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Nanoparticles have been studied to be used as lubricant additives to reduce the effects of friction
and wear in industrial applications [6]. There are various compositions of nanoparticles that have
demonstrated various degrees of friction-modifying and anti-wear effects. The widely studied

and utilized nanoparticle examples are mainly categorized by material types. They include metal
oxides such as titanium dioxide (TiO,), zinc oxide (Zn0) and aluminum Oxide (Al0,), carbon-based
nanoparticles such as graphene, graphene oxide and carbon nanotubes, and inorganic sulfides
and dichalcogenides such as molybdenum disulfide. Further research on additives has led to the
discovery of two-dimensional nanomaterials such as hexagonal boron nitride, tungsten disulfide
and molybdenum disulfide [7].

There are four major mechanisms responsible for the improved tribological performance using
nanoparticles as additives. The rolling effect, as seen in Figure 1, shows nanoparticles producing
a rolling effect, converting sliding friction to rolling friction. The mending effect refers to when
nanoparticles deposit themselves into the valleys and grooves, smoothing out the surface [8].

The polishing effect happens when the asperities of the surface break down, making it smooth [9].
Lastly, nanoparticles form a protective film between the surfaces, preventing direct contact and
reducing wear [9]. This paper will examine the major types of nanoparticles alongside their main
examples, applications, limitations and future outlook.
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Figure 1: lllustration of lubricant mechanisms of nanoparticles [9].

Carbon-based Nanoparticles

Carbon nanoparticles are highly utilized as advanced lubricant additives and solid lubricants. Due

to the success of graphite as a solid lubricant in industry for centuries, carbon-based nanoparticles
have been the focal point for tribological research [10]. Graphene has a unique layered honeycomb
structure and has a hexagonal lattice with a single atomic carbon plane constructed by sp?-hybridized
carbon atoms [11]. Graphene has excellent physicochemical and mechanical properties and has
been researched as an additive to improve the tribological performance of lubricants. It exhibits high
mechanical strength, outstanding conductivity, low shear strength and high surface area [12].

Graphene-based nanoparticles are used as additives in different engineering applications such
as drilling fluids, rolling and cutting fluids, and industrial gear oils. One challenge in the lubricating
performance of drilling fluids is high temperatures over 200 °C. Geng et al. found that graphene-
based lubricant combined with glyceryl trioleate substantially improved lubrication performance
at 240°C [13]. The lubricant reduced the adhesion coefficient by more than 70%, showing that
graphene reduced friction and increased the drilling efficiency of the lubricant.

Although graphene additive is thermally unstable at high temperatures, experimental evidence from
Wang et al. shows that multilayer graphene nanoplatelets (GnP) continue to exhibit solid lubrication
at higher temperatures. Graphene nanoplatelets are a multilayer of flattened graphene sheets held
together by weak van der Waals forces which, when placed between to sliding surfaces, friction

is applied within the GnP stack, overall reducing friction and wear [14]. In ball on disc tests, GnP
reduced friction and wear across the 600 - 900°C. The coefficient of friction dropped by roughly
50% at 600-700°C. The coefficient of friction continued to be measurably lower even at 800-900°C.
However, at the 800-900°C range, the coefficient of friction was reduced for a shorter duration of
around 70 sec and 40 sec respectively before oxidation occurred, diminishing its lubrication effect,
as seen in Figure 2 [15].
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Figure 2: Effect of coefficient of friction against sliding time for dry and introduced graphene nanoparticles tests at
various temperatures [15].

Layered/Two-dimensional Nanomaterials

Two-dimensional nanomaterials have attracted great attention as lubricant additives because of
their physical and mechanical properties. Hexagonal boron nitride consists of thin sheets of boron
nitride with each sheet containing boron and nitride covalently arranged in a hexagonal structure
[16]. This additive is an insulator with a wide band gap of around 6 eV and exhibits higher thermal
stability and resistance towards oxidation compared to graphene [16]. These properties promise
the potential of hexagonal boron-nitride nanosheet additives in industrial applications such as
nanoelectronics, piezoelectricity, electron field emission, and self-cleaning coating [7], [17]. The
improvement of friction and wear is linked to the weakly bonded lamellar structure of h-BN. This
property allows for the layers to easily slide against each other and reduces the shear resistance of
the surfaces in contact [18]. h-BN nanoplatelets formed a thin protective film on the steel surface,
which minimized the surface damage and enhanced wear resistance.

