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Abstract: Electrically as well as thermally conductive lubricants have drawn considerable attention
and are an emerging research topic because they have unique advantages and advanced lubrication
performance over traditional lubricants such as corrosion protection and efficient heat dissipation. For
instance, some components of electric vehicles (EVs) such as bearings, seals, pads and gears require
conductive lubricants to avoid premature failure and electromagnetic interference (EMI) problems
due to induced shaft voltages and currents. This review provides a comprehensive overview of
the recent developments in conductive lubricants. The review focuses on the important aspects
to enhance the thermal and electrical conductivities as well as the tribological behavior (COF, and
wear rate) of conductive solid, semisolid, and liquid lubricants. The lubricants that are electrically
and thermally conductive with superior tribological performances have been identified through
extensive literature review and presented in tabular form. This review summarizes the effect of
various additives used to improve the conductive properties of the lubricants, such as polyalphaolefin
oil, hydraulic oil, paraffin oil, and mineral oil. Furthermore, the review discusses the lubricating
mechanism of conductive solid and liquid lubricants to facilitate a deeper understanding. Finally, the
future perspectives and the research directions for conductive lubricants are also addressed.

Keywords: tribology; conductive lubricants; lubrication; superlubricity

1. Introduction

The failure of the majority of engineering components is mostly caused by friction
and wear [1]. Because friction accounts for 23–30% of global energy consumption, it is one
of the biggest energy consumers in the world [2]. Therefore, lubricants are typically used
in traditional systems to reduce friction between mating components, which is essential
for the longevity and energy efficiency of mechanical devices [1]. The basic concepts of
friction and lubrication, as well as the effect of lubrication on the coefficient of friction
between two sliding bodies, were initially explained by Leonardo de Vinci (1452–1519) [3].
Lubricants are materials that are used to reduce friction between two surfaces in relative
motion, thereby minimizing wear and tear and increasing the lifespan of the equipment [4].
Lubricants have a variety of functions, including decreasing noise and vibration, preventing
corrosion and rust formation, minimizing friction and wear of mating surfaces, cooling
and dissipating the heat created during operations, and many more [5]. The lubricants
can be more effective and sustainable if they have good tribological qualities, such as a
low coefficient of friction and a reduced rate of wear. The coefficient of friction, wear
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rate, conductivity of the lubricant materials, and additives used to increase lubricity are
among the primary variables that influence the tribological performance of lubricants [6,7].
The current global industry demands lubricants with excellent electrical conductivity
and thermal conductivity for numerous advance applications such as electric vehicles
(EVs) [1,8–10], space systems [11–13], marine-related applications [14–17], and modern
industrial machineries [18–21]. Lubricants must be able to operate at a wide variety of
temperatures because the space system may lacks in thermal control. In EVs, the lubricating
fluid is in contact with the electrical components requires that it has superior electric
properties such as electrical conductivity, dielectric constant, and dielectric strength along
with the good thermal management, and material adaptability [22]. As there are large
number of variations in the type and performance of lubricants, it is crucial to select the
right lubricant for the right application.

Conductive lubricants are typically formulated with a combination of conductive
particles and a base lubricating fluid [23]. These lubricants may be silicone-based, graphite-
based, or contain other conductive additives, depending on the desired properties and
compatibility with the target materials and operating conditions [24]. The conductivity
of the conductive lubricants can be enhanced by including conductive additives with the
base lubricants. These additives offer extra critical features such as thermal conductivity,
electrical conductivity along with anti-wear, resistance to extreme pressure, and corrosion
prevention, chemical stability, and thermal stability. To meet the particular requirements of
the application, the properties of the lubricant can be modified (Figure 1 represents different
application fields of conductive lubricants) by using various conductive nanoparticles, base
fluids, and additives. Nano-sized titanium dioxide (TiO2) [25], nanocomposite of Ag
and graphene [26], nano-Ag/MWCNTs 5–15 nm [27], and carbon nanoballs (CNBs) [28]
are the nano-sized additives used to enhance the desired properties of the conductive
lubricants. Polyalphaole-fin oil (PAO) [28], Base Oils [29], PEG200 oil [30], hydraulic oil [31],
SAE 10 mineral oil [32], paraffin oil [26], engine oil for diesel engine (CD 15W-40) [33]
are the base lubricants for achieving desired. Nanoparticles can improve or modify the
performance of lubrication in several ways [34]. The performance enhancement achieved by
nanoparticles depends on factors such as the type, size, concentration, and dispersion of the
nanoparticles added in the lubricant. Lubricants that contain nanoparticles can dramatically
reduce wear and friction between surfaces [35]. High-hardness nanoparticles can operate
as protective barriers by decreasing surface-to-surface contact and preventing wear. They
also have great lubricating qualities. Some nanoparticles have very good heat conductivity.
These nanoparticles can help lubricants better dissipate heat produced during operation,
improving thermal stability and lowering the chance of lubricant breakdown [36].

The best electrical efficiency, reliability, and lifespan of electrical connections depend
on the use of conductive lubricants, which also protect against wear and help to dissipate
heat [37]. On the hand, thermally conductive lubricants are made to effectively transmit
heat while also providing lubrication. To promote more effective heat dissipation, thermally
conductive lubricants assist in moving heat away from heat-generating components and
distributing it to cooler regions [38]. On the other hand, the electrical continuity between
conductive surfaces, such as electrical contacts, connections, and terminals, is established
and maintained by electrically conductive lubricants [39]. To ensure optimum electrical
performance, reduce resistance, and avoid shortcomings such as voltage drop, arcing, or
signal loss, it is essential to have this conductivity [40]. Therefore, it is crucial to increase
our understanding of conductive lubricants to fill up the knowledge gap.
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Figure 1. Different application fields of conductive lubricants. Source: The authors created based
on [11,41–43].

Due to having outstanding mechanical, thermal, electrical, and tribological properties
such as low coefficient of friction, and reduced wear rate enabling the lubricants more
efficient and sustainable, one of the recent tribological research’s main focus areas is con-
ductive lubricants [44]. The substantial number of articles on tribological issues related to
conductive lubricants that were published between the years 2013 and 2023 are represented
in Figure 2. The customary methods have been used to obtain the data from the Elsevier
Science Direct database. On the website’s keywords search page, “Electrical and thermal
conductivity and tribological property” is typed in as a search query. A total number of
4716 results were displayed for the customized range from 2013 to 2023. The left side of
the screen displayed the number of related articles for each year. Then, on 10 June 2023, a
graph indicating the number of articles related to the conductivity of lubricants by year was
produced. In Figure 2, the number of publications is highest in the year 2022 and it seems
to be more at the end of the year 2023 which indicates research on conductive lubricants is a
current and burning issue. Moreover, Figure 2 also clarifies the pattern of publications from
the year 2013 to the year 2022 is increasing gradually therefore researchers need to focus
more on this topic. Therefore, this field attracts tremendous attention from academicians
all over the world.

