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Advanced progress on the significant influences of
multi-dimensional nanofillers on the tribological
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Over the past two decades, nanofillers have attracted significant interest due to their proven chemical,
mechanical, and tribological performances. However, despite the significant progress realized in the
application of nanofiller-reinforced coatings in various prominent fields, such as aerospace, automobiles
and biomedicine, the fundamental effects of nanofillers on the tribological properties of coatings and
their underlying mechanisms have rarely been explored by subdividing them into different sizes ranging
from zero-dimensional (OD) to three-dimensional (3D) architectures. Herein, we present a systematic
review of the latest advances on multi-dimensional nanofillers for enhancing the friction reduction and
wear resistance of metal/ceramic/polymer matrix composite coatings. Finally, we conclude with an
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1. Introduction

Presently, the significant increase in energy consumption in
modern industry has attracted increasing attention; however,
its reduction is still a considerable challenge.’® According to
numerous reports, friction is responsible for approximately
one-third of the energy consumed in automobiles.*® It is
believed that even just a 20% reduction in wear substantially
lowers the economic costs in terms of energy usage and envi-
ronmental impact.®®* Hence, controlling friction and wear has
attracted great scientific interest and is technically valuable for
reducing the consumption of energy and promoting industrial
development.

The application of surface coatings has been increasingly
regarded as an effective method to optimize the tribological
performance of materials.®™ In this case, the two fundamental
prerequisites for the design of surface coatings are low friction
and high wear resistance.”'® However, under increasingly
severe working conditions, traditional coatings fail to meet the

ever-increasing requirements for their tribology
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solutions for the key challenges in their commercial applications.

performance."** In this regard, an improvement in the friction
and wear of coatings can be achieved by incorporating func-
tional additives or other components. Among the various
additives, nanofillers have attracted particular interest due to
their attractive tribological potential based on their excellent
corrosion resistance, unique mechanical behaviors, and high
thermal conductivities.'**® According to their macro/microscale
structures, nanofillers can be classified into zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) architectures.”®* As shown in Fig. 1, 0D-
nanofillers mainly include nanoparticles and nanospheres,
where all their dimensions are maintained at the nanoscale.”
1D-nanofillers refer to nanofibers, nanorods and nanotubes,
which have nanoscale diameters but high aspect ratios.”>** The
family of 2D-nanofillers is comprised of various nanosheets and
their corresponding multilayer structures, where their ultrathin
sheet-like structures have a thickness ranging from a few to
dozens of nanometers.>*** Alternatively, 3D-nanofillers include
pure 3D nanomaterials or hybrids mainly composed of one or
more 0D, 1D, and 2D basic structural units.>**” For example,
when nanodiamonds are ~5 nm in size, they are classified as
0D;?® in contrast, their pure 3D structures have a size of ~12 nm
and above.* In addition, it has been shown that three-
dimensional nanostructures composed of graphene oxide
nanolayers and C60 have excellent lubricity at a wide strain level
of 0-62%.3%%"

As a nanomaterial, OD-fillers have been demonstrated to be
suitable for a wide range of tribological applications in ceramic,
metal and polymer coatings owing to their nearly spherical
nanostructure, high thermal conductivity, and low thermal
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Fig.1 Typical nanofillers for coating applications such as 0D nanofillers (nano-ZnS and nano-W,C particles®**3), 1D nanofillers (carbon nanofiber
(CNF)*#2%), 2D nanofillers (MoS; (ref. 56) and graphene nanoplates (GNPs)*’), 3D nanofillers (CNF/MoS, hybrid®® and Ti/ND power*8).

expansion coefficient.*>** However, attention has gradually
shifted from 0D nanofillers to candidates in other dimensions
with the introduction of multi-dimensional nanomaterials.

Similar to 0D-nanofillers, 1D- and 2D-fillers have stimulated
extraordinary interest in tribology. 1D-nanofillers with high
aspect ratios and unique layered 2D-nanofillers are considered
ideal materials for achieving excellent lubricity.>***” The
enhancement of the tribological behaviors of nanofiller-
reinforced coatings mainly depends on their inherent charac-
teristics, such as their micro/nanoscale structure, dispersion
state, and bonding strength of the resulting composite.*® The
nano-rolling effect of 1D-nanofillers has been proven to be an
effective strategy for reducing the friction and wear of coatings.
Multilayer 2D-nanomaterials are combined through weak van
der Waals forces, which can result in a relatively low shear
strength,***' endowing 2D-filler nanosystems with excellent
self-lubricating performances.

In contrast to 0D, 1D and 2D nanofillers, 3D-nanofillers are
defined as pure 3D nanomaterials or hybrid mainly composed
of one or more 0D, 1D, and 2D structural units.**** The use of
well-designed 3D structures presents a feasible strategy for
enhancing the tribological behaviors of surface coatings,

19982 | RSC Adv, 2023, 13, 19981-20022

enabling the applications of their composites in many impor-
tant fields, such as electricity, medical and
superlubricity.

As rapidly developing nanotechnology globally, nanofillers
have attracting interest in the design of solid lubrication coat-
ings due to their unique structures and excellent physical/
chemical properties. Compared with micro-scale additives,
nano-additives have the advantages of smaller particle size and
larger specific surface area. Furthermore, they are not only
capable of improving the interface compatibility between
additives and solid matrices, but also easily enter the tribo-
interface during the friction process, providing excellent lubri-
cation effects.** Recently, the widespread use of nanofillers in
coatings has promoted the design of friction interface optimi-
zation strategies, playing an important role in improving the
friction performance and reducing the energy consumption.
Numerous studies have shown that multi-dimensional nano-
fillers can serve as the solid lubrication components of the
coatings**™® to form friction films during the friction process.
This helps to reduce friction and wear. To date, the studies on
coatings have mainly focused on their synthesis and potential
applications,”®* whereas the tribological functions of

science,
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nanofillers in coatings have not been reviewed fully. In partic-
ular, insight into the crucial roles of multi-dimensional nano-
materials in different coating substrates has not been provided
thus far. In this review, we focus on the tribological perfor-
mance of coatings in three key areas. It is divided into the
following five parts. After a brief introduction on the macro/
microstructures and properties of nanofillers, the tribological
behaviors and wear mechanisms of 0D-nanofillers as effective
additives for ceramic, metal, and polymer coatings are
described in Section 2. Additionally, the recent progress in the
development of 1D and 2D nanofillers for coating tribology is
elaborated in Section 3 and 4, respectively. In section 5, we
explore the increasing efforts on 3D-nanofillers to realize
superior anti-wear and friction-reduction behaviors. Finally, the
important conclusions and outlooks of nanofillers in crucial
tribological fields are discussed in Section 6.

2. Zero-dimensional nanofillers

OD-nanofillers, including various particles with a size ranging
from 1 nm to 100 nm,*>*® have attracted significant attention
due to their demonstrated tribological potential. Recent studies
on coatings have accelerated the application of 0D-nanofillers
in various matrices, such as metals, ceramics, and polymers.
Generally, most nanofillers have well-organized structures
(atomic and mesoscopic). This endows them with considerable
size effects and outstanding mechanical properties,*® making

Table 1 Friction and wear behaviors of 0D-nanofillers in coatings®
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them very attractive for tribological and electromechanical
applications. Over the past ten years, nanofillers have proven to
be ideal candidates for improving the lubrication behaviors of
coatings.®>* In the following sections, we review and discuss
the friction reduction and anti-wear abilities of 0D nanofillers in
metal, ceramic, and polymer coatings. Table 1 presents
a summary of the latest data on the tribological properties of 0D
nano-filler-reinforced coatings.

2.1. Metal-based coatings

Traditional coatings have been extensively applied in mechan-
ical devices, such as pumps, compressors and turbines, to
control friction and wear. However, under extreme conditions,
they exhibit a poor performance under friction and wear owing
to the presence of structural defects. Alternatively, metal-based
coatings (MBCs) such as Ni, Fe, and MgAl-based coatings,*
which are fabricated via the incorporation of various particles or
fibers in the coating, generally possess superior properties, such
as high hardness and good wear-resistance compared to that of
unreinforced coatings. Among the various reinforcements,
nanomaterials have attracted particular attention due to their
favorable attributes, such as unique structure, high thermal
conductivity, low thermal expansion coefficient, and good self-
lubrication performance.®*

Numerous studies have established that reinforcements
with a smaller size in composite coatings resulted in more
remarkable enhancement functions.” According to the study

Tribological results

Matrix Reinforcement Tested conditions COF Wear
Fe-Al coatings Nano-Al, O3 (ref. 116) 440C tool steel (ball-on-disk, 0.53 Wear rate:
6 m min~', 10 N, RT) 0.1811 x 10 * mm* Nm™
Ni-P coatings Nano-TiN”? Cylinder liner (piston ring- ~0.080 Wear loss:
cylinder liner, 0.44 0.5 mg
mm min ', 5 Hz, 140 N, RT)
Cu-P coatings Nano-SiC*' AlLO; ball (ball-on-disk, NM Wear loss:
1.0 cm s, 1 N, 1500 cycles) 0.15 mg per 1000 cycles
Ni-Cu coatings Nano-Al, O3 (ref. 72) Chromium-coated steel (pin- 0.55 Wear rate:
on-disk, 0.02 m s, 5 N, RT) 4.20 x 10 mm® Nm™*
CrN coatings Nano-Ag®’ Rockwell-type diamond 0.04-0.06 Wear scar depth:
(reciprocating multi-pass 0.19 pm per 100 cycles
scratching, 0.7 mm s~ ', 1 N,
100 cycles, RT)
Ultra-fine ceramic coatings Nano-Ni® Chromium-plated GCr15 0.35-0.42 Wear loss:
steel (block-on-wheel, 0.6-1.1 mg
0.45m s~ ', 50 N, 120 s)
Ceramic coating GO-Al,O; (ref. 117) SizN, ball (ball-on-disc, ~0.45 Wear rate:
20 mm s}, 20 N, 15 min) ~0.7 x 10 *mm* Nm™*
PMMA coatings Nano-SiO, (ref. 107) Silicon nitride ball (pin-on- 0.27-0.4 NM
plate, 2 mm, 1 Hz; 5, 10 and
15 mN; 22 °C)
PEEK-based coatings IF-WS, (ref. 110) Stainless steel balls (ball-on- 0.15 NM
flat, 1800 mm min ", 1 N)
PTFE coatings BMG'* GCr15 bearing steel ball (4.2 0.086 Wear volume:

“ RT = room temperature; NM = not mentioned.

mm, 2 Hz; 1 N, RT)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic of the typical electro-co-deposition process (a) and refinement mechanism (b) of Ni—B/Al,O3z coating. Reproduced from ref.
73 with permission from Elsevier, Copyright 2018. (c) Influence of TiN nanoparticle concentration on wear loss, and TEM image (d) of nano-TiN
powder. Reproduced from ref. 75 with permission from Elsevier, Copyright 2019.

by Zhang et al.,”* the hardness and wear resistance of an
Sm,0;/Ni-base coating increased as the filler size decreased
from the micrometer to nanometer level. Al,O; at a concen-
tration of 20 ¢ L™ " in an Ni-Cu alloy coating was demonstrated
to be effective for inhibiting crystal growth, endowing the
deposited compact structures on the Ni-Cu alloy coating with
compact structures.”” The crystallite size of the coating
decreased from 91 nm to 16 nm, enabling the composite
coating to achieve an extremely high level of wear resistance,
which was ~3.75 times that of the pure Ni coating. The friction
coefficient and wear rate are specified in detail in Table 1. The
role of Al,O; nanoparticles in the tribological properties of Ni-

19984 | RSC Adv, 2023, 13, 19981-20022

B nanocoating was studied by Li et al.”® Fig. 2a depicts the
electro-co-deposition of nano-Al,0; in a metallic matrix in
detail. Microscopic analysis and friction tests revealed that the
addition of Al,O; particles to the Ni-B coating significantly
improved its hardness and wear resistance. This was attributed
to the nano-Al,O; dispersed in the Ni-B coating, which
increased the number of nuclei available for the nucleation of
Ni-B metal crystals, resulting in an Ni-B composite with
a smaller grain size than the pure Ni coating (Fig. 2b). These
compact structures and enhanced mechanical properties
enabled the effective optimization of the friction and wear
behavior of the coating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Based on aforementioned reports, nanoscale fillers can
effectively fix the matrix grain boundaries in the coating,
increasing the restriction on grain boundary movements and
achieving grain refinements.” The refined grain sizes and the
limitation of dislocation motions provide effective methods to
improve the mechanical and tribological properties of
coatings.”””” In the case of MBCs, 0D-particles with excellent
mechanical properties have been increasingly regarded as the
most promising candidates for tribological enhancement.”®”
Although plenty of research has been conducted on MBCs
reinforced by nanofillers, it is still a challenge to synthesize
MBCs with well dispersed nanofillers due to the high surface
energy of 0D-fillers.?*®*

An appropriate concentration is a critical prerequisite for
achieving a uniform dispersion of 0D-nanofillers in coatings. In
the case of nano-Al,O;-reinforced Ni-P coatings,”” the micro-
hardness increased from 850 to 1016 HV with an increase in the
concentration of Al,O; particles from 0.5 to 2.0 g L™". Addi-
tionally, the wear resistance increased proportionately. These
enhancements in the microhardness and anti-wear properties
of the nanocoatings were attributed to the dispersion hardening
effects of the nanoparticles. Thereafter, Ghavidel et al.** further
reported the effect of nano-SiC concentration on the tribological
behavior of Ni-P coatings. The plating solution containing 1 g
L~' SiC nanoparticles endowed the Ni-P coating with
a maximum hardness of 795 HV and the corresponding tribo-
logical optimization. However, this tendency was weakened
with an increase in the concentration to 2 g L™ . The origin of
this weakening effect was the uneven distribution of high
concentration OD-additives on the coating surface. Hence,
a deterioration in the friction and wear behaviors of the nano-
coatings was detected.

The study of the synergistic effect of coatings and nano-
lubricants is also of great significance for practical applications.
However, most of the data are obtained from laboratory-made
test substrates, and this type of conclusion is apparently not
sufficient to guide practical use. Thus, to enhance the tribo-
logical performance of a piston ring-cylinder liner pair in
engines, Xu et al.”® prepared Ni-P-TiN-coated piston rings via
the electroless plating technique. They investigated the tribo-
logical properties of coated friction pairs on a multifunctional
piston ring-cylinder liner tribometer and evaluated the effect of
the concentration of additive. The specimens were cut from the
real piston ring-cylinder liner pairs and the chosen test condi-
tions were sliding distance of 80 mm; sliding time of 3 h;
normal load of 140 N; reciprocating frequency of 5 Hz and
sliding wear was carried out at room temperature. Given that
the tested matrix came from real components, the experimental
results could be regarded as data generated by the actual
working environment of the part. Fig. 2c shows the variation in
the wear loss of the coated piston rings with different concen-
trations of TiN nanoparticles and cylinder liners under oil
lubrication. It can be seen that the wear loss of the Ni-P-1.5TiN
coating decreased by ~64% compared with that of the Ni-P
coating. Fig. 2d shows the transmission electron microscopy
image of nano-TiN powder. It can be seen clearly that the mean
size of the TiN nanoparticles was about 20 nm, and there was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a little aggregation. Although the hard TiN nanoparticles could
lead to local pits on the frictional surface, the hardness of the
coating was improved with the addition of TiN. A smoother
surface with light furrows was formed in the case of the Ni-P-
1.5TiN coating, where its better anti-wear performances could
be ascribed to the moderate abrasive wear. Table 1 provides its
specific friction coefficient and wear loss. This was attributed to
the good combination of TiN and the Ni-P coating and the
excellent lubricating effect of nano-TiN.