Although h-BN offers great advantages as a lubricant additive, it disperses poorly in liquid lubricant
base oils. To address this, Kumari et al. exfoliated h-BN powder into thin b-BN nanoplatelets and
then chemically attached a long octodecyltriethoxysilane alkyl chain to deflect and edge sites on the
nanoplatelet surface. This surface treatment allowed octadecyltriethoxysilane-functionalized h-BN
(h-BNNPS-ODTES) to stay stabilized when dispersed in synthetic polyol ester oil for an extended
period of time. This is due to the attached alkyl chains interacting favorably with the polyol ester oil's
hydrocarbon group [18].

In the ball and disk experiment, different concentrations of h-BNNPs-ODTES were tested. Figure

3 shows that the 0.04 mg.mL-1 exhibited the lowest coefficient of friction compared to the other
lower concentrations. However, when the concentration was increased to 0.06 mg.mL" "¢ coefficient
of friction increased. Figure 4 showed that when polyol ester was used, the track was 570 pm

in width and 12 570 um deep. However, with the addition of h-BNNPs-ODTES the track

decreased significantly.
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Figure 3: Effects of friction coefficient with the number of laps for different concentrations of h-BNNPs-ODTES
blended in polyol ester [16].
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Figure 4: Wear effects of polyol ester lube oil with and without 0.04 mg.mL- h-BNNPs-ODTES [16].

Metal Oxide Nanoparticles

Metal oxide nanoparticle lubricating additives have shown improved tribological properties in
lubrication [19]. Aluminum, silver and copper oxide nanoparticles are widely used as additives [20].
Abdel Rehim et al. study tested the tribological performance of spherical copper oxide nanoparticles
dispersed in a 20W-50 mineral base oil while using oleic acid as a surfactant to stabilize the
dispersion. The lubricant with 0, 0.2, 0.5 and 1 wt. % were tested using a pin on disc tribometer
across different loads. In Figure 4, the results showed that CuO particles reduced the coefficient

of friction by 15%-42.9% compared to base oil alone. At low load and speed, 0.2 wt% concentration
performed the best, while 0.5wt% concentration performed the most consistently across a wider
range of conditions [21]. The results were proven by surface analysis which indicated that the CuO
reduced friction through two mechanisms. One of the mechanisms is tribosintering, where the CuO
nanoparticles fill the surface micro-grooves and get mechanically flattened under heat and pressure
to form a protective film. Secondly, through the nano-ball-bearing effect where the particles roll
between the sliding surfaces, converting the sliding friction into rolling friction [22].
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Figure 5: Effect of CuO additive on specific wear rate under different concentrations [21].

Limitations and Future Outlook

Despite their promising performance on the tribological properties of lubricants, nanomaterials
face several challenges. One major challenge is their poor dispersion stability. Nanoparticles tend
to agglomerate over time, reducing their effectiveness and increasing wear. Research shows that
increasing the concentration of nanoparticles excessively can lead to particle aggregation and
diminished performance. With the shift towards environmentally conscious lubricants, there is still
limited information regarding the long-term environmental and health impacts of incorporating
these nanoparticles into bio-lubricants and greases. Future research is expected to focus on
improving nanoparticle dispersion through advanced surface functionalization. Hybrid additives
provide tribological improvements where individual nanoparticles fall short.

Conclusion

Nanomaterials have demonstrated significant promise as lubricant additives, offering measurable
advantages in friction reduction, wear resistance, and surface durability across different materials
and at different operating conditions. Carbon-based nanoparticles, particularly graphene and
graphene nanoplatelets, show strong lubricating performance. GnP retains functionality up to 900°C
due to its multilayer structure. For two-dimensional nanoparticles, hexagonal boron nitride, when
combined with other nanoparticles, offers major tribological advantages as well as overcoming
dispersion challenges seen in h-BN. Metal oxides, such as CuO, combine tribosintering and nano-
ball-bearing lubrication mechanisms. In all nanoparticles, optimal concentration needs to be used
to achieve optimal performance. When a low concentration of additives is used, there is little
significance in wear and friction. However, excessive concentration promotes agglomeration and
oxidation, which degrades the materials rather than enhancing performance. In conclusion, further
research in nanomaterial additives is required as they play a central role in improving the durability
and energy efficiency of mechanical systems across industrial applications.
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