Researchers, around the world, are constantly striving to reduce the coefficient of
friction and wear rate of lubricants. Recently, Chang Du et al. investigated a study to en-
hance the performance of lubrication and examine how temperature affects the tribological
characteristics of the oils used to lubricate the piston rings in the cylinder liners [45]. Their
result reports that the tribological properties of lubricating oils change with the increase
in temperature. Hongxiang Yu et al. also conducted a study to explore the impact of
functional groups on the tribological performance of lubricants [46]. A study conducted
by Corina Birleanu et al. [47] examines the effect of TiO2 nanoparticles on the lubricating
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properties of oil. Ali et al. [48] used nanoparticles as additives in lubricants to improve their
tribological properties. Their review reported that the nanoparticles improved tribological
characteristics, exceptionally reduction in friction temperature emissions and minimizing
material degradation over time at solid surfaces. Numerous studies have been performed to
enhance the tribological performance of lubricants along with different additives. However,
very little or no literature has yet examined thoroughly the impacts of lubricant conductiv-
ity on tribological characteristics. Therefore, it is a clear-cut study gap to find the impacts
of using conductive lubricants for enhancing the tribological performance of the lubricant
compounds. Even if there are sufficient amounts of works on lubricants conductivity, these
are represented individually, and very few studies have combined thermally and electri-
cally conductive lubricants [49–51]. For instance, Yanqiu Xia et al. [52] experimented on
the conductivity and tribological properties of ionic liquid-polyaniline/tungsten disulfide
(IL-PANI/WS2) composite. Xiaoqiang Fan et al. [53] also accomplished research on the
improvement of tribological properties of conductive lubricating greases. Further, com-
bined research on the conductive and tribological characteristics of copper-sliding electrical
contacts was carried out by Zhengfeng Cao et al. [49].

Experts are investigating the connections between conductivity and tribological fea-
tures using different methods. For example, a separate study by M. Kaneta and P. Yang [54]
demonstrated the impact of contacting surfaces’ thermal conductivity on elastohydro-
dynamic lubrication (EHL). Their findings demonstrate that the thermal conductivity of
the contact materials controls the temperature in the lubricant layer and, consequently,
the viscosity of the lubricant. Md Golam Rasul et al. [55] conducted a study employing
functionalized boron nitride nanosheets to primarily increase the heat conductivity and
tribological characteristics of polyethylene. Gyorgy Czel et al. [56] investigated how differ-
ent fillers affected the thermal conductivity and tribological characteristics of polyamide.
A study by Shaoli Fu et al. [57] considers only the electrical conductivity along with tri-
bological properties of carbon nanotube-reinforced copper matrix composites. Moreover,
Yang Fu et al. [58], in their research, concentrate on how surface roughness and conductive
grease filling affect the tribological characteristics and electrical conductivity of carbon
brushes. Likewise, Zhengfeng Jia et al. [59] investigated the tribological characteristics and
electrical conductivities of the vacuum hot-pressed Cu/reduced graphene oxide composite.
A study conducted by Tianhua Chen et al. [60] realized the elastic roll ring’s current-carrying
tribological capabilities under various currents.

The creation of innovative lubricant formulations is essential given the rising demand
for enhanced lubricant performance to increase energy efficiency, sustainability, and cost
reduction. Conducive lubricants are the ideal substitutes for tribological performance
because the conventional lubricants used in internal combustion engines (ICE) have some
limits for cutting-edge applications including electric vehicles, aerospace, and electromag-
netic interference. For accurate and efficient identification of tribological conditions for
cutting-edge applications such as EVs and spacecraft, a thorough analysis of the perfor-
mances of recently produced lubricants is a prerequisite. The effectiveness of several solid,
semisolid, and liquid lubricants is examined in this study, and their effectiveness is assessed
in terms of electrical compatibility and thermal management. Further, a comprehensive list
of conductive lubricant additives to enhance the conductivities of lubricant materials along
with their tribological performances have been identified and summarized. Lubricants are
also grouped together based on the physical state, organic–inorganic, metallic–nonmetallic,
and conductive–nonconductive properties. The goal of this study is to compile the research
on formulations of thermally and electrically conductive lubricants and to produce an easily
readable, tabular summary. This review study specifically offers the reader a comparative
analysis of several additives to enhance thermal and electrical conductivities as well as the
performance of the lubricant.
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Figure 2. Statistical data for articles about, “Electrical and thermal conductivity and tribological
property” during 2013–2023. The information was extracted on 10 June 2023, from the Elsevier
Science Direct database. On the website’s keywords search page, “Electrical and thermal conductivity
and tribological property” is typed in as a search query.

2. Classification of Lubricants and Lubrication

The lubricants may be conventionally classified into four major classes such as solid
lubricants, semisolid lubricants, liquid lubricants, and gaseous lubricants [61]. Solid
lubricants are substances that transmit a thin coating of solid material onto the surfaces
in contact to reduce friction between them [62]. Solid lubricants do not flow or need a
carrier medium, unlike grease or liquid lubricants. They are utilized in situations where
conventional lubricants might not be appropriate or effective. Examples of solid lubricants
include graphite, chalk, talc, mica, Teflon, soap, way, and gold [63]. Likewise, semisolid
lubricants, also known as greases, are a type of lubricating material that combines the
properties of a solid and a liquid. They consist of base oil, a thickening agent, and various
additives. Semisolid lubricants are characterized by their semisolid or viscous consistency,
which allows them to adhere to surfaces and provide long-lasting lubrication [64]. To stick
to surfaces and offer long-lasting lubrication, semisolid lubricants have a semisolid or
viscous viscosity [65]. Moreover, liquid lubricants are compounds with a liquid condition
that are intended to lubricate and minimize friction between two surfaces that are moving
relative to one another [66]. These lubricants often flow more freely and can fit into narrow
areas since they have a lower viscosity than semisolid lubricants. Liquid lubricants prevent
direct metal-to-metal contact and reduce heat generation, wear, and friction by forming a
thin film or coating between the moving surfaces [67]. Furthermore, gaseous lubricants,
also known as vapor-phase lubricants or lubricating gases, are substances in a gaseous
state that are used for lubrication purposes. Unlike liquid or semisolid lubricants, gaseous
lubricants do not exist as a liquid film or layer between the moving surfaces [68]. Instead,
they function by providing a boundary layer of gas that reduces friction and wear between
the surfaces. Depending on the particular application and requirements, the lubrication
becomes usually in different forms [69,70]. In boundary lubrication, a small layer of lubri-
cant separates the two surfaces. A layer of protection is created by the lubricant molecules’
adhesion to the surface. The lubricant film, however, may break down under high loads
or low speeds, causing metal-to-metal contact and increased friction [71]. The technique
of hydrodynamic lubrication involves the development of a fluid film between the sur-
faces under pressure [72]. The relative motion of the surfaces forces the lubricant into the
gap, forming a hydrodynamic wedge. This kind of lubricant works well with fast speeds
and large weights. Elastohydrodynamic lubrication (EHL) combines the advantages of
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boundary lubrication and hydrodynamic lubrication. When the lubricant layer thickness is
equal to or less than the surface roughness, this happens [73]. The lubricant can deform
elastically due to pressure and viscosity, which improves protection between the surfaces.