Fe-based amorphous nanocrystal coatings have attracted
significant attention due to their unique wear and corrosion
resistance. Particle reinforcement is the main method to
improve the wear resistance of coatings. Shan et al.* investi-
gated the effect of TiC content on the wear resistance of Fe-
based amorphous nanocrystalline coatings. The addition of
TiC reduced the microhardness of the coating compared to the
coating without TiC. With an increase in the content of TiC, the
microhardness of the coating increased first, and then
decreased. When the content of TiC was 10%, the friction
coefficient and wear volume of the coating were the lowest,
indicating the best wear resistance. When the TiC content
exceeded 10%, aggregation occurred, which weakened its
combination with the matrix and made it easy for it to fall off in
the process of friction and wear, resulting in a decrease in the
wear resistance.

2.2. Ceramic-based coatings

Ceramics have been increasingly recognized as promising
candidates as coatings and for other tribological applications
owing to their low density, high thermal stability, and good
corrosion resistance.® The incorporation of 0D-nanofillers in
ceramic films is expected to endow ceramic-based coatings
(CBCs) with excellent overall properties, such as a high elastic
modulus, good wear resistance, and excellent thermal
conductivity.?**¢

One of the fascinating features of these composites is the
possibility to tailor their functionality by selecting the appro-
priate type, concentration and size of nanofillers. In general,
metal nanoparticles have made outstanding contributions to
the tribological optimization of ceramic coatings.*””** Reason-
able lattice parameter matching of the ceramic/metal interface
endows the nanofiller and matrix with excellent interfacial
bonding strength, which is greatly beneficial in the nanofiller
repair of micro-defects in coatings and optimizing the
mechanical and tribological behaviors of composite systems. In
this case, the content of nanofillers plays a leading role in the
strengthening mechanism. The mechanical and tribological
properties of nano-coatings such as CrN/Ag, ZrN/Ag, TiN/Ag and
TiN/Cu with different Ag or Cu contents were determined using
nanoindentation and wear tests, respectively.*”*® The friction
coefficient decreased as the Ag or Cu content increased, but this
was accompanied by a decrease in the hardness and wear
resistance of the coatings. The CrN-Ag composite coatings with
various nano-Ag atomic ratios (0, 3, 12 and 22 at%) exhibited
different tribological behaviors.** The microscratch tests
revealed that the coating with the highest Ag content (22 at%)

RSC Adv, 2023, 13, 19981-20022 | 19985
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exhibited the best tribological performance. As shown in Table
1, after 100 cycles of reciprocating at 0.7 mm s~ and applying
a normal force of 1 N, 22 at% Ag enabled the coating to achieve
the low friction level ranging from 0.04 to 0.06, owing to the
lubricating properties of Ag and the easily formed tribofilm
across the friction interface. It should be noted that similar to
MBCs, the agglomeration tendency of 0D-nanofillers with high
concentrations is an issue. Although nano-Ni endowed the
ceramic coatings with attractive tribological behaviors,” as
demonstrated in Table 1, the friction and wear of the surface
coating containing 10 wt% nano-Ni particles decreased by
16.6% and 45.4%, respectively, compared to that of the pure
ceramic coating. Unfortunately, when the nano-Ni concentra-
tion exceeded 10 wt%, agglomerated nanoparticles were
observed to fall off the coating surface, resulting in poor surface
quality and deteriorated wear resistance.

Meanwhile, many studies have been conducted to explore
the tribological potential of nanofillers at extreme tempera-
tures.’>*> When the test temperature was 400 °C, the synergistic
combination of high temperature and contact load applied to
these areas led to densification of the coating; subsequently,
TiC nanoparticles of different sizes were observed on the
coating surface. These particles formed microscopic spherical
protrusions and carried most of the contact load, providing
significant protection against wear. In the case of nanofiller-
reinforced CBCs, outstanding thermal conductivity is increas-
ingly regarded as the key for resisting the local accumulation of
frictional heat.®® A yttria-stabilized zirconia (YSZ) ceramic
matrix coating was prepared using mixed solution precursor
plasma spraying (SPPS).** After the SPPS process, a significant
microporous structure was observed given that the nano-YSZ
was uniformly distributed in the coating. These pores could
release the mismatch of the thermal expansion coefficient of
the nanofiller with respect to its matrix, which is an efficient
strategy for enhancing the thermal conductivity of composites.
Hence, the YSZ ceramic coatings exhibited superior thermal
stability and tribological properties when the temperatures
increase up to 700 °C.

An interesting investigation on the tribological behaviors of
TiC particle-reinforced WC-Co coatings was performed.*> It was
observed that during dry sliding at 400 °C, a mass of nano-TiC
particles was extruded from the coating, preventing direct
collision of the matching tribo-pairs and carrying most of the
contact load, resulting in a significant enhancement in the
friction performances of the WC-Co/TiC coatings. However, the
improvement in anti-wear behavior was observably restricted
because densified TiC-clusters were formed with related inter-
lamellar delamination of the coating.

In the case of nano-coatings, friction-induced deformation
manifests as substrate fatigue, nanofiller pull-out, coating
cracking, and delamination.®**® These processes not only
accompany the evolution of the coating micromorphology, but
also result in tribo-chemical reactions and the formation of
oxide layers. These tribo-chemical layers provide a layer of
protection on the surface, thus resulting in a high level of anti-
wear behavior.

19986 | RSC Adv, 2023, 13, 19981-20022
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It is very interesting that the tribochemical reactivity strongly
depends on the material combination. Forg et al.*® compara-
tively explored the sliding tribological properties of various
ceramic coatings (Al,03, YSZ and TiO, coating) against an SiC
ball. In the case of the Al,O; coating, tribochemical wear was the
most intense, which led to the formation of tribo-chemical
layers. Although these layers appeared to be quite stable, the
lubrication become worse as the tribochemical interaction
intensified, resulting in relatively high friction coefficients and
wear rates. Compared to Al,O3, the YSZ coating showed less
chemical interaction with the SiC ball, and therefore reduced
wear. Among the coatings, the lowest wear but highest friction
was achieved with the TiO, coating. The proposed tribological
mechanism was that the inadequate tribochemical reactivity
due to the combination of SiC and TiO, hindered the formation
of a surface layer, deteriorating the friction. Distinctly, the tri-
bochemical effects played a decisive role in the friction and wear
behaviors. In the case of possible materials for combination
with SiC, YSZ coatings may be the most promising due to their
moderate tribochemical interaction.

Meanwhile, with respect to CBCs, crucial explorations
demonstrated the attractive potential of 0D-nanofillers in opti-
mizing their fracture toughness which is a prerequisite for high
wear-resisting behavior.”” Ultra-fine ceramic coatings contain-
ing nano-Ni particles were prepared;* subsequently, it was
discovered that the incorporation of nano-Ni obstructed the
propagation of crack and enhanced the fracture toughness. This
nanocoating with increased fracture toughness ensured supe-
rior tribological performances compared with that of conven-
tional coatings. Nevertheless, the roles of toughening
mechanisms in the tribological behaviors of interfacial coatings
are still unknown to researchers due to the complex nature of
wear.

Considering the particular interest in the mechanical and
tribological behaviors of CBCs, the model of dependence
between surface stress and crack propagation has been proven
to be effective for describing the effects of 0D-nanofillers on
crack propagation,” which can be expressed as Formulas
(1)-(3), as follows:

2
Esy = A7! (V—VS) KT{E(I —3w)+%1n§(l +w)} (1)

RT
ESE = ESM l - gLN171/3 (2)
4 62/3
! E€2
G/ = JO 72(1 — V,) dx (3)

where Egy: surface energy (mJ] m~?), v: the molar volume at any
temperature, vs: the melting point molar volume (cm® mol ™),
A™": the area occupied by one atom (cm? per atom), T: absolute
temperature (K), K: the Boltzmann constant, Eg: sublimation
energy, R: the gas constant, w: a constant, which is equal to
0.287 for all metallic elements, Esg: surface energy of a nano-
particle, « and §: packing parameters, Ni: the total number of
atoms in the nanoparticles, G;: the energy release rate, E: the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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elastic modulus of the coating, I the coating thickness, v":
Poisson's ratio, and e: the strain.

According to the mentioned-above equations, it can be
concluded that the surface energy and surface tension are
proportional to the dimension of 0D-nanofillers. With respect to
the smaller sizes, OD-nanofillers possess a smaller surface
energy and surface tension, resulting in better interfacial
bonding strength between the nanofiller and coating substrate.
During wear, the voids in ceramic coatings concentrate the
stress and become the source of cracks. 0D-nanofillers with
small sizes anchored in the voids provide an effective way to
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induce crack deflection and crack bridging, which are crucial to
improve the anti-wear behavior of CBCs.

An important study was performed on YSZ ceramic coatings
reinforced using nano-Ag,MoO, and nano-Ag particles.” Fig. 3a
presents a schematic diagram of the route for the synthesis of
YSZ-Ag-Ag,Mo0, coatings. According to this figure, microcracks
and pores were observed in the lamellar-structure YSZ-coatings.
These inherent defects favored the storage of composite lubri-
cants. As observed in the SEM image of the fractured surface of
the YSZ-Ag-Ag,Mo00, coating (Fig. 3b), octahedron-like particles
were present in the coating. Element analysis indicated that the
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(a) Schematic diagram of the route for the synthesis of YSZ-Ag-Ag,MoO, coatings. (b) and (c) SEM images of the fractured surfaces of

YSZ-Ag-Ag,MoO,4 coatings, coupled with element analysis of the selected regions inside the hybrid coatings. Reproduced from ref. 99 with

permission from Elsevier, Copyright 2021.
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octahedron-like particles in Region II corresponded to Ag,MoO,
and the nanoparticles in Region III were mainly Ag, as can be in
Fig. 3b and c, respectively. Thus, Ag and Ag,MoO, nanoparticles
were ingeniously anchored in the defects (cracks and pores) to
modify the mechanical and tribological properties of the YSZ
coatings. Compared with the YSZ coatings, the YSZ-Ag-Ag,Mo0O,
coatings exhibited a lower friction coefficient (~0.15) at 800 °C
and the average wear rate of the hybrid coatings (6.81 x 10~°
mm® N m ") was greatly reduced by about 91.77%.

2.3. Polymer-based coatings

Owing to their low cost and low density, polymer coatings are
advantageous for the design of lightweight tribological appli-
cations such as automobile parts and electronic devices.
However, their application potential in tribology is limited by
their poor hardness, adhesion strength, and thermal conduc-
tivity.**® As a result of these concerns, research has concentrated
on OD-polymer coatings, which exhibit superior antifriction,
resistance, thermal conductivity, and mechanical
properties.'”*'* For example, the large specific surface area of
OD-nanoparticles endows them with strong interface interac-
tions with their polymer matrixes. By incorporating nano-
particles into polymer coatings, it is possible to improve their
load-bearing characteristics and adhesion strength, resulting
in composite coatings with improved frictional properties.'**

When the size of the filler is reduced to the sub-micron- or
nano-scale, the wear behaviors of composites may exhibit signif-
icant differences from that of microparticle-filled systems.'* One
of the low friction and wear mechanisms of 0D-fillers is their
smaller contact area in comparison to microparticles, which plays
a notable role in the reduction of the abrasiveness of hard parti-
cles. Additionally, once these nanofillers become freely movable
in the friction interface, they serve as distance holders and nano-
bearings, resulting in an increase in the load-bearing capacity and
optimization of the friction coefficient of the coating.'®® Conse-
quently, OD-nanofillers contribute significantly more to an
improvement in tribological behavior than large particles. Based
on the systematic evaluations on the performances of PEEK
coatings containing micro-/nano-SiC under friction and wear,
Kadiyala et al'™ proposed that nano-SiC coatings possessed
higher binding strength and better bearing capacity compared to
micro-SiC systems. These advantages were conducive to
improving the tribological abilities of the as-prepared coatings.

A further investigation on the tribological behaviors of nano-
silica-reinforced polymer coating was performed®® and the
abrasion and friction behaviors of the coatings with different
nano-silica weight fractions are presented in Fig. 4a and b,
respectively. According to these figures, the addition of nano-
silica resulted in considerable improvements in the tribolog-
ical performances of the coatings. Especially at high concen-
trations, it was observed that the friction coefficients of the
composite coatings decreased by 18% compared to that of the
pure polymer coatings. The wear debris-induced lubrication
accounted for the enhanced friction and wear properties, given
that the surface contacts between the frictional pairs were
effectively prevented.

wear
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Distinctly, the concentration of O0D-nanofillers plays an
important role in the improvement of the tribological perfor-
mances of polymer coatings. An in-depth study on the tribo-
logical characteristics of poly-methylmethacrylate/silica
(PMMA/SiO,) coatings was conducted by Lin et al'* The
experimental results are presented in Table 1, which indicated
that with an increase in the weight ratio of nanofillers from 0 to
0.3 wt%, the wear-resistance ability of the coating significantly
improved at the cost of an increase in the friction coefficient
from 0.27 to 0.4. This unsatisfactory coefficient of friction for
the coating was mainly ascribed to the deterioration of its
surface roughness at a high concentration of 0D-nanofiller.

Remarkably, the observed tendency of agglomeration occurs
at excessive particle concentrations,'* resulting in undesirable
friction and wear behaviors of the coating. According to recent
studies on nanofillers, it has been proposed that appropriate
concentrations are of great importance to improve the tribo-
logical potential of coatings. The use of nano-TiO,-sol provided
an effective method for the uniform distribution of particles in
Cu-Sn-polytetrafluoroethylene ~ (Cu-Sn-PTFE)  coatings.'”
Particularly, 40 ml L™! TiO,-sol in the coating resulted in the
minimum and most stable friction coefficient, as illustrated in
Fig. 4c. However, the friction coefficient sharply increased when
the concentration of TiO,-sol exceeded 40 ml L™, resulting in
an observable deterioration in the tribological behaviors of the
coatings.

Considering the high strength and outstanding thermal
stability of PEEK, is increasingly regarded as an ideal candidate
for tribological applications, which attracted significant interest
by Hou et al.'*® Tentatively, inorganic fullerene-like tungsten
disulfide (IF-WS,) nanoparticles were incorporated in PEEK
coatings to enhance their tribological behaviors. It was observed
that the lowest friction coefficient of 0.15 was achieved at
2.5 wt% IF-WS,, as shown in Table 1. When the concentration of
IF-WS, exceeded 5 wt%, the friction coefficient of the nano-
coating gradually deteriorated. This was mainly attributed to
the agglomeration of the IF-WS, particles at high concentra-
tions, resulting in a reduction in the lubricating capability of the
nanofillers.

Besides the aforementioned concentration effects, the
adhesion values of the coatings and substrates are also
increasingly regarded as dominant factors affecting the friction
and wear behaviors. Choudhury et al.'** fabricated a polytetra-
fluoroethylene (PTFE) coating on a steel surface, where
polydopamine/Ag-nanoparticles (PDA/AgNPs) were applied as
the interlayers of the PTFE coatings with respect to their
substrates. This peculiar construction of PDA/AgNPs/PTFE
hybrid coatings was shown to be an effective solution to
address the issue of inadequate adhesion of the coatings to
stainless steel. PDA/AgNPs endowed the PTFE film with a longer
wear life in comparison with the pristine PTFE, where a 3.6-
times increase in durability was achieved by adding only
2.0 wt% of AgNPs. This worthwhile improvement was mainly
attributed to the improved adhesion strength, fibrillar PTFE
network, and a formation of a transfer film.

