependence, i.e., the friction force decreased with
the increase of normal load. Han et al. [87] discussed
the activated slip and flow of ionic liquid lubricating
molecules.

Zheng et al. [88] using acid-based ionic liquids as
additives in glycerol solution improved the anti-
corrosion and lubrication ability of glycerol solution.
Li et al. [89] has studied the synergistic effect of
several proton ILs and an organic friction modifier
(OFM) to achieve lower friction. Gong et al. [90] and
Lhermerout et al. [91] discussed the new progress in
ionic liquids. Jiang et al. [92] reported environmentally
friendly ILs ([Ch][AA] ILs) derived from amino

acids (AAs) and choline (Ch) synthesized by using
biomaterials through a simple, green route. Their
results indicated that these ILs exhibit good friction-
reducing and anti-wear properties as lubricants for
steel/steel contact, which is related to the formation
of a physically adsorbed film on the metal surface
during friction. Amann et al. [93] also reported the use
of ILs as anti-wear additives. Li et al. [94] synthesized
several ILs in situ with monovalent metal salts and
ethylene glycol (EG) by tribochemical reactions and
realized macroscale superlubricity for all ILs at silicon
nitride (Si3sN,) interfaces. The combination of com-
posite tribochemical layer (comprised of phosphates,
fluorides, silica (5iO,), and ammonia-containing com-
pounds), hydration layer, and fluid film contributed
to the superlubricity and wear protection, as shown in
Fig. 10. Gonzalez et al. [95] also reported the tribological
performance of the IL trifluoromethylsulfonyl amide
as neat lubricant and as an additive in polar oil.

2.3.1.2 Water-based lubrication

There is very rapid development of water-based
lubrication in the field of superlubricity. Since it has
been reviewed in the previous part, it will not be
repeated here. Pure water as a lubricant has been
studied by more and more researchers.

The tribological properties of NaCl aqueous
solution on Au (111) surface have been investigated
by Pashazanusi et al. [96] using AFM. It is found that
when a positive potential is applied to the Au surface,
a finite height and ordered ice-like water structure
is formed at the interface, and a hydrogen bond is
formed between the AFM tip and the film, which
makes the friction coefficient very large. When negative
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Fig. 10 Proposed superlubricity and antiwear model. Reproduced
with permission from Ref. [94]. © American Chemical Soeity, 2019.
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potential is applied to the surface of Au, the structure
of ice-like water is destroyed, and water acts as
lubricant at the interface. The friction force is low or
even lower than the open circuit potential. Wu et al.
[97] have investigated the influence of the bionic non-
smooth surface on glass fiber-epoxy resin composite
under natural seawater lubrication. Their results show
that the lubrication performance of dimpled sample
is much better than that of the smooth sample under
all rotational speeds and the friction reduction is
approximately 43.29% of smooth surface.

Li et al. [98] studied the friction between graphene
layers when hydrated layer was formed. By adding
amphoteric ion solution, a sub-nano-hydrated layer was
formed between graphene and amphoteric ions, and
a very low friction coefficient of 0.001 was achieved.
Li et al. [99] also studied the nanoscale self-assembled
fluorinated surfactant micelle array by AFM. It was
found that the micelle array would be crushed to
form monolayer adsorption molecules under certain
pressure, and the friction coefficient was different
between the two cases.

Arif et al. [100] has investigated the effect of water
intercalation on the friction behavior between graphene
layers and graphene oxide (GO) layers by FEM. They
found that when the interlayer adsorbed water mole-
cules change from “ice water” into “liquid water”
structure, the friction decreases. Weber et al. [101]
investigated the friction properties and mechanism
of ice at a temperature of —100 °C. The results showed
that the friction coefficient at the low temperature
(100 °C) was very high, however the friction coefficient
decreased sharply with the increase of temperature.
The high mobility of mobile ice molecules and weak
hydrogen bonds of molecules on the solid surface
leads to easier shear, which leads to the low friction
coefficient.

2.3.1.3 Oil-based lubrication

Oil-based lubrication occupies the main position
in the field of lubrication. Low viscosity effective
lubrication is the development trend. Guo et al. [102]
investigated the lubrication property of oil in the
cylinder liner-piston ring (CLPR) and their work
indicated that the micro-concave is more favorable
for improving the wear performances at the high

load. The results of Zhao et al. [103] showed that
the viscosity and low-temperature fluidity of the
base liquid can be significantly improved by adding
polymethacrylates under the condition of boundary
lubrication, polymethacrylate modified lubricant
exhibits better antifriction performance in a wide
range of temperature and load.

The simulation works of Wang et al. [104] showed
that the antiwear agent molecules with super-antiwear
properties should have a structure which can be
adsorbed on the metal surface stably and preferably
through chemisorption. At the same time, some grou