On the other hand, lubricants can also be categorized into two major classes based on
the conductivity of the lubricant materials. These are conductive and nonconductive lubri-
cants [6,74]. The conductive lubricants can be either electrically conductive or thermally
conductive (a detailed classification of lubricants is shown in Figure 3) [75]. Thermally
conductive lubricants are formulated to enhance the transfer of heat. When two mating
surfaces come in contact produces a high temperature (more than 300 ◦C). The resultant
high temperature breakdowns the lubricants, but the resulting compounds must be lubri-
cants to avoid the occurrence of corrosion or abrasion of mating surfaces [62]. The thermal
conductivity of the lubricant materials enables the contacting materials to dissipate heat
generated by rubbing [8]. They contain components that improve the lubricant’s capacity
to dissipate heat, such as thermally conductive additives such as ceramic particles (such
as aluminum oxide, and boron nitride) or metallic fillers (such as silver, and copper) [76].
These additives enhance the lubricant’s thermal conductivity, enabling it to effectively
transmit heat away from lubricated surfaces. When heat generation is a concern, such
as in electric motors, power electronics, heat sinks, or LED lights, thermally conductive
lubricants are utilized. These lubricants help maintain ideal operating temperatures, avoid
overheating, and increase the lifespan of the lubricated components by promoting efficient
heat dissipation [77].
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Electrically conductive lubricants are designed to ease the flow of electric current.
They have conductive additives such as metallic particles (silver or copper) or carbon-
based substances (such as graphite or carbon nanotubes) that help the lubricant forming
a conductive network [41]. After the inclusion of additives, the lubricant can function as
an electrical conductor. When working with electrical contacts, connections, switches, or
grounding points, lubricants that conduct electricity are frequently employed. Electrically
conductive lubricants have a staggering potential for electric vehicle (EVs) lubrication.
Even if electric vehicles (EVs) are quite energy efficient, there is a challenge to enhance
their efficiency even more [68,78]. These lubricants are used to reduce the friction in
gears and bearings and to prevent copper corrosion and to cool the electric motor of
EVs [74]. These guarantee appropriate electrical continuity, lower resistance, and guard
against problems such as electrical arcing and static charge buildup. In fields including
electronics, electric vehicles, automotive, aerospace, and power generation these lubricants
are frequently used [79]. Recently, electric vehicles (EV) and electric hybrid vehicles
(EHV) are attracting enormous attention. Yan Chen and their group reviewed the current
requirements and the future proposal of advanced lubricants for EVs, and EHVs [41].
Even then, conventional lubricants for internal combustion engine vehicles (ICEVs) are
utilized in EVs with reasonable performance; however, these fluids have not been produced
specifically for the evaluation of EV needs [80]. Many different types of lubrication is
used to reduce friction: metallic lubrication, soft metals, ionic grease lubrication, and ionic
liquid lubrication.

2.1. Metallic Lubrication

To reduce friction and wear between metal surfaces by using metallic materials or
compounds as lubricants or lubricant additives is termed as Metallic lubrication. It can
withstand higher temperatures and pressures than organic lubricants and are more resistant
to oxidation and degradation by providing excellent boundary lubrication that occurs when
the metal surfaces come into direct contact inorganic anion [81].

In this paper we have collected several types of metallic lubricants including solid
lubricants and lubricants additives Cu-based composites (Cu-Sn-Al- Fe-h-BN graphite-
SiC) and Ni-P-h-BN alloy. The COF and WR of Cu-based composites (Cu-Sn-Al- Fe-h-BN
graphite-SiC), at 25 ◦C are approximately 0.5 and 1.3 × 10−5–4.3 × 10−5 mm3 N−1 m−1,
respectively [82]. Again, The COF and WR of Ni-P-h-BN alloy at 25 ◦C are 0.2 and
1.24 × 10−6 N−1 m−1 [83]. So, in alloy composition, when the number of metal is low, the
value of COF and WR is low. That means the tribological properties are improved.

2.2. Soft Metals

In Table 1, we can see various soft metals, such as silver, tin, and lead, as self-lubricating
films on hard substrates due to their low melting temperatures and shear strength. These
soft metals can form a shear-simple tribo-layer and exhibit increased ductility, providing
lubrication through mechanisms such as the correction of microstructural faults during
sliding. While soft metals such as zinc, lead, tin, and their alloys with low melting points
and multi-slip systems are effective for low-temperature and lightly loaded conditions,
metals such as silver, gold, and platinum have low hardness and high melting temperatures,
limiting their lubricating capabilities. However, coatings of binary alloys such as Sn-Co or
ion-plated lead coatings have been developed as alternatives to hard chromium coatings in
tribological applications. In recent developments, various techniques and multi-layered
approaches involving metals such as Al/Cu/Fe/Cr, Cu/Mo, Zn/W, Ni/Ti, and Au/Cr
have been used to create films for tribological applications in turbomachinery parts, fretting
interfaces, seals, and bearings, operating at temperatures up to 580 ◦C. Table 1 displays
the tribological behavior of materials that self-lubricate and contain soft metals. The use
of different soft metals helps to increase the tribological performance of solid lubricants.
From Table 1, we can see Ta-Ag materials where Ag as a soft metals at 6000 C the COF of
Ta-Ag alloy is 0.2 and the wear resistance is 5.2 × 10−5. Additionally, for TiN-In alloy the
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COF is 0.5 and WR is 5.2 × 10−5. For Ni-Cr/Cr3C2-NiCr/h-BN at 20 ◦C, the COF and WR
are 0.65 and 5.3 × 10−5 N−1 m−1, respectively.

Table 1. Tribological data of different conductive solid lubricants.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

B4C-h-BN Solid High loads and
high-speed application 0.591–0.321 2.07 × 10−5–1.94 × 10−4 N−1 m−1 [62]

Cu-based composites
(Cu-Sn-Al-Fe-h-BN
graphite-SiC)

Metallic High-temperature
application ~0.5 1.3 × 10−5–4.3 × 10−5 mm3 N−1 m−1 [62]

5% Graphite Solid

A mechanical seal’s
rubbing component,
an electrically
conducting motor,
and generator brushes.