Numerous works have demonstrated that the characteristics
of transfer films play dominant roles in determining the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Weight loss (a) and friction coefficient (b) of varying nano-silica contents at different loads. Reproduced from ref. 50 with permission from
Elsevier, Copyright 2018. (c) COF-time curves of the coatings with different TiO,-sol concentrations. Reproduced from ref. 109 with permission
from Elsevier, Copyright 2019. (d) SEM morphology of BMG/PTFE. Reproduced from ref. 114 with permission from Elsevier, copyright 2018. (e)
Illustration of the formation for PS/SiO, hybrid microcapsule. Reproduced from ref. 115 with permission from Elsevier, Copyright 2018.

tribological properties of PBCs.' In the case of pristine
polymer/transfer film systems, the poor adhesion of the transfer
film to the surface of the friction surface resulted in degraded
wear and friction behaviors. Thus, OD-nanofillers provide
a feasible strategy to improve the adhesion strength of transfer
films, thus endowing coatings with improved tribological
behaviors.*** Under the test conditions with a frequency of 2 Hz
and sliding displacement amplitude of 4.2 mm, a composite
lubrication film with high adhesion was formed on the fric-
tional pair of PTFE coating reinforced with graphite nano-
particles.”* The presence of the lubricating film reduced the
mechanical damage caused by wear of the contact interface,
reducing the coefficient of friction by ~26%. As shown in

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 4d, the addition of ball-milled graphite did not change the
wear mechanism of the composites, but it reduced the friction
at the contact interface caused by the adhesion of mechanical
damage wear.

Thereafter, polystyrene/nano-SiO, (PS/SiO,) microcapsules
encapsulating lubricating oil were fabricated using the Picker-
ing polymerization technique,”* and then the tribological
behaviors of the microcapsules explored as epoxy (EP) coating
additives. Fig. 4e shows the process for the preparation of the
microcapsules in detail. As can be seen, nano-SiO, was
uniformly coated on the surface of the polystyrene microcap-
sules, playing an important role in the improvement in the
thermal stability and lubrication behaviors of microcapsules.
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Thermogravimetric analysis (TGA) showed that the microcap-
sules displayed outstanding thermal stability with a decompo-
sition temperature of 250 °C (see Fig. 4d), significantly
improving their potential for high-temperature tribological
applications. In the case of the microcapsule/coating systems,
the PS/SiO, hybrid shell microcapsules endowed the coatings
with prominent self-lubricating properties. The released lubri-
cant oil and SiO, particles from the broken microcapsules
formed a transfer film to effectively suppress the surface fatigue
wear, hence providing an effective approach to optimize the
friction and wear behaviors of coatings.

0D nanofillers have good organizational structures and
unique performances, playing an important role in optimizing
the microstructure and load-bearing capacity of coatings. The
smaller the size of the reinforcing materials in composite
coatings, the more significant the enhancement in function.
The addition of nanofillers can inhibit crystal growth in metal-
based coatings and deposit dense structures on the alloy
coating, thereby improving the microhardness of the nano-
composite coating. The introduction of 0D nanofillers in
ceramic coatings can generate frictional chemical reactions and
form the corresponding oxide layers. These frictional chemical
layers provide a protective layer on the surface, but the activity
of frictional chemical reactions largely depends on the combi-
nation of materials. A reasonable ratio of nanofiller endows
coatings with good interfacial bonding strength, which can
optimize their mechanical and tribological properties. In the
case of polymer coatings, the addition of nanofiller induces
excellent wear resistance, thermal conductivity, and mechanical
properties. It can form a highly cohesive composite lubrication
film on the friction pair, thus reducing the wear and mechanical
damage of the contact interfaces.

In addition, for microcapsule/coating systems, nanofiller
hybrid shell microcapsules endow the coating with a significant
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self-lubricating performance. The lubricating oil is released
after the fragmentation of the microcapsules to form a transi-
tion film with the nanoparticles, effectively suppressing the
fatigue wear, and thus obtaining a composite coating with
improved friction and wear performance.

3. One-dimensional nanofillers

1D-nanofillers have been demonstrated to be suitable for wide
range of tribological applications in ceramics, metals and
polymers."**"*° Similar to 0D nanofillers, significant research
has been also conducted on 1D nano-coatings owing to their
attractive tribological potential, and the recent results are pre-
sented in Table 2. In this section, we introduce the methods,
behaviors, and wear mechanisms for 1D-nanofillers as effective
additives in various coatings to enhance their tribological
performance.

3.1. Metal-based coatings

MBCs have been extensively studied for controlling friction and
wear. In recent reports on nano-coatings, the high thermal
conductivity and excellent mechanical performance of 1D-
nanofillers have been increasingly recognized, which are of
great importance for the improvement of the friction and wear
behaviors of coatings.”*** Unlike OD-nanofillers, 1D-
nanofillers possess a high aspect ratio, and this well-
organized structure endows them with immense potential in
the field of tribology.

As one type of nanofillers, 1D nanofillers exhibit nano-rolling
effects similar to 0D nanofillers, and thus separate the rubbing
surfaces to reduce the tribo-contacting of two surfaces, which is
of great significance for widespread tribological applica-
tions.®®*%?* This rolling effect provides an effective method to
reinforce the lubrication function and mechanical strength of

Table 2 Anti-wear and friction-reducing effects of 1D-nanofillers in coatings®

Tribological results

Substrate Reinforcement Tested conditions COF Wear

Cu coatings CNTs"™! GCr15 bearing steel ball ~0.2 Wear rate: 1-2.5 x 10 °
(ball-on-disk, 200 rpm, mm®> Nm™*
6-10 N, RT)

Ni-based coatings CNTs'?¢ GCr15 sliding disk (pin-on- 0.35 Wear loss: 12.5-38 mm®
disk, 200 rpm, 8 N, RT)

Ni-based coatings Nanotubular titanates'>* Spherical steel ball (ball-on- ~0.10 Wear rate: ~2.4 x 10°
disk, 0.1 m s, 0.2 N, RT) mm* N m™*

SiC coating SiC nanowire*! SiC balls (ball-on-disk, 0.41 Wear rate: 2.38 x 10™*
0.1 ms ', 2N, 600 °C) mm® Nm™*

Si0, coatings CNTs™* Steel ball (pin-on-disc, 0.40 Wear rate: 1 x 10> mm® N
0.1 m s, 1N, RT) m*

UHMWPE coatings CNTs™® Silicon nitride ball (ball-on- ~0.16 Wear life: > ~250 000 cycles
disk; 1000, 2000 and
2500 rpm; 4 N, 25 °C)

UHMWEPE coatings CNTs'¢® 440C stainless steel ball ~0.09 Wear life: > ~25 000 cycles

(ball-on-disk, 0.5 m s*, 9 N,

25 °C)

“ RT = room temperature.
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substrates.”” " In one study, the direct growth of carbon
nanotubes (CNTs) from an Ni-based coating on a copper
substrate was reported*® using the hydrothermal method. After
the tests employing a rotating speed of 200 rpm and normal
force of 8 N, the volume loss on copper substrate was 3.5-times
that of the Ni-CNTs/Cu composite; furthermore, a relatively low
coefficient of friction was observed in the Ni-CNT coating
compared to the copper matrix. The anti-friction mechanism
was explained by the following analysis.

High microhardness was achieved in the Ni-CNT coating
after heat treatment at 500 °C. Furthermore, high-strengthened
CNTs were in situ grown in the Ni-CNT coating, which firmly
bridged and wrapped the Ni-P and Ni nanoparticles in the Ni-
based coatings. Consequently, good load-transferring ability
was achieved during wear, which led to decreased plastic
deformation and adhesive wear."”” Because the contact area
between the pin samples and disk counter-body was reduced in
these cases, sliding wear only occurred on limited contact
surfaces, which resulted in a decrease in friction coefficient.

Table 2 presents the friction and wear data of CNTs in detail,
which enhanced the tribological properties of coatings. The
enhancement in the tribological performances was mainly
attributed to the excellent load-bearing ability and self-lubricant
effects of the CNTs, as well as the good metallurgical bonding of
the CNTs incorporated in the Ni-based coating.

To confirm the enhancement of the tribological coatings by
CNT, Karslioglu et al.'* studied the friction and wear behaviors
of Ni-Co/multiwalled carbon nanotube (MWCNT) coatings.
Owing to the prominent load-bearing effect of MWCNTSs, the
composite coatings exhibited better microhardness and wear
resistance compared to the Ni-Co alloy coatings. However, the
surface hardness and the anti-wear behavior were improved at
the cost of the surface roughness, resulting in higher friction
coefficients for the Ni-Co/MWCNT coatings than that of the
unreinforced coatings.

Tubular nanostructures not only endow 1D-nanofillers with
the unique rolling effect, but also provide a feasible strategy for
achieving ideal structural and mechanical (such as stiffness and
strength) improvements, resulting in enhanced wear-resistance.
For example, Ni coatings reinforced with regularly shaped
nanotubular titanates were fabricated by Low et al.*** The sug-
gested cross-linked and mesh-like tubular interlocked struc-
tures caused the added hard second phase element to have
a large surface area, which exhibited high resistance to angular
abrasive during friction sliding, thus improving the wear
resistance of the coating. This structure also led to a reduction
in the contact pressure between two bodies, effectively pre-
venting the nanotube titanate from pulling out and/or breaking.
Hence, the nanocomposite coatings exhibited an ~22% reduc-
tion in friction and ~29% enhancement in wear resistance
compared with the Ni coatings containing nano-TiO, particles.
As shown in Table 2, the friction coefficient and wear rate were
~0.10 and ~2.4 x 10~° mm® N m™?, respectively.

The dispersive state and morphology of the nanofillers, as
well as their interfacial bonding strength with substrates have
been increasingly regarded as dominant factors affecting the
tribological behaviors of MBCs. The homogeneous distribution

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of filler was responsible for the microstructure evolution of the
coatings, which inhibited the growth of the coating grains and
resulted in a dense structure, resulting in an improved hardness
of the coating."*®*** According to the report by Ahmad et al.,***
the relationship between the wear rate and hardness can be
described by the following equations:

F9/8 E 4/5 (O,SAC)()/S E 4/5
~or () Lok (n) O

K Cl/2 H/8 \H
we Vo (£)4/5 _ (@A) (5)4/5 (5)
FL Ki'PHS8 \H Kio'PH8 \H
where F: applied load in N, o: contact stress in MPa, A: contact
area in mm?, Ki¢: fracture toughness in MPa, H: Vicker's hard-
ness of wear surface in GPa and a: constant independent of
material type. According to Formulas (4) and (5), the wear rate of
the nanocomposite is inversely proportional to the hardness.
Thus, the enhancement in hardness has great significance in
optimizing the tribological performances of coatings.

Friction and wear tests were carried out on Ni-CNT coat-
ings.** It was observed that acid functionalization contributed
to the uniform dispersion of CNTs in the Ni-based coatings.
This dispersion state was of great importance to reduce the
porosity of the coating. Accordingly, the Ni-CNT coatings
exhibited excellent mechanical properties. The measured
hardness increased with an increase in the volume fraction of
CNTs, consequently having a positive impact on the wear
resistance of the coating. The Ni-based coatings containing
functionalized CNTs exhibited a significant reduction in wear
rate compared with the pure Ni coating in the friction tests.

An important factor for achieving well-dispersed 1D-
nanofillers in the coating is the homogenous distribution of
fillers in the initial mixtures. Zhou et al.* proposed the use of
a colloidal solution containing uniformly dispersed CNTs for
the preparation of CNT/Cu coatings. The negatively charged
metal ions in solution were considered to be the main factor for
inhibiting the agglomeration of CNTs. Accordingly, CNTs
remained stable and were homogeneously dispersed in the
aqueous solution of [Cu"EDTA]>~ complexes, as confirmed in
Fig. 5a. Meanwhile, in the case of the CNT/Cu systems, Fig. 5b
indicates that the well-distributed CNTs enabled the as-
prepared coating to achieve an attractive compact structure,
which greatly facilitated the improvement in the friction and
wear behaviors of the coatings. Simultaneously, it can be
observed in Fig. 5c that the wear track of the composite coating
was very smooth, which was reduced to 250 pm. Compared with
a large width of 450 um for the pure copper coating, the friction
and wear performance of the composite coating with moderate
carbon nanotube content was greatly improved.

Table 2 indicates that the composite coating possessed
a relatively low friction coefficient (~0.2) and high wear resis-
tance, which were 35-50% and 6-20 times that of the pure Cu
coating, respectively. The improvement in tribological proper-
ties was mainly associated with the formation of a tribofilm
containing CNTs. Fig. 5d exhibits the Raman spectroscopy
overlaid on the optical microscopy image of the composite

RSC Adv, 2023, 13, 19981-20022 | 19991
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Fig.5 (a) Photographs of 0.12 g L™* CNT aqueous dispersion without copper salt (i) and with 10 mmol L= CuSO4 (i) or 10 mmol L [Cu"EDTAJ?~
complexes (iii). (b) Surface feature of coatings with CNTs, surface morphology (c) of wear track, and (d) Raman spectroscopy overlaid on the
optical microscopy image of 0.12-CNT/Cu composite coating. Reproduced from ref. 131 with permission from Elsevier, Copyright 2018. (e)
Variation in the dry sliding COF as a function of sliding distance of the coatings. Reproduced from ref. 134 with permission from Elsevier,
Copyright 2018. (f) TEM image of kinetic-sprayed MWCNT/Cu coating and (g) and (h) HREM images of MWCNT. Reproduced from ref. 135 with

permission from Elsevier, Copyright 2015.

coating. The presence of preferential regions with an obvious
increase in relative intensity inside the wear track revealed the
formation of a carbon-rich tribolayer.

Given the well-developed techniques for the synthesis of 1D-
nanocoatings, many works demonstrated the potential of 1D-
nanofillers to significantly improve the mechanical and tribo-
logical behaviors of MBCs.****>' Chronopoulou et al***
produced MWCNT-AL,O;3/Ni coatings via the pulse plating
technique. It was detected that the presence of sodium dodecyl

19992 | RSC Adv,, 2023, 13, 19981-20022

sulfate (SDS) promoted the well-proportioned dispersion of the
hybrid MWCNT-AL,O; particles on the coating surface. The
compactness of the deposited coating was determined by the
pulse frequency, and applying a high pulse frequency resulted
in a more uniform and less porous structure compared to the
coating produced at a low pulse current frequency. More
importantly, the combined action of homogeneously dispersed
nanofillers and the dense structures endowed the MWCNT-
Al,O3/Ni coatings with more excellent tribological behaviors

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than the pure Ni coating. Fig. 5e shows the variation in the
friction coefficient value as a function of the sliding distance for
the coatings. The tribological experiments demonstrated that
the composite coating produced in the presence of SDS
exhibited the lowest friction coefficient compared to the pure
coating and composites produced in the absence of additives.

Thereafter, Kang et al.**® systematically studied the effects of
kinetic spraying and high velocity oxygen fuel (HVOF) processes
on the tribological behaviors of MWCNT-reinforced Cu-
coatings. According to the experimental results, the friction
and wear properties of the composite coatings were associated
with the microstructural features and MWCNT state. The close
physical contact of the embedded MWCNTSs with regard to their
substrate coating can be observed in Fig. 5f and the high-
resolution electron microscopy (HREM) image is shown in
Fig. 5g, indicating that MWCNTs preserved their original
structure after kinetic spraying. By contrast, the structural
integrity of MWCNTs was destroyed during the HVOF process,
where curled MWCNTs were detected, as shown in Fig. 5h. This
structural destruction played a negative role in the self-
lubricant effects of MWCNTs. Hence, according to the wear
and friction results, the kinetic-sprayed MWCNT/Cu coatings
were superior to that of the thermal-sprayed coatings.