0.2 0.0002 mm3/Nm [84]

Molybdenum
diselenide (MoSe2) Solid

Optical sensors,
biosensors,
electrochemical
biosensors

0.039 5 × 10−6 mm3/Nm [85]

Molybdenum
disulfide (MoS2) Solid Satellites and

the space shuttle 0.075 4.78 × 10−5 mm3 N−1 m−1 [86]

Ni-P-h-BN Solid
Relay and
switch contacts,
threaded parts

0.2 1.24 × 10−6 N−1 m−1 [62]

Ni-Cr-W-Mo-Al-
Ti-h-BN-Ag Solid Sleeve bearings, and

metal-forming dies 0.37 7 × 10−4 N−1 m−1 [62]

Ni-Cr/Cr3C2-NiCr/h-BN Solid

Aerospace,
automotive, power
generation, industrial
machinery,
metalworking

0.65 5.3 × 10−5 N−1 m−1 [62]

Ni-P-h-BN alloy Metallic

Engine components,
transmission systems,
and bearings, aircraft
engines, landing gear,
and actuation systems

0.2 1.24 × 10−6 N−1 m−1 [62]

NiMoAl-6Al2O3-10Ag Solid Seals, gears, bearings 0.53 1.47 × 10−5 mm3/Nm [87]

NiMoAl-Ag Solid Space mechanics,
preventing rust 0.3 4.64 × 10−5 mm3/Nm [88]

5%
Polytetrafluoroethylene
(PTFE)

Solid

Mechanical
components in
companies such as
GE Aircraft Engine,
Pratt & Whitney,
and Rolls Royce

0.1904 1.605 × 10−5 mm3/Nm [89]

Ta-Ag alloy Solid
Spacecraft,
high-temperature
application

0.2 5.2 × 10−5 mm3/Nm [62]

TiN-In alloy Solid Metal-forming dies 0.5 5.2 × 10−5 N−1 m−1 [62]
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2.3. Ionic Grease Lubrication

Ionic grease is type of specialized lubricant that is generally electrical conductive
containing conductive particle or additives that allow the grease to conduct electricity
with reducing friction; it is primarily used in electrical and electronics application. Grease
is often use with ionic liquids as additives. Ionic liquids have been demonstrated as ef-
fective additives to promote lubrication in base oils and greases. Using benzotriazole
group grafted imidazolium IL as additive in poly (ethylene glycol) (PEG) and polyurea
grease, which effectively reduced friction/wear of steel pairs that outperforms commercial
zincdiakyldithiophosphate-based additive (T204). Synthesizing lubricating grease by us-
ing 1-octyl-3-methylimidazolium hexafluorophosphate and 1-octyl-3-methylimidazolium
tetrafluoroborate as base oil and the polytetrafluoroethylene as thickener to reduce fric-
tion and wear on steel/steel contacts. In Table 2, we have used several types of ionic
grease lubricants such as [Li(PAG)]BF4 grease, [Li(PAG)]PF6 grease, [Li(PAG)]NTf2 grease,
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide (L-F106). For example,
in Table 2, we can see for [Li (PAG)]PF6 grease the COF becomes 0.092 and also for
[Li(PAG)]NTf2 grease the COF becomes 0.095. Thus, the COF and wear resistance is
increased after using conductive particles as additives.

Table 2. Tribological data of different conductive semisolid lubricants.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

Attapulgite-based grease Grease High-temperature applications,
water resistance. 0.132 Wear volume 9/10−4 mm3 [90]

Attapulgite with
1-butyl-3-methylimidazolium
hexafluorophosphate [L-P104]

Grease Thixotropic additive,
rheology modifier 0.128 Wear volume 0.8/10−4 mm3 [90]

Attapulgite with
1-hexyl-3-methylimidazolium
hexafluorophosphate [L-P106]

Grease Anti-wear agents, EP
(extreme pressure) additives 0.1255 Wear volume 0.67/10−4 mm3 [90]

Attapulgite with
1-octyl-3-methylimidazolium
tetrafluoroborate [L-B108]

Grease Automotive engines, industrial
machinery, and oven equipment 0.128 Wear volume 0.55/10−4 mm3 [90]

Bentone-based grease Grease
Bearings, gears, slides, bushings,
marine environments, and wet
processing industries

0.128 Wear volume 2.5/10−4 mm3 [90]

Bentone with
1-butyl-3-methylimidazolium
hexafluorophosphate [L-P104]

Grease
Outdoor equipment, and
other conditions where
moisture is present

0.128 Wear volume 1.7/10−4 mm3 [90]

Bentone with
1-hexyl-3-methylimidazolium
hexafluorophosphate [L-P106]

Grease

Gearboxes, bearings, it is
useful in applications where
grease consistency and
adhesion are important

0.1275 Wear volume 1.2/10−4 mm3 [90]

Bentone with
1-octyl-3-methylimidazolium
tetrafluoroborate [L-B108]

Grease

Bearings, gears, and slides,
construction and mining
equipment, against harsh
conditions, water exposure

0.1275 Wear volume 1.5/10−4 mm3 [90]

2% Boron nitride (BN) grease Semiconductor, aerospace
and aviation, vacuum 0.19 Wear scar width 0.375 mm [10]
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Table 2. Cont.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

1% Carbon nano-additives
in grease Grease

Tribological coatings, aerospace,
automotive, and heavy machinery,
brushes, gears, bearings

0.022 Wear scar diameter 0.24 mm [91]

1-dodecyl-3-
methylimidazolium
hexafluorophosphate
([C12mim][PF6])

Grease Surface coating, lubrications 0.09 Scratch width 0.226 mm [92]

1-dodecyl-3-
methylimidazolium bis
(trifluoromethanesulfonyl)
imide ([C12mim][NTf2])

Grease

High-temperature lubrication,
extreme pressure (EP)
lubrication, anti-wear and
anti-friction coatings

0.12 Scratch width 0.225 mm [92]

1-ethyl-3-methyl imidazolium
hexafluorophosphate (L-P102)

Ionic
grease

Batteries, super capacitors,
and electrolytes 0.093 Wear volume 0.55 µm2 [93]

1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)
amide (L-F106)

Ionic
grease

Automotive, industrial,
or machinery applications 0.071 Wear volume 0.56 µm2 [93]

Lithium complex grease
(LCG) with 3% MoS2

Grease

Aerospace and defense, mining
and construction equipment,
automotive, hinges, gears, and
aircraft, spacecraft, and defense

0.17 Wear volume 9/10−4 mm3 [94]

Lithium conductive grease Grease
Semiconductor manufacturing,
antistatic applications,
EMI/RFI shielding

0.12 Wear widths 0.375 (mm) [95]

[Li(PAG)]BF4 grease Ionic
grease

Wheel bearings, chassis parts,
and universal joints 0.09 Wear volume 0.58 µm2 [93]

[Li(PAG)]PF6 grease Ionic
grease Gearboxes, bearings, and slides 0.092 Wear volume 0.56 µm2 [93]

[Li(PAG)]NTf2 grease Ionic
grease

Aerospace, defense, or marine,
where high-performance
lubrication is required

0.095 Wear volume 0.65 µm2 [93]

2% Niobium selenide (NbSe2) Grease
Extreme pressure (EP)
lubrication, anti-wear
and anti-friction coatings

0.18 Wear scar width 0.35 mm [10]

Polyalkylene glycol (PAG) Grease

Pumps, fans, and
conveyors excavators,
loaders, wind turbines,
marine bearings, propellers

0.121 Wear width 0.33 mm [96]

Polyalkylene glycol (PAG) Grease

Aerospace industry,
spark plug threads, ignition
systems, electrical connectors,
furnaces, ovens

0.119 Wear width 0.31 mm [96]

Polyalkylene glycol (PAG) Grease
Packaging industry, paper
manufacturing, printing
industry, textile industry

0.111 Wear width 0.325 mm [96]
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Table 2. Cont.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

Polyurea grease (PG) Grease Pumps, motors, conveyors, and
bearings, universal joints 0.175 Wear volume 4.7/10−4 mm3 [94]

Polyurea grease (PG)
with 3% MoS2

Grease Pumps, gears, and bearings,
pins, loaders, bulldozers 0.225 Wear volume 3.75/10−4 mm3 [94]

Polyurea grease (PG) with
3% Pentaerythritoltetrakis
(diphenyl phosphate) (PDP)

Grease
Large gears, bearings,
open gears, and heavily
loaded sliding surfaces

0.10 Wear volume 0.5/10−4 mm3 [94]

Polyurea grease (PG) with
3% trimethylolpropane
tris(diphenyl phosphate) (TDP)

Grease
Aviation and aerospace,
automotive industry, robotics,
defense, power generation

0.125 Wear volume 0.6/10−4 mm3 [94]

Polyalkylene glycol (PAG) Grease
Battery separators,
adsorbents, aerospace,
automotive, sports equipment

0.062 Wear width 0.032 mm [97]

2.4. Ionic Liquid Lubrication

Ionic liquids (ILs) consist of large, asymmetric organic cations and usually an inorganic
anion [81]. Ionic liquid lubricant has high thermal stability, low volatility, reduce friction,
nonflammability, low melting point and good at stability. It has been discovered that the
most significant mechanism controlling the molecular behavior of ionic liquids in the gap
in the dynamic state is their contact with the solid wall. So, the use of ionic lubricant as
boundary is getting more and more.

Liu et al. [98] indicates that, in alcohol-based ionic liquid with the increase in alkyl
chains, the wear resistance and friction reduction properties of the liquids were improved.
As a comparison, in Table 3, the wear scar of 1- ethyl-3-hexylimidazolium tetrafluorobo-rate
(L206) and 1-ethyl-3-octylimidazolium tetrafluorobo-rate (L208) is 0.30 mm and 0.27 mm,
respectively. Again, COF and WR of 1-octyl, 3-methyl (L106) and 1-octyl, 3-methyl (L108)
at 100 ◦C are, 0.08, 0.04 and 7.27 × 10−4 mm3/m, 5.22 × 10−4 mm3/m, respectively. So, the
wear resistance and friction reduction properties of the liquids were improved [98].

Acid-based ionic liquids improved the anti-corrosion. Additionally, act as a good
lubricant. Wang et al. [99] indicates that, with the increase in alkyl chain length, the
COF of the acid-based ionic liquid gradually decrease. As a comparison, in Table 3, the
COF of choline-based lauric acid ([Ch][DA], choline-based palmitic acid ([Ch][PA]) and
choline-based stearic acid ([Ch][SA]) is 0.35, 0.30 and 0.11, respectively.

Table 3. Tribological data of different conductive liquid lubricants.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

Automatic transmission fluid
(ATF) with 1%
N-hexyl-N-methylpiperidinium
bis(2-ethylhexyl)phosphate
([P6,6,6,14][BEHP]) at load 5N

Ionic liquid Power steering systems 0.15 Wear volume 1.9 µm3 [100]

Choline-based stearic acid ([Ch][SA]) Ionic liquid

Industrial lubrications,
bio-based
lubricants, automotive
lubrication, aerospace

0.11 Wear volume is
11 × 10−4 mm3 [99,101,102]
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Table 3. Cont.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

Choline-based palmitic acid ([Ch][PA]) Ionic liquid

Metalworking and
cutting Fluids, forming
and stamping,
anti-seize and
assembly lubrications

0.30 Wear volume is
14 × 10−4 mm3 [99,102,103]

Choline-based lauric acid ([Ch][DA]) Ionic liquid
Metalworking and
cutting fluids,
industrial lubrication

0.35 Wear volume is
9 × 10−4 mm3 [99,102]

Combination of black carbon and
1% alkyl-phosphonium-based IL
trihexyltetradecyl-phosphonium
docusate ([p66614][DOC]-[CB])

Ionic liquid
Bearings and electrically
loaded bearings,
self-lubrication

0.55 Wear volume
0.05 mm3

[7]
Combination of carbon nanotubes
and 1% alkyl-phosphonium-based IL
trihexyltetradecyl-phosphonium
docusate ([p66614][DOC]-[CTN])

Ionic liquid

To improved creep
resistances and strength,
applied in electrically
loaded bearings,
self-lubricating

0.59 Wear volume
0.059 mm3

1,2-dimethyl-3-propylimidazolium
tetrafluoroborate ([C2C6im]BF4) Ionic liquid

Metalworking and
cutting fluids, corrosion
protection, electrical
contacts, energy storage
systems, applicable
in industries such
as aerospace
and automotive

0.07 0.05/10−4 mm [66]

1-ethyl-3-hexylimidazolium
tetrafluoroborate (L206) Ionic liquid Used in gears,

bearings, and chains 0.039 Wear scar 0.30 mm [98]

1-ethyl-3-octylimidazolium
tetrafluoroborate (L208) Ionic liquid

Used as electrolytes,
used in gears, bearings,
and chains

0.039 Wear scar 0.27 mm [98]

1-ethyl-3-hexylimidazolium-
bis(trifluoromethylsulfonyl)-imide
(L-F206)

Ionic liquid Pump, membranes 0.08 Wear volume
0.1 × 10−4 mm3 [104,105]

1-ethyl-3-hexylimidazolium
tetrafluoroborate (L-B206) Ionic liquid Aviation, space technology,

automobile industry 0.045 Wear volume
0.2 × 10−4 mm3 [104,106]

1-hexyl-3-methylimidazolium
tetrafluoroborate ([hmim][PF6]) Ionic liquid

Tribological applications,
electrical contacts, gears,
bearings, and chains

0.056 1.8 × 1010 mm3/mm [107]

1-hexyl-3-
methylimidazoliumhexafluorophosphate
([hmim][BF4])

Ionic liquid
Applied for separation of
organic compounds,
electrochemical cells

0.048 2.4 × 1010 mm3/mm [107]

Motor oil SAE 30 with 0.3% Cu additive liquid
High-temperature
applications, marine and
aerospace applications

0.023 Wear path is 33 m [108,109]

1-octyl, 3-methyl (L106) at 100 ◦C Ionic liquid

High-temperature
turbine and
space applications,
solar energy

0.08 7.27 × 10−4 mm3/m [110,111]

1-octyl, 3-methyl (L108) at 100 ◦C Ionic liquid Automotive lubrication,
electrical contacts 0.04 5.22 × 10−4 mm3/m [110]
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Table 3. Cont.