3.2. Ceramic-based coatings

Similar to MBCs, extensive investigations have been conducted
on CBCs over several decades owing to their attractive tribo-
logical potential. Based on recent reports, the inherent defects
(such as pores and cracks) in ceramic coatings lead to brittle
behavior and low cohesive strength with their substrates;'**
thus, acting as major bottlenecks in the widespread application
of ceramic coatings. In 1D nanofiller systems, the simple
addition of nanofiller is an efficient approach to improve the
fracture toughness and anti-wear properties of CBCs."*"'%®

The multiple-scale wear exploration of a plasma-sprayed
Al,0;-CNT nanocoating was performed.*® CNTs endowed the
Al,O; coating with enhanced macro-wear resistance by more
than about 49 times. This improvement was primarily ascribed
to the increase in fracture toughness, load-bearing capacity, and
self-lubricating effects of CNTs. According to the wear models,
the relationship between load-bearing capacity and fracture
toughness could be appropriately predicted using the following
equations:

1
W, = Ecosﬂdnzl (6)
k= W,HlIp (7)
—n(W,H")

T T Tk (8)

b

b+ 1\«

kpW,
4.5

P =1 + 101 T ©)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where W,: wear volume, d,;: normal displacement of vertical
depth, [: scratch length, p: applied pressure, H: hardness of
composite, k: wear constant, a: fracture toughness exponent, b:
hardness exponent, f: coefficient of friction, P,: critical contact
pressure, and a,: wear debris size.

According to the above-mentioned formulas, high fracture
toughness and great critical pressure are required to initiate
cracking. 1D-nanofillers induced the densification of the
coating, which produced a bridging effect to endow CBCs with
reinforced fracture toughness. Consequently, significant
improvements in load-bearing capacity and wear resistance
were observed. It was report that the addition of 0.5 wt% gra-
phene nanoplatelets (GNPs) and 1 wt% CNTs to an Al,O3
coating resulted in a reduction of 93.25% in wear volume loss
and 90.94% in wear rate."*® The proposed explanation for the
enhancements was the strong interfaces of Al,O; with the
reinforcements, as well as toughening offered by the GNPs and
CNTs.

A dense SiC nanowire-reinforced SiC (SICNW-SiC) coating
on a carbon/carbon (C/C) composite was synthesized.'*!
Further, the typical SEM morphology of the synthesized
SiCNWs on C/C substrate is shown in Fig. 6a, where the SiCNW
nanowires show a random distribution to form a porous
network microstructure. Fig. 6b and c present the fracture
morphology of the coatings reinforced by SiCNWs. Some
SiCNWs with debonding and pullout feature were observed,
while the rest of the nanowires were embedded in the coating.
This indicated the reliable interfacial adhesion of the nanowires
with their coating matrix. The strong bonding was expected to
effectively transfer stress from the matrix to the nanowires, and
then promoted the SiCNWs to absorb the fracture energy,
consequently providing a feasible solution for the improvement
in fracture toughness and tribological behaviors. After friction
testing at a sliding speed of 0.1 m s~ and an applied load of 2 N
at 600 °C, the friction coefficients and wear rates of the SICNW-
SiC coatings were significantly reduced compared with that of
the SiC coating, with the corresponding values of ~0.41 and
~2.38 x 10~* mm® N m™, respectively. Fig. 6c shows the worn
surface of the SICNW-SiC coating at 600 °C. Many micron-sized
fine debris were observed on the worn surface. This debris
consisted of Si and O elements and should be silica. These fine
fragments were scattered over the wear track, which created the
rolling friction on the contact surface, thus reducing the
adhesive wear. In addition, many tongue-shaped tribo-islands
were observed, suggesting that mild plastic deformation of
the SICNW-SiC coating occurred under frictional stress. The
specific wear rate of the coatings was calculated using the
following equation:

2mrA (10)
w =
FL

where Fis the applied load, L is the sliding distance, r is the disk
wear track radius, and 4 is the cross-sectional area of the wear
track on the coating. A was measured by measuring using
a microscope.

After the addition of SiC nanowires, the fracture toughness
of the SiC coating was improved evidently, which is an
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Fig. 6 SEM images of SICNWSs on a matrix surface (a), and fracture (b). Worn surface (c) generated on SiCNW-SiC at 600 °C. Reproduced from
ref. 141 with permission from Elsevier, Copyright 2013. (d) Image of scratch track on TiO,-CNT coating at high-magnification. (e) Enlarged view of
area D in (d). (f) Scratched surface on the partially molten (PM) region. (g) Relation curves of COF and lateral force with an increase in scratch time
and distance of coatings. (h) Wear mechanism during scratch tests. Reproduced from ref. 143 with permission from Elsevier, Copyright 2020.

advantage in wear resistance. The wear rate of the SiCNW-SiC
coating was lower than that of the SiC coating without SiC
nanowires. Therefore, it was feasible to calculate the fracture
toughness of the coating to investigate its tribological proper-
ties. The hardness and elastic modulus of the as-prepared
coating were measured using a nano-indenter (Agilent Nano-
indenter G200) with a diamond Berkovich indenter on the
polished cross-section of the coating. The fracture toughness
(K.) of the SICNW-SIiC coating was evaluated on the polished
surface of the coating by the indention method using a micro-
indenter (Nanovea, MHT-M) with Vickers indenter. A load of
1 N was used to generate cracks in the coatings for the calcu-
lation of the fracture toughness using the following equation:***
E)l/2 P

where P is the applied load, E is the elastic modulus, H is the

hardness, and c is the radial length (measured from center of
indent).

19994 | RSC Adv, 2023, 13, 19981-20022

Comparative exploration of the tribological properties of
TiO,-CNT and TiO, coatings was carried out using constant load
scratch tests."* Then, the ability of TiO, and TiO,-CNT coatings
for resisting scratch damage was compared using the micro-
scratch method. Eqn (12) can be used as a wear model for
evaluating the scratching and anti-scratch performance (Wg) of
ceramic coatings,"* as follows:

H\71/2KIC2

WR o 7Fn3/2L

(12)
where Hy and Kjc are the micro-hardness and fracture tough-
ness of the coating, respectively, F,, is the normal load, L is the
sliding distance, and o is the proportional relationship.
According to this equation, the TiO,-CNT coating with
enhanced hardness and fracture toughness has better scratch
resistance, thus indicating a higher cohesive strength.
Thermally sprayed ceramic nanostructured coatings
commonly have inherent defects, such as pores, unmelted
particles, and weakly bonded splats. Hence, during the scratch

© 2023 The Author(s). Published by the Royal Society of Chemistry
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test, these defects, as potential sources of cracks, initiated small
cracks perpendicular to the scratch direction and gradually
spread to the surface, then forming through cracks, which
eventually led to the partial brittle peeling-off of the coating.'
Also, the cracks could coalesce with the neighboring tensile
cracks and intrinsic flaws of the coating, hence producing larger
cracks, followed by the release of fractured fragment or debris
from the coating. Fig. 6d displays a dramatic decrease in the
amount of scratch and debris on the grooves of the scratched
surface compared with that of its counterpart without CNTs.
This was attributed to the presence of CNTs, which effectively
inhibited the initiation and expansion of cracks, playing
a dominant role in reinforcing the cohesive strength of the
coating. These CNTs effectively prevented the lamellar peeling
caused by the crack interconnection, as observed in Fig. 6e and
f. The CNT bridging under the coating surface increased the
cohesive strength of the coating, thereby enhancing the scratch
resistance of the coating. This was crucial to realize high wear
resistance. Hence, the friction forces and frictional coefficients
of the TiO,-CNT coating were remarkably reduced under the
same test conditions compared to the coating without CNTs
(see Fig. 6g). Fig. 6h shows a scheme of the strengthening
mechanisms of CNTs. As shown in Fig. 6h, the scratched-out
CNTs in the wear surface were directly contacted with the
applied indenters, producing a rolling effect and lowering the
friction resistance, thus achieving a reduction in the friction
coefficient.

To improve the tribological performance of carbon/carbon
(C/C) composites at high temperature, an SiC coating with the
added Ni (SiC-Ni coating) was prepared by pack cementation.'*®
The SiC-Ni coating was mainly composed of SiC and NiSi,, and
the adhesion between the coating and substrate was reliable.

The friction coefficient of the SiC-Ni coating was about 0.35
at 25 °C, and the predominant wear mechanisms were micro-
cutting and plastic deforming. At 600 °C, the oxidation rates
of SiC and NiSi, were not fast enough to form adequate oxide
films, which can work as lubricant.*” This means that the tribo-
pairs worked under dry sliding, which resulted in severe adhe-
sion between the SiC asperities on the contact surfaces.

As the temperature increased to 800 °C, Ni reacted with Si to
form NiSi,, which filled the voids among SiC particles to
obstruct the high diffusion path of oxygen. Thus, micro-cutting
dominated the friction process in the initial stages, and
significant debris was generated on the worn surface. Subse-
quently, the debris reattached to the wear track and could be
oxidized to form SiO, and NiO. The worn surface of the SiC-Ni
coating got smooth owing to the formation of a continuous
glaze layer. These oxides, especially NiO, which had low hard-
ness and could act as lubricants, sticking to the asperities on
coating easily, decreased the friction and promoted the forma-
tion of a tribofilm.**® Moreover, the NiSi, was located at the
boundary of the SiC particles, which was softer than SiC. NiSi,
was beneficial to release the stress and prevented brittle facture
of the coating.

The dominant prerequisites for acquiring distinguished
mechanical and tribological behaviors are homogeneous
dispersion of nanofillers and ideal filler/matrix bonding.****¢
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Similar to O0D-fillers, the natural agglomeration tendency of 1D-
nanofillers remains an obstacle in their tribological application
as efficient lubricants."**° Thus, researchers have investigated
various strategies to effectively disperse nanofillers in
CBCS'ISO—IBZ

To reduce the agglomeration of 1D-nanofillers, chemical
vapor deposition (CVD) was applied to prepare a homogeneous
dispersion of CNTs in an Al,O; coating.’®® The addition of
1.5 wt% CNTs presented approximately 24% increase in the
fracture toughness of the composite coating. Friction and wear
tests were carried out on the Al,O; coating reinforced with
CNTs. They indicated that after the 60 min at a rotation speed of
250 rpm and normal load of 50 N, an improvement of ~27% in
the wear resistance was achieved by the Al,0;-CNT coating
compared to that of the Al,O; coatings.

Besides CVD, the sol-gel route has also been proven to be
a suitable technique to fabricate SiO, coatings with well-
dispersed CNTs on the surface of WE54 magnesium alloys.***
Pin-on-disc wear experiments were performed on the SiO,-CNT
coatings under the chosen speed of 0.1 m s ' and sliding
distance of 60 m. The results demonstrated that the friction
coefficients of the coatings were slightly changed with the
addition of CNTs, but the wear volume of the coated magne-
sium alloy was reduced by 80% compared to bare WE54. The
detailed friction coefficient and wear rate are presented in Table
2, corresponding to ~0.40 and 1 x 10~° mm® N m ', respec-
tively. The crack bridging and pull-out of the CNTs were
responsible for the toughening of the SiO,-CNT ceramic coat-
ings, consequently providing an effective way to improve the
wear resistance of coatings.

Numerous studies have also proven that the interfacial
interaction of nanofillers with the substrates has a great influ-
ence on the tribological properties of CBCs."®'*® Jambagi
et al.™ investigated the crucial roles of CNTs in the phase
transformation and tribological behaviors of ceramic coatings.
The homogeneous dispersion of CNTs was important for the
heat transfer during the plasma spraying process, resulting in
a high proportion of stable phase for the coatings. Meanwhile,
the stable phase layers were tightly engulfed in the entire CNT
surface, playing a significant role in protecting them from
thermal degradation. This interaction endowed the CBCs with
reliable mechanical properties, which are crucial to realizing
excellent anti-wear behavior. The results of the scratch tests
proved that the scratch resistance of the CNT-reinforced coat-
ings increased by ~36-176% as compared to that of the unre-
inforced coatings. This enhancement was attributed to the well-
proportioned dispersion of the CNTs in the coatings, strong
wettability of the CNT/ceramic interfaces, and the toughening
mechanism of CNTs.

3.3. Polymer-based coatings

The excellent tribological potential of well-dispersed 1D-
nanofillers in polymer coatings has been increasingly recog-
nized.'***581% Gimilar to MBCs and CBCs, numerous studies
have been carried out to develop unique tribological properties
in polymer coatings reinforced by nanofillers.'***¢>
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Systematic investigations on the tribological performances
of MWCNT/EP coatings were conducted,'® where poly(2-
butylaniline) (PBA) was used as a dispersant to obtain well-
distributed MWCNTSs in the tetrahydrofuran (THF) solution
(Fig. 7a). The SEM morphologies of MWCNTs and MWCNTSs/
PBA in THF solution are presented in Fig. 7b and c, respec-
tively. It can be observed in Fig. 7b that the untreated MWCNTSs
in THF tended to aggregate and intertwine with each other,
while the MWCNTs mixed with PBA dispersant exhibited
a relatively sparse distribution, as can be observed in Fig. 7c.

View Article Online
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Subsequently, according to the TEM image in Fig. 7d, many PBA
particles were observed to be adsorbed on the surface of the
MWCNTs due to their unique structures, as noted in Fig. 7e,
which was conducive to the formation of m-m interaction
between them and PBA. This interaction improved the disper-
sion and compatibility of the MWCNTs with the EP matrix,
resulting in observable optimizations in the tribological prop-
erties of the MWCNT/EP coatings. Fig. 7f demonstrates that the
composite coatings exhibited better wear-resisting abilities
than that of the blank EP coatings, where 5%-MWCNTSs
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(a) Dispersion of MWCNTSs in THF via PBA dispersant. SEM morphologies of MWCNTs (b) and MWCNTSs/PBA (c). TEM image of MWCNTSs/

PBA (d) and HRTEM morphology of CNTs (e). (f) Effect of MWCNT content on wear depth in epoxy. Reproduced from ref. 163 with permission
from Elsevier, Copyright 2018. Typical morphologies of the balls sliding against samples A (g) and B (h) and (i and j) typical graph of friction

coefficients, respectively. Wear-scar images of the balls sliding against
Elsevier, Copyright 2016.
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sample B (k) and D (l). Reproduced from ref. 168 with permission from
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rendered the EP coating with the smallest wear depth. The
MWCNTs played an important role in inducing this improve-
ment in the EP matrix, facilitating the formation of a transfer
film on the worn surface, and consequently reducing the wear of
the coatings.