Lubricants Lubricant
Material Application Tribological Behavior Ref.

COF WR

Polyethylene glycol (PEG)-based
1-ethyl-3-methylimidazolium
cations (([C1imC10imC1]) and
bis(trifluoromethylsulfonyl)imide
anions (NTf2)
[2,2′-methyl-[C1imC10imC1](NTf2)2])

Ionic liquid

Lubricants and tribology,
biocompatible lubricants,
energy storage systems,
extraction and separation
processes, green
chemistry and catalysis

0.12 1 × 10−8 mm3/Nm

[66]
Polyethylene glycol (PEG)-based
1-ethyl-3-methylimidazolium
cations ([C1imC10imC1]) with
methyl substitution

Ionic liquid

High-temperature
lubrication,
metalworking and
cutting fluids,
corrosion protection

0.13 25 × 10−8 mm3/Nm

Polyethylene glycol (PEG)-based
1-ethyl-3-methylimidazolium cations
([C1imC10imC1]) with methyl substitution
at the 2 and 2′ positions, and
tetrafluoroborate anions (BF4-)
([2,2′-methyl-[C1imC10imC1](BF4)2])

Ionic liquid
Electrical contacts,
corrosion protection,
lubricants and tribology

0.11 6 × 10−8 mm3/Nm

3. Enhancing Conductivity of Lubricants

A base oil, which might be synthetic or petroleum based, and numerous additives
are the main components of conductive lubricants. The conductivity of the conductive
lubricants can be enhanced by including conductive additives with the base lubricants.
These additives offer extra lubricating properties such as anti-wear, resistance to extreme
pressure, and corrosion prevention. Table 4 shows the additive list used to enhance
the tribological behavior of conductive lubricants along with the base lubricants, the
concentration of additives, and their mechanism. The list of additives that enhanced
thermal conductivity and electrical conductivity are also tabulated in Table 5 and Table 6,
respectively. The friction and wear in mechanical systems can be reduced by adding
nanoparticles to lubricants. Nanotechnology is recognized as the most transformative
technology of the twenty-first century due to the extraordinary tribological features of
nanoparticles. Various nanoparticles have lately been researched for usage as lubricant
additives [112], such as, carbon nanomaterials, metallic nanomaterials (including, Ag, Cu,
Ni and Mo) and metal oxide nanomaterials.

3.1. Carbon Nanomaterials

Arrangements of carbon atoms in various structural forms at the microscopic level
make up a variety of materials known as carbon nanomaterials. They include carbon
nanotubes (CNTs), graphene, fullerenes, carbon nanofibers, and carbon nanoparticles.
Because of their vast range of morphologies, exceptional corrosion resistance, excellent
mechanical behaviors, and high thermal conductivity of carbon materials, these materials
have been the subject of intensive research in the fields of optics, electrochemistry, mechan-
ics, and tribology for many years. Additionally, carbon nanomaterials with outstanding
electrochemical features include zero-dimensional (0D) fullerenes, one-dimensional (1D)
carbon nanotubes (CNTs), two-dimensional (2D) graphene, and three-dimensional (3D)
nanodiamonds [113,114]. This different formation of carbon nanomaterials helps to in-
crease the tribological performance as additive in lubricant and rheological performance
has improved of the lubricant [115]. As a comparison, in Table 4, the COF of 5% graphite is
0.2 and wear rate is 0.0002 mm3/Nm. According to the Lee et al. [116], with raw lubricant,
when 0.1% graphite nanoparticle and 0.5% graphite nanoparticle are used, the COF is re-
duced from 0.038 to 0.011 and 0.009, respectively. Cu-based composite Cu-Sn-Al- Fe-h-BN
graphite-SiC, which has a graphite-SiC additive has a lower COF and wear rate. Which is
approximately 0.5 and 1.3 × 10−5–4.3 × 10−5 mm3 N−1 m−1, respectively. In Table 4, when



Lubricants 2023, 11, 331 14 of 33

1% Carbon nano-additive is used with grease the COF becomes 0.022 and wear scar diame-
ter becomes 0.24 mm. On the other hand, Table 3 shows that 1% alkyl-phosphonium-based
IL trihexyltetradecyl-phosphonium docusate with black carbon as additives reduced its
COF and wear. They become 0.55 and wear volume 0.05 mm3, respectively. Additionally,
again, 1% alkyl-phosphonium-based IL trihexyltetradecyl-phosphonium docusate with
carbon nanotubes as additives reduced its COF to 0.59 and wear volume to 0.059 mm3.

Another name for the lubricating material hexagonal boron nitride is white graphite.
It offers lubrication through lamellar sliding along the basal plane, making it suitable
for high-temperature and humid conditions due to its improved thermal stability and
oxidation resistance. However, compared to graphite or molybdenum disulfide (MoS2),
h-BN performs less effectively in tribological tests due to stronger van der Waals forces
between its layers. Nevertheless, when added to lubricating oil or water or impregnated
into porous surfaces as micro-particles, h-BN can enhance the tribological performance of
composites and ceramics. The coefficient of friction for h-BN in normal air ranges from 0.2
to 0.25, which decreases to less than 0.1 in humid air. At ambient temperature, h-BN has
a relatively high coefficient of friction, but it decreases to 0.15 at 600 ◦C. The addition of
h-BN to certain materials, such as silicon nitride, stainless steel, aluminum oxide, titanium
diboride, and boron carbide, improves their tribological properties at high temperatures
due to h-BN’s oxidation resistance and chemical stability. Generally h-BN is used enhance
the tribological performance of solid lubricants. From Table 1, we can see several uses
of h-BN with solid lubricants such as B4C-h-BN. The COF of B4C-h-BN is ranging from
0.591–0.321 after using h-BN. Additionally, for Ni-P-h-BN coating, At room temperature,
Ni-P-35 vol.% h-BN autocatalytic composite coating exhibits a 106 mm3/(Nm) wear rate
and a 0.2 friction coefficient when applied to an AISI52100 steel ball. At 360 ◦C, sliding
against paired 15-5PH stainless steel cylinders lowered the friction coefficient from Ti-alloys
to Ti-h-BN from 0.72 to 0.35. The wear resistance of Ni-Cr-W-Mo-Al-Ti-h-BN-Ag becomes
7 × 10−4 N−1 M−1.

3.2. Metallic Nanomaterials

Metallic nanoparticles are tiny particles of metal that have dimensions in the nanometer
range (typically between 1 and 100 nanometers). Metallic nanoparticles (including, Ag,
Cu, Ni and Mo) have various distinctive benefits. (1) By being physically pressed and/or
smeared into the contact area, they can create layers that contain nanoparticles that are softer
and more compliant. This layer facilitates deformation and faster running-in with greater
conformal contact, resulting in reduced asperity contact pressure and shear resistance
under lower friction. In addition, they provide a cushion that absorbs some of the asperity
collision force, lowering noise. (2) They can contribute to the development of tribal films
in two different ways: through tribochemical processes or by serving as a source of metal
cations [117].

The presence of silver nanoparticles forms a protective boundary film, reducing
metal-to-metal contact and enhancing the lubrication performance. They exhibit excellent
anti-friction and anti-wear properties, reducing friction and preventing wear between
sliding surfaces. Because of its advantageous environmental effects, chemical stability, low
shear strength, accurate embed ability, ductility, and significant potential for enhancing
friction reduction and anti-wear properties, silver nanoparticles received a great deal of
attention [117]. Because of this, several researchers have tried to employ silver nanoparti-
cles as lubricant additives to enhance the lubrication performance of base fluids, notably
oil-based lubricants. In Table 1, when Ag is used in NiMoAl-6Al2O3 as additives, the COF
and WR becomes 0.53 and 1.47 × 10−5 mm3/Nm, respectively. Again, when Ag is used
in NiMoAl as additives, the COF and WR becomes 0.3 and 4.64 × 10−5 mm3/Nm, respec-
tively. Silver with titanium improves the lubricity of titanium. The COF and WR of Ti-Ag
alloy is 0.2 and 5.2 × 10−5 mm3/Nm. When Ag is used with Ni-Cr-W-Mo-Al-Ti-h-BN,
its improved the tribological property of this composite. The COF and the WR become
7 × 10−4 N−1 m−1, respectively.
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For PAG, there is a variation in the tribological property of PAG when we use different
metals as additives, such as Cu, Ag and Sb. According to Table 2, when we use 0.2% Cu
with PAG, the COF is 0.121 and wear width is 0.33 mm. However, when we use 0.2% Ag
with PAG, the COF becomes 0.119 and wear width 0.31 mm. On the other hand, when
we use 0.2% Sb-doped SnO2 (AOT) with PAG, the COF becomes 0.111 and wear width
0.325 mm.

MoS2 is another metallic additive. It is also help to improve the tribological behavior of
lubricant. Table 2 shows that the wear volume of PG is 4.7/10−4. However, when 3% MoS2
is used as additive, the wear volume becomes 3.75/10−4 mm3. This is how a lubricant can
show different tribological properties with the change in different metal additives.

3.3. Metal Oxide Nanomaterials

Metal oxide refers to a compound that consists of a metal element bonded with oxy-
gen atoms. It is formed when a metal reacts with oxygen, resulting in the formation of a
chemical compound composed of metal cations and oxide anions. Metal oxides are widely
found in nature and can also be synthesized through various chemical processes. In order
to decrease friction and wear, metal oxides are often employed alone or in combination
as lubricant additives in base fluids. They display lubricating processes that are compa-
rable to those of metallic nanoparticles, such as tribo-film or adsorption film creation, the
rolling effect, and the repair or sintering effect. The single and double metal oxides are
covered in detail in this section [117]. In Table 1, a single metal oxide, Al2O3 is used with
NiMoAl-Ag. It improved the tribological performance of NiMoAl-Ag. Without Al2O3,
the COF of NiMoAl-Ag is 4.64 × 10−5 mm3/Nm. However, with Al2O3, the COF of
NiMoAl-Ag becomes 1.47 × 10−5 mm3/Nm.

Table 4. List of additives used to enhance the tribological behavior of conductive lubricants.

Lubricants Additives
Additives
Concentration Testing Method

Tribological Properties

Ref.Coefficient
of Friction Wear Rate

Polyalphaolefin
oil (PAO) SWNT 0.5 wt%

Block on ring test
apparatus UMT-3
at 200 rpm, load
300 N, contact
pressure 220 MPa

0.034 7790 µm2

scar area
[118]

Polyalphaolefin
oil (PAO) MWNT 0.5 wt%

Block on ring test
apparatus UMT-3,
at 200 rpm, load
300 N, contact
pressure 220 Mpa

0.013 7151 µm2

scar area
[118]

PEG200 oil Reduced graphene
oxide 0.2 mg mL−1

Ball-on-disc
nano-tribometer.
Load 500 mN

0.06 [30]

Esterified bio-oil Graphene/MoS2
mass ratio 3:2 0.5 wt%

MQ-800 four-ball
tribometer test. At
load 300 N, 1000 rpm

0.017
Wear scar
diameter
0.43 mm

[119]

10 W40
engine oil

(Zinc oxide)
ZnO/MWCNTs
(multiwalled carbon
nanotubes) hybrid
nanomaterial
mix 3:2

0.25 wt%

Ball-on-disk tribotester,
linear reciprocating. Load
35 N. Engine oil contains
hybrid nanomaterials of
zinc oxide and MWCNTs

0.044 Wear volume
0.09 mm3 [120]

Hydraulic oil
Graphene oxide
sheets include
regular edges (RG)

1 wt%

Reciprocating tribometer
(UMT-3) in ball on
disk mode. 2 N of
load at 0.5 Hz

0.0614 Wear scar depth
0.151 µm [31]
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Table 4. Cont.

Lubricants Additives
Additives
Concentration Testing Method

Tribological Properties

Ref.Coefficient
of Friction Wear Rate

water

Functionalized
graphene oxide
(ILCAs-GO) using
1-hydroxyethyl-3-
methyl imidazole
tetrafluoroborate

0.8 mg/mL

CETR UMT-3
multi-function sliding test.
For 5 N Load. In water,
graphene oxide was
functionalized by
hydroxyl-terminated
ionic liquids

0.172 Wear volume
0.6 × 105 mm3 [121,122]

Aviation
Lubricant
(4010 AL)

Graphene 0.075 wt%

Four-ball tester. Ceramic
Si3N4/steel GCr15
tribo-pairs. Activate 392
N and 1450 rpm.

0.068 Wear scar depth
0.516 µm [123]

BS6500 oil Bi 7–65 nm 900 mg/L
Four ball tester at
1200 rpm, 392 N,
75 ◦C, and 30 min

0.052 454 µm scar
diameter [124]

Teboil Ward and
Chevron Taro
30 DP 40

Cu 3 wt%
Pin-on-disk tribometer,
0.02 mm/s, load
0.1–180 mN, 75 ◦C

0.11 0.018 mg
wear signal [125]

SAE 10 mineral oil Co 0.5 wt%
Four ball tester at
1420 min−1, load 150 N,
75 ◦C, 60 min

Wear scar
diameter 0.54 mm [32]

Base oil Al2O3 0.1 wt% Four ball tester at 147 N,
1450 rpm, 75 ◦C, 30 min 0.057

Wear scar
diameter
348.09 µm

[126]

Mineral oil
Nano-sized
titanium dioxide
(TiO2)

0.25 wt%
Reciprocating
pin-on-disk at 0.05 m/s,
load 14.7 N, 30 min

0.09 [25]

Pure lubricant oil ZnAl2O4—95 nm 0.1 wt%
Four ball tribometer at
147 N, 1450 rpm,
348 K, 1800 s

0.0643
Wear scar
diameter
257.05 µm

[127]