Unlike CBCs, it remains a challenge to fabricate polymer
coatings with excellent carrying capacity because of the inade-
quate strength of polymers. Based on recent research on 1D-
PBCs, nanofillers present an effective strategy for the
improving mechanical properties of coatings, thus playing an
crucial role in exploiting the full tribological potential of poly-
mer coatings.'**"¢

The successful preparation of a polyacrylamide-carbon
nanotube (PAM-CNT) copolymer coating was realized'®” using
ultraviolet radiation-initiated polymerization. The friction
coefficient significantly decreased with an increase in CNT
additive. Obviously, the PAM-CNT film exhibited better load-
bearing ability and wear-resisting property than that of neat
PAM. The additional load-bearing capacity from the CNTs
accounted for these advantages. Thereafter, the tribological
characteristics of a UHMWPE film reinforced by single-walled
carbon nanotubes (SWCNTs) were investigated.’*® An increase
in the resistance to scratch and penetration was proven with the
incorporation of 2 wt% SWCNTs, which was attributed to the
enhancement in the hardness and elastic modulus of the
composite film. The service life of the UHMWPE/SWCNT film
significantly increased (>10 million cycles) under a load of 4 N
and speed of 2500 rpm. In comparison, the pristine UHMWPE
film failed after 150 000 cycles at a rotational speed of less than
2500 rpm.

Further, the friction and wear behaviors of CNT-reinforced
decahydronaphthalene/ultra-high molecular weight poly-
ethylene (decalin/UHMWPE) coatings were reported.'*® Based
on the different contents (wt%) of UHMWPE and CNTs, the as-
prepared coatings were named as sample A (3-UHMWPE and
0.1 CNTs), sample B (3-UHMWPE and 0.2-CNTs), sample C (5-
UHMWPEE and 0.1 CNTs) and sample D (5-UHMWPE and 0.2-
CNTs). After the ball-on-disc wear tests, microscopic images of
the counter-face balls sliding against samples A and B were
recorded, as displayed in Fig. 7g and h, respectively. Among the
concentrations of CNTs, 0.2 wt% CNTs provided effective
bridging and anchoring to prevent the pull-out of the polymer.
Therefore, less amount of transfer film was observed on the
counter-face ball compared to the 0.1 wt% CNT-reinforced
composite coatings. According to the results in Table 2 for the
0.2 wt% CNTs, sample B possessed a longer wear life (survived
for 25 000 cycles) compared to that of sample D, as also indi-
cated in Fig. 7i and j, respectively. This behavior was mainly
attributed to the CNTs and offered an effective way for inhib-
iting polymer pull-out at a concentration of 5 wt% of UHMWPE.
Hence, more polymer transfer occurred in sample D compared
to sample B, as demonstrated in Fig. 7k and I, respectively.

The formation of a stable transfer film is one of the wear
mechanisms of PBCs. This film is responsible for suppressing
frictional pair collisions, which is critical in realizing tribolog-
ical behavior. In the case of 1D-polymeric coatings, a homoge-
neous distribution of 1D-nanofillers primarily contributes to an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improvement in the adhesion between transfer films and their
corresponding counterparts.’*'”® Song et al'’® fabricated
a polyurethane (PU) coating reinforced by hexamethylene
diisocyanate-modified TiO, nanotubes (TiNTs-HDI). Friction
tests were carried out to investigate the crucial roles of TiNTs-
HDI in the tribological performances of the PU coatings.
Compared with the PU coating filled with TiO, nanotubes,
TiNTs-HDI/PU exhibited a lower friction coefficient and longer
service life. The proposed wear mechanism was the uniform
transfer of the film formed on the coating and good separation
at the friction interface. Specially, the presence of TiNTs-HDI
strengthened the bonding of the transfer film with regard to
the PU coating filled with TiO, nanotubes, thus endowing the
TiNT-HDI/PU coating with a reduction in friction and wear.

It is remarkable that the interfacial bonding strength of the
nanofillers with their matrices also has an important influence
on the friction reduction and wear-resisting functions of PBCs.
The tribological behaviors of UHMWPE coatings were well-
reinforced using plasma-treated SWCNTs."*® According to the
experimental results, plasma treatment resulted in the genera-
tion of oxygen-containing functionalized groups on the surface
of SWCNTs, thus improving the adhesion abilities of the
SWCNTs with the polymer matrix. The increased adhesion
strength accounted for the inhibited peeling-off or delamina-
tion of the coatings, endowing the SWCNTs/UHMWPE with
better friction and wear behaviors.

4. Two-dimensional nanofillers

The outstanding friction and wear behaviors of 2D-nanofillers
have been increasingly recognized. Their unique layered struc-
ture, high thermal conductivity, and extraordinary physical and
chemical abilities make them promising candidates for rein-
forcing tribological coatings.'”*'”> With regard to 2D-nanofiller-
reinforced tribo-systems, the excellent self-lubrication perfor-
mance of 2D-materials is believed to be closely related to the
weak interlayer interaction and ease of sliding between neigh-
boring atomic layers.*>*”*”> In this section, the friction-
reduction and wear-resistance properties of composite coat-
ings reinforced with 2D-nanofillers are discussed, and some of
the results are presented in Table 3.

4.1. Metal-based coatings

Recently, numerous reports indicated that 2D-nanofillers have
excellent potential to improve the friction and wear properties
of MBCs. The mechanical strength of 2D-nanofillers is
remarkable due to their strong in-plane chemical bonding. For
example, ultrathin graphene is one of the strongest materials,
with an intrinsic strength of 130 GPa'v® and toughness of
4.0 + 0.6 MPa /m."”” The super-high strength and stability of
graphene make it an ideal candidate for the preparation of
MBCs with desirable anti-wear performances. The mean fric-
tional coefficients and wear rates of graphene-reinforced Ni
coatings were reduced by more than 60% and an order of
magnitude, respectively, compared with the pure Ni coatings.'”®
The excellent mechanical properties and unique lamellar
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Table 3 Improvements in tribological properties of 2D-nanofiller-reinforced coatings”
Tribological results
Matrix Reinforcement Tested conditions COF Wear
Nickel coatings GO Bearing steel ball (ball-on- 0.30 NM
disk, 40 rpm, 1 N, RT)
Cobalt coatings Graphene®*! AISI52100 steel pin (pin-on- 0.46-0.60 Wear volume:
disc, 0.1 m s %; 5, 10, and 0.02-0.11 mm?
15 N; RT)
MoS, coatings GO**? AISI52100 steel bearing ball 0.086 Wear volume:
(ball-on-disc, 6.28 mm s, 0.10 x 10* pm?
1N, 25 °C, N, atmosphere)
Ceramic coatings Graphene'%® Steel ball (ball-on-disc, 5 cm 0.42 Wear rate:
s~ ', 5N, RT) 3.62 x 10 * mm* N m™*
Ceramic coatings Graphene®* SizN, ball (ball-on-plate, 0.2 ~0.375 Wear rate:
m s; 20 N, 200 °C) 1.0x 10 mm* Nm™
Epoxy coatings NbSe, nanosheets”*? GCr15 steel ball (ball-on- ~0.062 Wear rate: 1.48 x 1077
disk, 0.033 m s~ %; 10, 15, 20, mm® Nm™*
25 and 30 N; RT)
Phenolic g-C3;N, nanosheets®'* Ring (ring-on-block, ~0.125 Wear rate:

2.5m s, 320 N)
100Cr6 steel ball (ball-on- 0.66
disk, 5 Hz, 1000 pm; 10 N;

PI coatings Graphene®"®

100 °C)

4 RT = room temperature and NM = not mentioned.

structure endow graphene with outstanding self-lubricating
effects, and thus it tends to form lubrication films. The high
load-bearing capacity of the films, which were extruded to the
contact surface, provided stable lubrication for the MBC.
Meanwhile, although the introduction of graphene deteriorated
the surface roughness of silver coatings,'” its excellent self-
lubrication played a positive role in improving their wear
resistance. All the nano-coatings exhibited lower friction coef-
ficient and higher anti-wear behaviors compared with that of
the pure Ag deposited layers because of the improved load-
bearing and self-lubricating effects.

Although 2D-nanofiller-reinforced composites typically
possess excellent tribological properties, the insufficient inter-
facial bonding strength and poor dispersion of nanofillers
remain an obstacle in the extensive coating applications of 2D-
nanomaterials.®”*** In the case of Ni/graphene@pDA composite
coatings,'®* poly-dopamine (pDA) not only distinctly improved
the dispersion of graphene in the Ni-based coatings, but also
played a key role in enhancing the adhesion between graphene
and its substrate. The well-distributed graphene endowed the
coating with optimized load-bearing capacity and excellent
lubrication systems. According to the friction test results, the
friction coefficients and wear loss of composite coatings were
much lower and more stable than the pure Ni coatings.

The method of ultrasonication combined with wet milling
was proposed to up-regulate the adhesion rate of graphene on
the surface of Ni60 powder.*®* Fig. 8a presents the specific route
for the preparation of the Ni60-coating. The suggested route
endowed the graphene-reinforced Ni60 coatings with observ-
able improvements in mechanical properties. Fig. 8b and c
show the back-scattered scanning (BSC) and secondary electron

19998 | RSC Adv, 2023, 13, 19981-20022

~2.20 X 107 mm® Nm™*
Wear volume:
~0.60 X 10> mm?

image (SEI) morphologies of the Ni60/graphene coatings,
respectively. These figures demonstrate that the addition of
graphene facilitated the refinement and homogenization of the
coating structure, thereby enhancing the hardness of the coat-
ings (Fig. 8d). Meanwhile, the TEM image is shown in Fig. 8e
and selected area electron diffraction (SAED) pattern corre-
sponding to area D in Fig. 8f. It was deduced from these figures
that original graphene in the coating was partially converted to
fullerene-like structures. The excellent synergistic effect of gra-
phene and these structures effectively improved the tribological
properties of the coatings. After 30 min tests under a load of 5 N
and frequency of 5 Hz, Fig. 8g reveals that the friction coefficient
of the composite coating was reduced by ~41.8% compared
with that of the pristine Ni60 coating.

The existence of tribolayers on the wear interface can serve to
well-improve the friction and wear performances. Generally,
tribolayers are monolayer or multilayer structures. Monolayer
tribolayers are academically defined as a tribofilm or lubricating
film, which plays a key role in providing a low shear force and
improving the wear-resistance of coatings.*®%'%3-1%% Based on
the previous work by our group,'® a large number of advanced
interfacial microchannels were successfully prepared on a Ti-
based sample surface to form a beneficial tribolayer during
the friction process, improving the tribology behavior. The
beneficial addition of MgAl-graphene-Al,0; resulted in
outstanding friction reduction and improvement in wear
resistance, which was attributed to the formation of a tribolayer
consisting of Ti-alloy, MgAl-Al,O; and graphene layers. The
interlamination separation of graphene and Al,O; rolling
caused a significant improvement in the deformation of MgAl,
which led to the self-regulation and self-repairing actions of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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friction interface, finally promoting the excellent tribological
behaviors. It should be noted that recently, Xu et al.®® reported
that an in situ tribolayer was form on a ball mainly composed of
highly ordered graphene-like nanosheets, which was produced
by sliding-induced degradation of onion-like carbon nano-
spheres. Combined with the retained nanospherical carbon
structure in the topmost subsurface of the tribolayer, the well-
constructed nanosphere-/amorphization-coupled interface was
capable of offering excellent lubricity under high contact stress.

Unlike graphene, graphene oxide (GO) is a distorted struc-
ture of sp>-carbon nanosheets. Due to the presence of oxygen
functionalities, numerous sp>-carbons are infused in its
honeycomb lattice structures."® The nanostructure of highly
hydrophilic oxygen-rich functional groups (hydroxide, carboxyl,
carbonyl, etc.) on the surface of GO endows it with superior
adhesion to the metal matrix, making it an attractive candidate
as a solid lubricant. In both Ni-based coatings**® and Co-based

© 2023 The Author(s). Published by the Royal Society of Chemistry

coatings,'® GO showed excellent friction-reducing and anti-
wear effects. According to the proposed lubrication mecha-
nism, the presence of GO refined the coating structures,
improved their mechanical properties regarding hardness and
toughness, and promoted the formation of a tribofilm at the
contact interface, thus avoiding the direct contact of the tribo-
pairs.

To develop new types of GO-coatings, the ultrasonic-assisted
electrodeposition process was applied to fabricate Ni/GO
composite coatings.’ An improved morphology, desirable
microstructures and excellent tribological behaviors were
observed in the composite coatings when the concentration of
GO increased from 0.1 ¢ L' to 0.3 g L™ ". The grain refinement
and improved surface of the Ni/GO coatings were mainly
responsible for these enhancements. The well-dispersed GO
increased the nucleation rates of the Ni/GO coatings during
electrodeposition, resulting in a denser crystal microstructure

RSC Adlv, 2023, 13, 19981-20022 | 19999
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than that of the pristine Ni-coating. Moreover, the weak inter-
laminar bonding of GO enabled the composite coating to form
a specific lubricating film during sliding wear. Hence, the
hardness and tribological performances of the Ni/GO coatings
were appreciably improved. Table 3 suggests that the friction
coefficients of the composites were reduced by ~33.3%
compared to that of the empty Ni-coatings. Exactly, this excel-
lent tribological performance was obtained under the condition
of good lubrication environment. However, the actual working
environment of the parts is harsh. In terms of Ni-coatings,
composite coatings with boron nitride (BN) exhibited good
wear resistance and durability even without lubrication. An in-
depth study of these coatings, which do not have a strong
dependence on the lubrication environment, is of great prac-
tical significance for the development of tribology. The friction
behavior and compatibility between a coated piston skirt and an
aluminum or cast iron bore mating surface were evaluated**
using aluminum piston skirts with nickel/ceramic composite
coatings. Among the nickel/ceramic composite-coated piston
skirts, Ni-P-BN showed consistent low wear on either cast iron
or the aluminum bores. The tin-plated piston skirt generated
low wear depths on cast iron or 390 Al bore surfaces.

2D-MXenes (2D transition metal carbides, nitrides, and
carbonitrides) were discovered in 2011, and since then have
gained popularity in the field of tribology.*” MXenes, even in
trace amounts, significantly improved the friction-reducing and
anti-wear properties of MBCs. Mai et al.**> described the friction
and wear properties of Ti;C,/Cu nano-coatings. The incorpo-
ration of Ti;C, nanosheets significantly influenced the surface
morphologies of the coatings, which were used to determine the
tribological properties of the as-prepared coatings. The friction
and wear tests revealed that the composite coating had a 46%
friction reduction and a 19-times decrease in wear rate than the
Ti;C,-free counterparts. This enhancement in friction and wear
performance was attributed primarily to the compacted Tiz;C,-
rich tribolayer formed on the worn surface, which reduced the
direct collisions between the frictional pairs and provided an
easily sheared interface.

MXene-reinforced Co-coatings dramatically enhanced the
mechanical properties of 35CrMo substrates (e.g., hardness and
toughness), thus improving the anti-wear ability of MBCs con-
taining 10 wt% Ti;SiC, MXene by approximately 6.20 times.">*
This was attributed to the excellent dispersion and compati-
bility of Ti;SiC, in the Co-based coating, enabling an increase in
hardness and toughness and reduction in plastic deformation
and surface micro-cracks. An investigation ultimately
confirmed the attractive potential of MXenes in tribological
coatings, promoting the application of MBCs in the metallur-
gical industry.

4.2. Ceramic-based coatings

As a common solid lubricant, a large number of tribological
reports on graphene have demonstrated that graphene is also
an effective reinforcement for CBCs.****® Bai et al.*” reported
the tribological behaviors of graphene-reinforced TiO, ceramic
films and indicated that the single-layer TiO, ceramic films with
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0.025 wt% graphene demonstrated the best tribological prop-
erty at 100 °C. When the substrate was tightly bonded to the
ceramic film, the elasticity of the TiO, ceramic film increased
the contact area between the friction ball and the ceramic film,
reducing the friction. Simultaneously, due to the strong C-C
bond between graphene and TiO,, under the synergistic effect
of load and temperature, graphene easily fell off from the
ceramic film during the friction process. Some of the fallen
graphene nanosheets were separated to the surface of the
ceramic membrane and filled the place where the ceramic film
was worn, making the surface of ceramic film smoother, further
reducing the friction coefficients. The mechanical property of
the TiO, ceramic was reinforced with the introduction of GNPs,
which could make the TiO, ceramic more tolerant to surface
damage during wear. These improvements were primarily
associated with the graphene-induced grain refinements and
unique lubrication. Liu et al.**® further explored the effect of
graphene on the friction and wear behaviors of ceramic coat-
ings. After the wear test at a linear speed of 5 cm s~ under
a normal load of 5 N, an extremely low friction coefficient of
almost 0.42 and wear rate of approximately 3.62 x 10~° mm?* N
m™~ ' were observed, as shown in Table 3. It was believed that the
noteworthy increase in the microhardness from 400 HV for the
uncoated matrix to 1250 HV for the composite coatings played
dominant roles in acquiring excellent tribological property.**

It is remarkable that the introduction of 2D-nanofillers is not
only of great significance for enhancing the hardness of coat-
ings, but also proven to be a feasible method to improve their
fracture toughness. Excellent toughness is crucial in obtaining
reliable wear-resistance in coatings.’**?°> Ranjan et al>®
successfully fabricated graphene nanoplatelets (GNPs) to rein-
force a TiN-coating on Ti alloys. 2 wt%-GNPs endowed the
coatings with an improvement of 19% in hardness and 300% in
fracture toughness. The remarkable enhancement in the
mechanical property resulted in the superior tribological
behavior of GNPs/TiN to that of the TiN coating. Furthermore,
explorations on the tribological behaviors of 1 wt%-GNP-
reinforced alumina coatings were performed.* The sliding
wear tests revealed two-orders of magnitude reduction in the
specific wear rate (from ~10° to ~10” mm® N m™") of the
composite coatings compared to the unreinforced alumina
coating (Fig. 9a). Fig. 9b and c provide the SEM images of
alumina and alumina + GNP coatings and optical morphology
of the coating after wear. As shown, severe wear was detected in
the pure-Al coating with brittle fracture characteristics
(Fig. 9b,). In contrast, the wear track on the Al + GNP coating
exhibited slight plastic deformation, as observed in Fig. 9b,.
Meanwhile, the material transfer of the alumina coating to the
wear track of the Al coating is shown in Fig. 9c,, which was
considered to be due to inadequate mechanical property of the
pure Al-coating. The proposed explanation for the outstanding
wear of the Al + GNP coating ensured that GNP showed an
effective pathway to improve the fracture toughness and load-
bearing capacity of the coatings.

Molecular dynamics (MD) simulations revealed the strong
relationship between the fracture toughness of the composite
coatings and the dimensions, volume fraction, and layer count

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(c,) optical images of wear spots of the contact area. Reproduced from ref. 204 with permission from Elsevier, Copyright 2018. (d) Main element
distributions in the cross-section of ZrO,/GO coating. Reproduced from ref. 207 with permission from Elsevier, Copyright 2020. (e) COF curves
of the coatings with an increase in wear time. (f) Histogram of wear rates of the coatings. Reproduced from ref. 211 with permission from Elsevier,

Copyright 2020.

of 2D-fillers.”® In the case of fewer layers, the graphene sheets
exhibited attractive bridging toughening effects for ceramic
coatings. Meanwhile, the fracture toughness of the SiC/
graphene lamellar composite gradually increased as the gra-
phene size and volume fraction increased. However, high
contents of graphene resulted in lamellar composites with poor
friction and wear properties.**® Appropriate concentrations and

© 2023 The Author(s). Published by the Royal Society of Chemistry

dimensions of 2D-nanofillers are considered to account for the
increased toughness and interest in their application in
coatings.

The crucial effects of different GO-concentrations on the
tribological behaviors of ZrO, coatings were systematically
studied.””” The wear damage gradually decreased with an
increase in GO concentration, indicating the ideal lubrication
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by GO. Among the various GO contents, the wear volume and
friction coefficient of the composites containing 0.05 ¢ L' GO
were reduced by ~97.3% and ~43.0%, respectively, compared
to the pure ZrO, coating. However, as the GO concentration
increased up to 0.1 g L™, irregular holes were confirmed in the
black cross-section regions of the ZrO,/GO coatings, which can
be observed from the energy dispersive spectrometer (EDS) map
in Fig. 9d. Further, it was demonstrated that 0.1 g L™' GO
resulted in more surface cracks and pores in the coating
compared to the above-mentioned concentrations, endowing
the coating with deteriorating friction and wear properties.

In the case of 2D-nanofiller/ceramic systems, investigations
revealed that the formation of a nanofiller-containing tribofilm
was critical in achieving an observable reduction in the friction
and wear of the coatings."****® According to the report by Bian
et al.,*” the wear volume and friction coefficient of chemically
bonded phosphate ceramic coatings were significantly reduced
due to the introduction of graphene nanoplatelets (GNPs).
According to the proposed wear mechanism, the graphene was
extruded and adhered to the surface of the coating to form
a lubrication film. The tribological properties of the composite
coating were investigated on a ball-on-disc configuration. It was
found that the worn surface of the coating with GNPs was
smoother than that without GNPs. Besides, a smooth contact
surface possesses a larger surface to carry a normal load,
leading to smaller internal stress. Also, the internal stress of the
contact surface was reduced, which helped to reduce the fric-
tion coefficients because the interface shear strength is
proportional to the contact pressure. Another reason for the low
wear volume is that the GNPs were extruded from the substrate
and adhered to the worn surface, thus forming an adhered
lubricating tribofilm. Also, the friction coefficient was reduced
because of the lubricating effect of the adhered lubricating tri-
bofilm. Due to the weak GNPs at the interlaminar interface, the
graphene sheets separated from each other. The high strength
of graphene made it difficult for cracks to penetrate. Some
cracks would be blocked by the GNPs and some would change
the pathway, which resulted in the absorption of stress and
fracture energy. Therefore, with the addition of GNPs, the
mechanical properties of the material were significantly
improved.

Analogously, Li et al.>* investigated the tribological proper-
ties of coatings composed of zirconia/graphene nanosheets
(ZrO,/GNs). With the addition of GNs, the composite coating
demonstrated a significant increase in wear resistance.
Compared to the pure ZrO, coatings, the wear rate of the ZrO,/
GN coatings was reduced to 1.17 x 10"° mm® N m ™, a nearly
50% reduction. This significant improvement in wear resistance
was primarily due to the formation of a GN-rich transfer layer on
the wear track of ZrO,/GN coatings. This layer protected the
ZrO,/GN coating from severe wear caused by brittle micro-
fracture, thereby significantly improving the tribological prop-
erties of the composites.

Further evaluation of the friction and wear properties of
a graphene nanosheets/Al,O; + 13 wt% TiO, (GNs/AT-13)
coating was conducted by Feng et al.>** The tests were con-
ducted on a ball-on-disk tester and the specific friction
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coefficient and wear rate were recorded, as shown in Fig. 9e and
f. As shown in Fig. 9e, the mean friction coefficient of the GN/
AT-13 coating was approximately 0.61 under a load of 30 N,
resulting in an almost 13% reduction compared to the Al,O; +
13 wt% TiO, (AT-13) coating. Besides, Fig. 9f also reveals that
the GN/AT-13 coatings exhibited excellent anti-wear behaviors,
in particular at 30 N, the wear rate was 19% lower than that of
the AT-13 coating. A graphene-containing transfer layer was
well-observed on the wear scar. This tribofilm provided an
effective method to improve the lubrication abilities of the
coatings.

4.3. Polymer-based coatings

2D-nanofillers have attracted particular attention because of
their unique mechanical behavior, excellent thermal conduc-
tivity, and low surface energy. In addition to the exploration of
MBCs and CBCs, extensive studies have demonstrated the
extraordinary potential of nanofillers in polymer coatings for
tribological applications.**?

Similar to ceramic coatings, one of the key parameters
controlling the friction and wear of polymer coatings is the
formation of a transfer film.>***** This film greatly dominates the
anti-wear enhancement and friction reduction of coatings under
fluid lubrication failure. Chen et al**® presented an effective
method to incorporate niobium diselenide (NbSe,) nanosheets
in the epoxy (EP) coatings to improve their tribological proper-
ties. It was observed that the frictional coefficients, ranging from
~0.337 to ~0.062 of the composite coatings, were sharply
reduced by about 80% with an increase in the content of nano-
NbSe, from 0 to 20 wt%, as shown in Fig. 10a. Meanwhile,
10 wt% NbSe, endowed the coatings with an observable reduc-
tion of 70% in wear rate compared to the pristine EP coating, and
the details are listed in Table 3. These remarkable enhancements
in friction and wear were primarily attributed to the transfer film
containing NbSe,, which was formed on the surface of the
composite ball. Fig. 10b and c¢ show the microcosmic morphol-
ogies of the worn surface of pure-EP and EP-10 (almost 10 wt%
NbSe,), respectively. As shown in these figures, the formation of
a transfer film provided feasible way to prevent the direct contact
of the friction pairs, resulting in the wear morphology becoming
smoother and flatter, as shown in Fig. 10c, compared with that of
pure EP-10 (see Fig. 10a and b), respectively. EP-10 effectively
avoided the fatigue peeling of the friction surface of the substrate
and promoted the formation of a good lubricating environment
(shown in Fig. 10c).

Subsequently, the influence of the concentration of graphitic
carbon nitride (g-C;N,) nanosheets on the tribological proper-
ties of phenolic coatings was evaluated.*** The microstructure
and morphology of the as-prepared g-C;N, nanosheets and bulk
g-C3N, samples were characterized using TEM. As shown in
Fig. 10d and e, the g-C;N, nanosheets obviously displayed
a crinkly feature. The TEM image of the bulk g-C;N,, as shown
in Fig. 10e, showed mainly dense and stacked sheets. Under-
standing the underlying structure of the g-C;N, nanosheets was
critical to exploring the concentration effect. Among the various
g-C3N, contents from 0 to 2 wt%, 1 wt% g-C;N, nanosheets

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Reproduced from ref. 214 with permission from Elsevier, Copyright 2019. (f) Typical preparation of FG. Tribological properties of PI/FG nanofilms:
(g) friction coefficient and (h) wear rate. Reproduced from ref. 216 with permission from Elsevier, Copyright 2019.

endowed the coating with the optimal friction and wear
behaviors. The phenolic coating was filled with 1 wt% g-C;N,
nanosheets, and at an applied load of 320 N and sliding speed
of 2.5 m s, the results presented the lowest friction coefficient
of ~0.125 and smallest wear rate of ~2.20 x 10 ° mm?® N m™,
as shown in Table 3, compared to the pure phenolic coating.
Two dominant factors in improvement of friction-reducing and
anti-wear actions were the formation of a uniform tribofilm and
strong interface adhesion of the tribofilms compared with their
frictional counterparts.

Furthermore, it was reported that the friction and wear
behaviors of PBCs strongly depend on the working conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The tribological abilities of fluorinated graphene-reinforced
polyimide (PI/FG) composite coatings under dry sliding wear
and water-lubrication systems were evaluated.””®> The experi-
mental results revealed that compared to the tribological
behaviors under dry sliding, reduced friction coefficients and
improved wear rate in the under-water-lubricated system was
observed. The water-absorbing properties of the PI/FG coatings
played a dominant role in deteriorating the anti-wear function
under water lubrication.

Analogous explorations on the tribological performances of
FG serving as a PI coating additive were also conducted by Zhou
et al.>*® Fig. 10f schematically presents the typical process for the
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preparation of FG. For seawater lubrication, the presence of
a water film reduced the direct contact between the frictional
pairs, resulting in a 40.2% decrease in friction coefficient
compared with that of dry sliding wear (see Fig. 10g). However,
Fig. 10h indicates that the measured wear rates of the as-
prepared samples under dry wear were superior to seawater
lubrication. The wear mechanism was that the FG layer covered
the surfaces of the composite balls and formed a dense transfer
film under dry wear, and thus helpful in attaining the desired
tribological performances. Similarly, several studies have re-
ported that 2D MXenes promoted the formation of transfer tri-
bolayers, which were also crucial for improving the friction and
wear properties.””*'® Yin et al*’ demonstrated the splendid
friction-reducing and wear resistant behaviors in the case of
MXene/nanodiamond coating sliding against a PTFE ball. This
was due to the formation of multilayer tribolayer, i.e., PTFE layer-
MXene/nanodiamond multilayer-PTFE layer. The MXene-
induced shear slip, combined with the rolling effect of the
nanodiamond significantly reduced the friction and wear.
Simultaneously, the porous structure of PTFE enables nano-
materials to easily enter the tribolayer to realize good lubrication.

Besides the above-mentioned lubrication condition, the
service temperature is also considered an important influencing
factor on the friction and wear performances of coatings. The
tribological exploration of PI coatings filled with 1 wt%-gra-
phene was carried out at various temperatures ranging from RT
to 200 °C.** The addition of graphene endowed the coatings
with reduced friction and improved wear-resistance at the
investigated temperatures. Among the service temperatures, the
graphene/PI coating exhibited the best anti-wear ability at 100 °©
C, which was mainly attributed to the formation of a transfer
film between the chosen tribo-pairs. The detailed friction and
wear data are recorded in Table 3. However, the strength of
transfer films and their adhesion function were sharply reduced

View Article Online
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as the temperature increased to 200 °C, leading to a marked
deterioration in the wear rate.

The crucial roles of thermal stability in the friction and wear
behaviors of coatings have been increasingly recognized. With
respect to higher thermal stability, a nanocoating exhibited
better wear-resistance abilities at high temperatures. Li et al.**®
systematically explored the friction and wear properties of PI
coatings reinforced with ionic liquid-modified FG nanosheets
(ILs-FG). In the polymer matrix coatings, the well-dispersed ILs-
FG endowed the coatings with an outstanding enhancement in
thermal stability. These improvements contributed to resisting
the damage caused by heat accumulation. Therefore, it was
detected that the wear rate of ILs-FG/PI decreased by about 71%
compared to the PI coating. The improved thermal properties,
stable dispersion and expected lubrication helped ILs-FG
exhibit excellent tribological performances.

5. Three-dimensional nanofillers

3D-nanofillers are mainly composed of one or more basal
structural units, which are 0D, 1D, or 2D nanomaterials. There-
fore, 3D-nanofillers inherit the many advantages of their
components, for instance, diverse morphologies, complemen-
tary performances, and unique friction characteristics (e.g.,
3D-nanofillers consist of 1D and 2D nanofillers, exhibiting the
1D-rolling effect and 2D-low shearing, respectively), which are
directly responsible for the lubrication functions.*'>***22¢
Advanced nanohybrids have attracted particular attention due to
their demonstrated tribological potential in coatings. In this
section, the efforts to develop composite coatings reinforced by
3D nanofillers for anti-wear enhancement and friction reduction
are summarized and Table 4 presents some of the recent prog-
ress on 3D-nanofillers enhancing the tribological behaviors of
coatings.

Table 4 Friction reduction and wear-resisting enhancement of 3D-nanofillers for coatings®

Tribological results

Matrix Reinforcement Tested conditions COF Wear
Ni coatings Nanodiamond®*' Ruby balls (pin-on-disk, 0.20 NM
200 rpm, 1 N, 25 °C)
Ni60 coatings WS,-nano Ni*** AISI E52100 ring (pin-on- ~0.36 NM
ring, 2 m s, 20 N)
WC-Co substrates CrN-AIN** Sapphire ball (ball-on-disc, 0.45-0.5 Wear volume:
157 mm s, 1.5 N, 900 °C) 0.043 mm?
Ceramic coatings GO-ALO; (ref. 117) SizN, ball (ball-on-disc, ~0.45 Wear rate:
20 mm s~ ', 20 N) ~0.7 x 107 mm* Nm™*
PTFE coatings PTFE@PMMA>*® GCr15 steel ball (ball-on- 0.069 Wear rate:
disk, 8.4 mm s, 3 N, 25 °C) 1.04 x 10 mm®* Nm™*
EP coatings C-BN**® SizN, ball (ball-on-plan, 5 ~0.58 Wear rate:
mm, 5 HZ; 5 N) 5.60 x 10 *mm® Nm™*
EP coatings CNTs/GO/MoS, (ref. 251) 440c stainless steel ball (ball- 0.042 Wear rate:
on-disk, 200 rpm, 300 rpm, 3.44 x 10> mm* N m™*
400 rpm, 500 rpm, 3-6 N,
RT)
EP coatings Ti;C,/graphene®> Si;N, ball (ball-on-plate; 0.51 Wear rate:

¢ RT = room temperature and NM = not mentioned.

20004 | RSC Adv, 2023, 13, 19981-20022

2 Hz, 4 mm; 5 N, RT)

1.20 x 10 *mm®* Nm™*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5.1. Metal-based coatings

According to Archard's law, wear loss is inversely proportional to
the surface hardness of materials.”*” In this case, well-designed
3D-nanofillers have been increasingly regarded as promising
candidates for improving the surface hardness and load-carrying
capacity of the nanocoatings.”**>* 3D nanodiamonds endowed
an Ni-coating with a rougher surface topography and smaller
crystalline size comparison to pure Ni.*** An increase in the
concentration of nanodiamonds to 5 x 102 (g dm ) led to
coarsening of the particles, forming surface structures with a size
in the range of ~0.4-0.7 pm. This nanostructure exhibited an
increase in surface microhardness, enabling the coating to ach-
ieve an improvement in friction and wear behaviors. The details
of the friction coefficient and wear rate are displayed in Table 4.
After the tests at a normal load of 1 N and rotational speed of
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200 rpm, a lower friction coefficient and improved wear-
resistance were observed for the nanodiamond-containing coat-
ings compared with the bare Ni-coating.

Nano-TiN particles were successfully grafted on GO due to
the contribution of PDA.>** The as-prepared composite nano-
structures presented a feasible strategy to solve the poor
dispersion of TiN nanoparticles in Ni-based coatings. The
processes for the preparation of coatings filled with TiN and GO
are shown in Fig. 11a, where the samples with/without inter-
facial PDA grafting are abbreviated as “G-coating” and “nG-
coating”, respectively. The cross-sectional morphologies and
microstructures in Fig. 11b and c indicate that the G-coating
possessed more compact structures than that of nG-coating,
respectively. It was believed that the well-proportioned disper-
sion of nano-TiN/GO in the G-coating played a crucial role in the
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(a) Schematic showing the preparation of nG-coating and G-coating. Cross-sectional morphologies (b, and c;) and microstructures (b,

and c,) of the coatings, respectively. Reproduced from ref. 232 with permission from Elsevier, Copyright 2020. (d and f) TEM images of
microstructures and (e and g) selected area electron diffraction patterns of TizsCu41NigZrsSnz coating. (h) Hardness along the coating thickness.
(i) Wear rate and friction coefficient of the coatings. Reproduced from ref. 234 with permission from Elsevier, Copyright 2016.
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grain refinement of the coating, thus endowing the Ni-based
coating with significant improvements in hardness and wear
resistance.

Although nanofiller-induced hardening is of great impor-
tance for increasing the wear-resisting performance, the hard-
ness of MBCs increases at the expense of ductility and
toughness.”® Thus, a reasonable balance of hardness and
toughness directly contributes to the enhancement of the
tribological properties of coatings. In the case of Ni-Co/SiC
coatings,”®® gradient changes in the grain size and particle
content resulted in the formation of functional 3D-
nanostructures,  providing a  feasible strategy for
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simultaneously improving the hardness and toughness of
gradient coatings, which is crucial to realizing outstanding anti-
wear behavior. Ti,sCuy;NigZrs and Ti,sCuyNigZrsSn; metallic
nanocoatings on Ti-30Nb-5Ta-7Zr (TNTZ) alloys were synthe-
sized using laser cladding.”** After the wear tests at a load of
20 N and speed of 300 rpm, superior friction and wear behavior
was observed for the TiysCuy;NigZrsSn; coating compared to the
TiysCuy NigZrs coating. The microstructural observation, as
shown in Fig. 11d and e, revealed that the CuNiTi, dendrites
formed an amorphous matrix, which effectively increased the
hardness and toughness of the metallic coating. The evenly
dispersed nano-sized Ni,SnTi particles in the CuNiTi, dendrites
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Fig. 12 TEM morphologies of (a) GO and (b) GO-Al,Os hybrids. (c) Friction coefficient of CBCCs-(GO-Al,Os). Reproduced from ref. 117 with
permission from Elsevier, Copyright 2020. Macrostructures of the gradient (d) and uniform (e) coatings. (f) Weight percentage of Ti in the coating.
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contributed to further strengthen the dendrites, as noted in
Fig. 11f and g. Hence, improvements in mechanical and tribo-
logical performances of Ti,sCuy;NigZrsSn; were obtained.
According to the hardness of the metallic coatings in Fig. 11h,
the TiysCuy NigZrsSn; coating possessed a hardness of 12.5%,
which was higher than that of the TiysCuy;NigZrs coatings. This
resulted in the corresponding reduction in friction and wear, as
can be detected in Fig. 11i, where the friction coefficient and
wear rate decreased by 17.7% and 85.7%, respectively.

In the case of nanofiller-reinforced MBCs, the two critical
parameters affecting the friction and wear of metal coatings are
the mechanical properties of the composites and the strength of
the interfacial bonding.”*® Appropriate surface treatment was
demonstrated to be effective in increasing the interfacial
bonding strength of nanofillers in conjunction with the coating
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substrate.”****” Nano-Ni-encapsulated submicron WS, demon-
strated promise for improving the tribological properties of Ni-
based coatings.”*® A well-designed Ni/WS, nanohybrid aided in
preventing the oxidation and vaporization of WS, during the
fabrication of the coating. This resulted in a noticeable increase
in the interfacial compatibility of the composite coating
between WS, and the Ni matrix. The friction coefficients of the
coatings were evaluated using a pin-on-ring friction tester
(MMS-1G). The ring with a dimension of g 138 mm x 30 mm
was hardened ball bearing AISIE52100 steel. The friction coef-
ficient of the cladding layer could be well-evaluated by using
a sliding speed of 2 ms™" at a constant normal load of 20 N
under dry friction/wear condition. The friction coefficient, u,
was calculated using the following equation:
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(a) Schematic of the preparation of PTFE@QPMMA coating and (b) wear tests. Reproduced from ref. 248 with permission from Elsevier,

Copyright 2019. (c) Schematic of the tribological mechanism of EP-coatings reinforced with HBN, TiO, and HBN-TiO,. Reproduced from ref.

249 with permission from Elsevier, Copyright 2020.
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T

P (13)

u =
where T'is the friction moment, R the radius of the ring, and Pis
the normal load acting on the pin specimens.

According to Table 4, the friction coefficient of Ni-Ni/WS,
was reduced by ~40% compared to bare-Ni, from ~0.60 to 0.36.
Meanwhile, the wear resistance of the composites increased by
three-fold. The superior friction and wear properties of the Ni-
Ni/WS, coatings were attributed primarily to the enhanced
interfacial strength and lubrication of WS,.

AA2124/4 wt% B,C nanocoatings on Ti-6Al-4V alloys were
successfully fabricated.”” A well-proportioned distribution of
nano-sized B,C particles (250 nm) and extremely fine grains
appeared in the composite coatings. These fine structures
endowed the coatings with prominent interfacial bonding
strength between B,C and the Al-matrix, resulting in the excel-
lent wear-resistance in the nanocoatings. Thereafter, Thakur
et al.**® systematically explored the roles of nano-Cr/MWCNTSs in
the tribological behaviors of WC-CoCr coatings. Specifically
10 wt% Cr additive significantly cooperated with 2 wt%-
MWCNTs to enhance the fracture toughness of the nano-WC-
CoCr coating. After abrasive wear at a normal load of 30 N
and sliding velocity of 0.25 m s, the nano-WC-CoCr coating
with 10 wt%-Cr + 2 wt%-MWCNTs showed reinforced wear-
resistance compared to the pristine coating. The proposed
anti-wear enhancement mechanism of the nanocoating was
that the high-content of Cr played an important role in
improving the adhesion strength of MWCNTSs to attach to the
substrate, which was responsible for fully exploiting the
toughening effect of MWCNTSs.

5.2. Ceramic-based coatings

3D-nanofillers are increasingly considered as promising candi-
dates for enhancing the friction and wear performances of
ceramic coatings. Similar to MBCs reinforced with 3D-
nanofillers, numerous studies demonstrated that the ideal
hardening and toughening effects of nanofillers are of great
importance for developing the full potential of CBCs in the field
of tribology. CrN/AIN superlattice coatings were successfully
produced on stainless steel substrates under hot filament
plasma currents (Ip).>** The increase in I, effectively restricted
the growth of the cone-shaped columnar grain and achieved
extremely dense microstructures. The refined grain and well-
defined nano-layers rendered the superlattice coating with
prominent adhesion and crack resistance, along with the
maximum hardness of approximately 3800 HV. These excellent
mechanical properties endowed the nanocoating with attractive
wear-resistance ability under high temperatures. After the wear
tests at 900 °C, the CrN/AIN coatings possessed an expected
wear-volume of almost 0.043 mm® and small friction coeffi-
cients ranging from 0.45 to 0.5, as recorded in Table 4.

Liu et al>? implanted Nb-ions in multilayer TiAIN/CrN
nanocoatings to improve their tribological properties. Irradi-
ating the coatings with Nb-ions effectively induced surface
amorphization and the formation of multilayer nanostructures.
These composite structures played a crucial role in enhancing

20008 | RSC Adv, 2023, 13, 19981-20022
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the wear behavior. The presence of approximately 2 x 10" ions
per cm? of Nb-ions reduced the wear rate of the nanocoating to
30% that of the TiAIN/CrN coating without Nb-ions. Addition-
ally, Yan et al.** focused on the friction and wear properties of
Cr+(Cr,Al),0; eutectic nanocoatings and (Cr,Al),O; coatings. A
novel 3D nanostructure was observed in the eutectic coating.
The incorporation of rod-like nano-Cr in the coatings demon-
strated a feasible method for increasing their toughness. The
noticeable increase in the toughness enabled the eutectic
coating to achieve a higher wear resistance, which was
approximately 4.57 times that of the (Cr,Al),0; coatings.

The tribological behavior of a GO-Al,0; hybrid-reinforced
ceramic coating was thoroughly investigated."” Fig. 12a and
b show the TEM morphologies of the GO and GO-Al,O; hybrids,
indicating that nano-Al,O; was successfully grafted to the GO
surface via chemical bonds. These structures contributed to
enhancing the bond strength of the GO with the ceramic matrix.
After 15 min tests at a speed of 20 mm s~ ' and load of 20 N,
remarkable improvements in the friction and wear behaviors of
the composite coatings were well observed. The 0.6 wt% GO-
Al,O; ceramic coating exhibited a reduction in friction coeffi-
cient and wear rate by ~18.2% and ~61.1%, respectively,
compared to the pristine coating (see Fig. 12¢). As shown in
Table 4, the friction coefficients and wear rates were ~0.45 and
~0.7 x 10"* mm® N m™?, respectively. This marked improve-
ment in the cohesive strength of the composite coating should
be responsible for the excellent tribological behaviors.

Subsequently, a graded nano-TiN coating was synthesized
above Ti-6Al-4V alloy to realize excellent friction and wear
behaviors.*** The tests were carried out in Hank's solution
under the load of 10 N, ensuring that the coefficient of friction
(~0.21) and wear rate (~6.2 x 10~” mm?® N m ") of the gradient
coatings were smaller than that of the monolayer TiN coating.
This excellent tribological performance was mainly attributed to
the expected mechanical properties at the substrate/coating
interfaces and the strengthening and toughening abilities of
the coating nano-crystallites.

Thereafter, further explorations on effect of micro-structure
on the tribological behavior of nano-TiC gradient coatings
were executed by Wang et al® Fig. 12d and e indicate the
distinct multilayer microstructures of the gradient coatings.
Fig. 12f provides the weight percentage of TiC in the coatings,
implying that an increase in the concentration of TiC in the
gradient direction resulted in the transformation of nano-TiC
particles into the dense TiC-clusters. Consequently, the
coating microhardness gradually increased from 612 HV in the
bottom to 1088 HV at the top interface. This gradient structure
and improved hardness endowed the coatings with an observ-
able enhancement in friction and wear behaviors. Almost 50%
reduction in coefficient of friction and about 40% decrease in
the wear loss were obtained compared to that of the uniform
coating (Fig. 12g and h).

5.3. Polymer-based coatings

Two critical factors in achieving the desired friction and wear
behaviors are the dispersibility of the nanofiller and its bonding

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Elsevier, Copyright 2020.

strength to the corresponding matrix. According to recent
reports, the multi-dimensional synergies of 3D-nanomaterials
directly contribute to their remarkable improvements in
dispersion and interfacial adhesion, resulting in superior
tribological performance.>*>>*¢

To ensure the preceding discussion, a systematic study on
the tribological properties of an EP coating reinforced with
carbon nanofiber/MoS, (CNF/MoS,) was conducted.”
Compared to the EP-CNF and EP-MoS, coatings, EP-CNF/MoS,
had superior anti-friction and wear-resistance properties,
resulting in a frictional coefficient and wear rate of ~0.075 and
~8.6 x 107> mm® N m ™", respectively. This was primarily due to
the excellent synergistic lubrication of CNF and MoS,, as well as
the prominent interfacial adhesion of CNF/MoS, in comparison

© 2023 The Author(s). Published by the Royal Society of Chemistry

to the EP matrix. Additionally, Li et al.>* produced hybrid CNTs/
ZnS to overcome the poor dispersion of CNTs in the polymer.
The wear rate and friction coefficient of the EP-CNTs/ZnS
coating were reduced with an increase in the content of CNTs/
ZnS up to 1.25 wt%. This because of the excellent collabora-
tion of ZnS and CNT, where CNTs provided a nano-rolling
effect, while ZnS assumed the stresses applied on the CNTs.
Due to the poor dispersion of the MoS, nanosheets, they
were prone to agglomerating and resulted in the generation of
microcracks in the coating. Therefore, a facile in situ hydro-
thermal method was developed to fabricate a 2D/2D h-BN/MoS,
hybrid.>*” With respect to the EP-h-BN/MoS, system, the pres-
ence of hydroxylated h-BN contributed to the homogenous
distribution of MoS, and enhancement in the interfacial

RSC Adv, 2023, 13, 19981-20022 | 20009
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combination of the hybrids with regard to the EP-matrix. Thus,
crucial improvements in the tribological performances were
obtained, where the friction coefficient and wear rate of the EP-
h-BN/MoS, coatings significantly decreased by ~80% and
~88%, respectively, compared to the neat EP coating.

PTFE-encapsulated polytetrafluoroethylene (PTFE@PMMA,
core@shell) coatings were well fabricated using a spin coater**®
and the successful procedure for the preparation of this coating
is shown in Fig. 13a. Microscopic analysis proved that the nano-
scale core@shell structures achieved a homogenous dispersion
in the polymer matrix. After the wear tests at a normal load of
3 Nwith sliding speed of 8.4 mm s~ ', a continuous and uniform
film of PTFE/PMMA could be well observed on GCr15 steel-balls
(Fig. 13b), which resulted in an observable increase in the wear-
resistance function of the composite coating. Notably, the wear
rate of the PTFE coating reinforced by PTFE@PMMA decreased
from 2.32 x 10 mm* Nm ™" t0 1.04 x 10"°* mm® N m™*, and
the friction coefficient was reduced by ~15% (approximately
0.069), as indicated in Table 4.

According to the recent research on polymer coatings,
insufficient load-bearing capacity remains an impediment to
achieving the desired tribological properties.”* The friction and
wear performances of hexagonal boron nitride-titanium dioxide
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(HBN-TiO,)-reinforced EP-coatings were explored.>* The results
indicated that the HBN-TiO,/EP coating exhibited superior wear
resistance, where the wear rate was reduced by 65.8% compared
to plain EP. The tribological mechanisms of the pure EP and
composite coatings are elaborated in Fig. 13c. In the case of the
neat EP, its poor mechanical properties were a significant factor
in the insufficient anti-wear performance of the material. The
addition of hybrid nanofillers enhanced the load-bearing and
self-lubricating properties of the EP-coating. Notably, the
unique 2D-structures of HBN endowed it with the expected
ability to achieve superior friction reduction and wear resis-
tance, and the high-hardness TiO, caused a significant increase
in load-bearing function. Hence, significant improvements in
tribological properties were observed in the HBN-TiO,-rein-
forced EP coatings.

Furthermore, according to the report by Chen et al.,>** CNTs/
GO/MoS, hybrids presented a key approach for improving the
friction reduction and anti-wear enhancement of EP coatings.
Following the wear tests, it was determined that the EP-CNTs/
GO/MoS, composite coating had the lowest friction coefficient
(~0.042) and the highest wear rate (~3.44 x 10 > mm* N m™ %)
compared to the composite coatings reinforced with single
fillers. Table 4 presents the tribological behaviors in detail. The

Table 5 The latest progress and specific application of nanofillers with different dimensions in the field of tribology

Matrix Nanofillers Recent developments Specific applications

Metal 0D Ni-B/Al,O; improving wear resistance;”® Ni-P-1.5TiN reduced Petrochemical, automotive, electronics,
wear loss (64.3 wt%).”> nuclear, and piston ring-cylinder liners

1D Graphite/copper-zinc promoting load-bearing capability;'** Contact brushes, bearing materials, and
Ni-CeO, NRs improving the microhardness (~3 times)."*® automobiles

2D WC and WC/Graphene increasing wear resistance (~18%);"”° Electrical contacts, micro devices, bio-
the hardness increasing (~4.4 times)."”° implants and mould materials

3D Ni-B-CeO, improving the microhardness (~61%);**° nano Oil refinery, shipping, and machinery
TiN particles grafted onto GO solving the dispersion manufacturing
problem.>*?

Ceramic 0D Silver or copper resulting film structure densification;*” YSZ Sections of low- and high-pressure
ceramic matrix coatings possessing excellent thermal compressors, and aero-engines
stability.”*

1D The fracture toughness and bonding strength increasing Brakes, high-temperature heat
(63.18% and 9.9 times);'*® fracture toughness increasing exchangers, and nose cones piston
(~38%)."*

2D Hardness, elastic modulus and fracture toughness increasing Power generation, plunger pumps,
(19%, 18% and 300%);>%* the friction coefficient and wear rate bearings, and turbine blades
decreased (~13% and ~19%).>"!

3D Thick CrN/AIN coatings exhibiting a maximum micro Valves in oil and gas field, piston ring
hardness up to 3800 Hv;>*' the wear resistance increasing and cylinder liners
(5.57 times).**?

Polymer oD The precipitated type of nano-silica replacing the expensive Cars manufacturing, industrial
fumed nano-silica;>* MD simulation to design different types production, and astronautics
of materials.'""

1D SWCNTs enhancing the hardness (~66%) and elastic Anticorrosion coating, bearings self-
modulus (~58%);'*® modification with HDI improving the cleaning coatings, and gears
dispersion of TiNTs.'”°

2D Transfer film determined polymer tribological Electrical submersible pumps, air-
performance;*'? PI/3 GP exhibiting low friction (19-29%) and conditioning, and cable coating
higher wear-resistant (35-78%).>"°

3D Wear rate of HBN-TiO,/EP composite coating decreased Corrosion protection, ocean, aviation,

20010 | RSC Adv, 2023, 13, 19981-20022

(65.8%);**° the GO-CNTs-PI three-phase structure improving
the mechanical properties of the film.**?

and microelectronics

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results were primarily attributed to the excellent load-bearing
capacity of CNTs and GO, attractive lubrication properties of
MoS,, and the formed transfer film (see Fig. 14a). Meanwhile,
the GO/CNT nanofillers also played crucial roles in the tribo-
logical performances of the PI coatings.””* The mechanical and
tribological properties of the GO/CNT/PI nanocomposite were
significantly improved compared to the pure PI coating.
According to the proposed mechanism, GO/CNTs played
a significant role in improving the load-bearing capacity and
lubrication performance of the coating.

The exceptional tribological potential of 3D-nanofillers has
been highlighted to accelerate the improvement of their tribo-
logical performances, owing to the distinct synergies between
their components. Although graphene and Ti;C, MXene sheets
have a variety of notable properties and functions, their synergistic
effects in organic coatings are rarely discussed. Ti;C,/graphene
(MG) hybrids with wrapping structures were successfully fabri-
cated for the purpose of evaluating their tribological properties as
EP coating additives.”® Fig. 14b presents the fabrication of the
wrapping MG hybrid and the corresponding wear characteristics
of the composite coatings in detail. It can be observed that the
wear rate of pure EP was almost 10.81 x 10™* mm® N m . In
comparison, the MG hybrids endowed the coating with an
observable reduction in wear-resisting behavior by almost 88.83%.
The synergistic effects of the superior load-bearing capacity of the
Ti;C, flakes and the commendable self-lubrication properties of
graphene enabled not only a reduction in the surface stress but
also the formation of a tribo-transfer film, resulting in a remark-
able reduction in the friction and wear.

6. Conclusions and outlooks

The energy consumption of mechanical systems caused by
friction and wear is directly related to their service life and
application accuracy. Accordingly, achieving low friction and
wear on moving surfaces has become a focus of attention. Multi-
dimensional nanofillers have attracted significant attention
because of their proven tribological potential in coatings.
Nowadays, nano-coatings containing a large amount of various
nanofillers have demonstrated excellent friction and wear
behaviors, implying an excellent route to reduce the energy
consumption of the ceramic, metal, and polymer-based
components.

6.1. Conclusions

The well-distributed dispersibility, ideal nanostructure, and
interfacial bonding strength of multi-dimensional nanofillers
have been increasingly recognized as crucial factors that
determine tribological performances of coatings. Preliminary
guidelines were provided for selecting appropriate nanofillers
to achieve the expected lubrication behaviors of various coat-
ings. The unique spherical structures and high chemical
stability endow OD-nanofillers with good friction and wear
behaviors. The incorporation of 0D-nanofillers has confirmed to
be effective for improving the hardness of MBCs and CBCs,
which is considered to be the leading factor contributing to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improvement in tribological coatings. Furthermore, hard
nanofillers at the frictional interfaces serve as distance holders
and ball bearings, thus enhancing the load-bearing capacity
and optimizing the anti-wear performance of polymer coatings.

1D-nanofillers with good dispersion improve the fracture
toughness of coatings by preventing the propagation and coa-
lescence of short cracks, thus reducing the wear degree of
composite coatings. In addition, surface functionalization and
chemical structure are two critical characteristics of 1D-
nanofillers, which account for their tribological behaviors and
wear applications.

According to numerous recent reports, the excellent
mechanical strength, thermal stability, and low surface energy
of 2D-nanofillers make them suitable for a wide range of
applications under friction and wear of interfacial coatings. In
the case of polymer coatings, the transfer film plays an impor-
tant role in the anti-wear enhancement and the friction reduc-
tion; therefore, 2D-nanofillers provide a feasible approach to
improve the adhesion strength and load-bearing capacity of the
transfer film. Furthermore, the application of nanofillers in
coatings has accelerated the exploration of transparent
conduction coatings with excellent anti-wear behavior, sug-
gesting possible substitutes for the expensive indium tin oxide
films in many optoelectronic devices.

3D-nanohybrids inherit the characteristics of their multiple
components, which are directly responsible for their excellent
tribological performance. Well-designed 3D-nanofillers certify
their multidimensional collaboration effects on the friction and
wear behaviors of composites, enabling nanohybrids to exhibit
superior functions with friction reduction and wear resistance of
tribological coatings. In addition, recent attention on 3D-
nanofillers has broadened their extensive applications. For
example, HIF-MoS,/RGO and Cu/PDA/MoS, have been applied in
ionic grease and sunflower oil for the purpose of improving their
lubricant performances. Table 5 presents a summary of the recent
developments and specific applications of multi-dimensional
nanofillers with metal, ceramic, and polymer coatings in the
tribological field. It can be seen in Table 5 that metal, ceramic,
and polymer coatings have their respective applications. Firstly,
in the case of metal-based coatings with nano-additives, the
addition of nanofillers significantly increases the microhardness
of the coating. Due to their high wear resistance, the application
of metal-based coatings is confirmed to be the most extensive
among the three types of aforementioned coatings. Furthermore,
with an increase in the content of nanofillers, ceramic-based
coatings exhibit a clear increase in toughness, and these coat-
ings are mainly suitable for parts operating at high temperature.
Finally, the synergistic effect of nanofillers and polymer-based
coatings not only results in excellent performances in the fields
of friction and wear, but endows polymer-based coatings with
potential application in the field of anti-corrosion.

6.2. Challenges and future recommendations

Although the design of new nanofiller coatings provides broads
application prospects for controlling friction and wear, there
are still many challenges, as follows.
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(1) It is a great significance to study new nanofiller coatings
under extreme friction conditions. With the rapid development
of advanced industrial equipment, the working environments
of machinery need to withstand extreme conditions such as
high pressure, speed and temperature. Nanofiller coatings can
work under some extremely harsh conditions, but their working
times are too short to fully exert their anti-wear and friction
reducing effects. Therefore, exploring new nanofillers with high
tribological properties will be the focus of future basic research
and application, especially ideal working hours under extreme
conditions. Moreover, the application of nanofillers in
composite materials has promoted the exploration of the high
wear resistance of thermoelectric coatings, providing a good
opportunity for the industrial application of intelligent ther-
moelectric devices in the future.

(2) The impact of nanofillers on the tribological behavior of
coatings is complex, given that the unavoidable defects and
contamination of nanofillers reduce the tribological behaviors
and reproducibility. Therefore, the complex wear behavior of
nanocomposites should be evaluated to eliminate potential
hazards related to their tribological applications.

(3) Although well-designed friction and wear coatings have
broad application prospects, there are still difficulties in
improving the dispersion stability of nanofillers. Physically
treated nanoparticles are prone to re-aggregation. Chemical
modification may mask the natural characteristics of nano-
particles, but chemical modifiers may degraded easily during
wear. Therefore, further research is needed to improve the
dispersion method. The self-dispersion method does not
require any modifiers and has good dispersion stability, and
thus it is a development trend.

(4) Although multi-dimensional hybrid nanofillers have also
been produced in the laboratory, their production on an
industrial scale is limited due to their complex synthesis
procedures. Therefore, further exploration should focus on the
production processes, repeatability and practicality of synthesis
methods.

(5) Finally, many studies on the coating mechanisms have
shown that the formation of high-performance friction coatings
largely depends on nanofillers. In this case, carefully designed
functional nanofillers make them the best candidate materials
for regulating the nanostructure and self-lubricating properties
of coatings. Among the numerous nanofiller coating systems,
the wear-resistant friction coatings formed using MXene
systems possess excellent performance. However, the complex
mechanical behavior of MXenes seriously hinders their tribo-
logical application. Thus, to achieve efficient friction and wear
systems, more fundamental research is necessary to understand
the potential friction and wear mechanisms.

The tribology of nano-fillers in coatings has not been fully
reviewed. In particular, insight into the critical role of multi-
dimensional nanomaterials in different coating substrates has
not been reported. Herein, initially, nanofillers were divided into
four aspects based on their dimensions, including 0D, 1D, 2D,
and 3D. The applications of nanofillers in metal, ceramic, and
polymer coatings were described in each case. Furthermore, the
tribological mechanism of nanofillers in the coating was
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expounded. These findings are beneficial in understanding the
interface-related tribological behaviors of the coatings, thus
widening their applications in various industries. It is expected
that the present work will inspire new possibilities for next-
generation coating applications, together with superior tribolog-
ical properties, and stimulate further developments in tribological

coating nanotechnology.

Abbreviations

0D Zero dimensional

1D One dimensional

2D Two dimensional

3D Three dimensional

CNF Carbon nanofiber

GNPs Graphene nanoplates

MBCs Metal-based coatings

CBC Ceramic-based coatings

YSZ Yttria-stabilized zirconia

SPPS Solution precursor plasma spraying
PMMA/SiO, Poly-methylmethacrylate/silica
Cu-Sn-PTFE Cu-Sn-polytetrafluoroethylene
PTFE Polytetrafluoroethylene
PDA/AgNPs Polydopamine/Ag-nanoparticles
PS/SiO, Polystyrene/nano-SiO,

EP Epoxy

TGA Thermogravimetric analysis
CNTs Carbon nanotubes

MWCNT Multi-walled carbon nanotube
SDS Sodium dodecyl sulfate

HVOF High velocity oxygen fuel
SiCNW-SiC SiC nanowire-reinforced SiC
C/C Carbon/carbon

SiC-Ni coating
CVD

SiC coating with added Ni
Chemical vapor deposition

PBA [Poly(2-butylaniline)]

THF Tetrahydrofuran

PAM-CNTs Polyacrylamide-carbon nanotubes

SWCNTs Single-walled carbon nanotubes

Decalin/UHMWPE  Decahydronaphthalene/ultra-high
molecular weight polyethylene

PU Polyurethane

TiNTs-HDI Hexamethylene diisocyanate-modified
TiO, nanotubes

pDA Poly-dopamine

BSC Back-scattered scanning

SEI Secondary electron image

SAED Selected area electron diffraction

GO Graphene oxide

BN Boron nitride

MD Molecular dynamics

EDS Energy dispersive spectrometer

ZrO,/GNs Zirconia/graphene nanosheets

GNSs/AT-13 Graphene nanosheets/Al,0; + 13 wt%
TiO,

AT-13 AL O; + 13 wt% TiO,

NbSe, Niobium diselenide

g-C3Ny Graphitic carbon nitride
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PI/FG Fluorinated graphene-reinforced
polyimide

IL-FG Ionic liquid-modified FG nanosheets

TNTZ Ti-30Nb-5Ta-7Zr

CNF/MoS, Carbon nanofiber/MoS,

PTFE@PMMA, Polytetrafluoroethylene

core@shell

HBN-TiO, Hexagonal boron nitride-titanium dioxide

Ti;C,/graphene MG
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