API SL/CF 10W-40
engine oil FeS 2 wt%

Pin-one-disc system
at load 50 N,
150 rpm, 20 min

0.018 [128]

Blend of PAO 4 and
PAO 40 IF-MoS2 1 wt%

High frequency
reciprocating rig (HFRR)
at load 10 N, 80 ◦C

0.06 Wear scar depth
1.2 µm [129]

Dioctylsebacate
(DOS) MoS2 50–100 nm 2 wt%

Reciprocating
ball-on-disc tribometer
at load 7.84 N, 0.1 m/s,
60 ◦C, 75 min

0.095
Wear scar
diameter
220 µm

[130]

Paraffin oil

Nanocomposite of
Ag and Graphene
(with laser
irradiation) 56 nm

0.1 wt% Four ball tribometer at
392 N, 1200 rpm, 30 min 0.061

Wear scar
diameter
0.496 mm

[26]

10w40 engine oil
Nano-
Ag/MWCNTs
5–15 nm

0.18 wt%

Four-ball machine
operating at 392 N,
1200 RPM, 75 ◦C,
and 60 min

0.053
Wear scar
diameter
0.35 mm

[27]

Engine oil for
Diesel engine
(CD 15W-40)

185.96 nm layered
double hydroxide
(LDH)-la-doped
Mg/Al

100 mL of oil with
0.5 g of LDH

Four ball tester at 392 N,
1200 rpm, 60 min 0.093 [33]
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Table 5. List of additives used to enhance the thermal conductivity of lubricant materials.

Lubricants Additives Additives
Concentration Method

Thermal
Conductivity
(W/mK)

Ref.

Polyalphaolefin oil (PAO) SWNT 11.60 wt%

Hot DiskTM thermal constants analyzer,
0.0471/K TCR, kapton disk type.
Temperature range between
100 ◦C and 177 ◦C.

0.26 [131]

Polyalphaolefin oil (PAO) MWNT 19.00 wt%

Hot DiskTM thermal constants analyzer,
0.0471/K TCR, kapton disk type.
Temperature range between
100 ◦C and 177 ◦C.

0.27 [131]

SAE 20 W50 engine oil MWCNTs 0.1 wt%
KD2-Pro equipment for analyzing the
thermal properties and transient hot wire
system at temperature 20 ◦C.

0.19 [132]

Diesel oil (DO) Surfactant oleic
acid -MWCNT 0.5 wt%

KD2 Pro thermal analyzer. All samples’
thermal conductivity was measured four
times, with the findings being reported as
an average. Temperature range
between 5 ◦C and 100 ◦C.

0.293

[133]

Diesel oil (DO) Hexylamine
-MWCNT 0.5 wt%

Thermal tester KD2 Pro. Four
measurements were made to determine
the thermal conductivity of each sample,
and the average amount of data is
presented at 80 ◦C.

0.321

TIM
silicone grease MWCNTs 2–3 µm in Strong

acid/base

T-type thermocouples at 0.05 ◦C,
10 Kpa contact pressure, two copper
plates and the heat flux, the equivalent
thermal conductivity and resistance
of the composites.

4.267 [134]

Krytox XHT750 Helix MWNT 15 wt%

Hot Disk™ thermal constants analyzer:
3.189 mm sensor radius,
6 mm measurement depth, room
temperature, 0.012 W power, 10 s,
0.0471/K TCR, and Kapton disk
type. temperature range between
16.85 ◦C and 86.85 ◦C.

0.19 [135]

PAO Durasyn 166 MWNT-OH 7.5 wt%

Hot Disk™ thermal constants analyzer:
Measurement parameters: room
temperature, 6 mm measurement depth,
0.012 W power, 10 s duration, 3.189 mm
sensor radius, 0.0471/K TCR, and Kapton
disk type, temperature range between
16.85 ◦C and 86.85 ◦C.

0.31 [135]

Durasyn 166 PAO Pr-24-XT-HHT
CNF Pyrograf 10 wt%

Thermal constants analyzer Hot DiskTM:
6.18 mm measurement depth, room
temperature, 0.012 W power, 10 s,
3.189 mm sensor radius, 0.0471/K TCR,
Kapton disk type, temperature range
between 16.85 ◦C and 86.85 ◦C.

0.68 [135]

Petro-Canada N650HT

IMERYS Su-per
65 Carbon Black,
0.75 weight percent,
MWNT-OH

6.8 wt%

Hot Disk™ thermal constants analyzer:
3.189 mm sensor radius,
6 mm measurement depth, room
temperature, 0.012 W power, 10 s,
0.0471/K TCR, and Kapton disk type,
temperature range between
16.85 ◦C and 86.85 ◦C.

0.30 [135]
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Table 5. Cont.

Lubricants Additives Additives
Concentration Method

Thermal
Conductivity
(W/mK)

Ref.

ROYCO 808 MWNT-OH 7.5 wt%

Hot Disk™ thermal constants analyzer:
3.189 mm sensor radius,
6 mm measurement depth, room
temperature, 0.012 W power, 10 s,
0.0471/K TCR, Kapton disk type,
drift, temperature range between
16.85 ◦C and 86.85 ◦C.

0.32 [135]

Ethylene glycol MWNT 12.5 wt%

Hot Disk™ thermal constants analyzer:
Measurement parameters: room
temperature, 6 mm measurement depth,
0.012 W power, 10 s duration, 3.189 mm
sensor radius, 0.0471/K TCR, and Kapton
disk type, temperature range between
20 ◦C and 22 ◦C.

0.38

[135]

MG Chemicals Silicone
Heat Transfer Compound

Pyrograf
Pr-19-XT-HHT
CNF

5 wt%

Thermal constants analyzer Hot DiskTM:
6.18 mm measurement depth, room
temperature, 0.012 W power, 10 s,
3.189 mm sensor radius, 0.0471/K TCR,
Kapton disk type, temperature range
between 20 ◦C and 22 ◦C.

1.70

Discarded silicon oil from a
water bath heater CNF-19 4.9 wt%

Hot Disk™ thermal constants analyzer:
3.189 mm sensor radius,
6 mm measurement depth, room
temperature, 0.012 W power,
10 s, 0.0471/K TCR, and Kapton
disk type, temperature range between
20 ◦C and 22 ◦C.

0.51

NYE 758 G grease CNF-19 5 wt%

Hot Disk™ thermal constants analyzer:
Measurement parameters: room
temperature, 6 mm measurement depth,
0.012 W power, 10 s duration, 3.189 mm
sensor radius, 0.0471/K TCR, and Kapton
disk type, temperature range between
20 ◦C and 22 ◦C.

0.48

Valvoline cerulean grease CNF-19 3.7 wt%

Hot Disk™ thermal constants analyzer:
6 mm measurement depth, room
temperature, 3.189 mm sensor radius,
0.0471/K TCR, Kapton disk type, drift,
0.012 W power, temperature range
between 20 ◦C and 22 ◦C.

0.35

R-134a nano-refrigerant Al2O3 5 wt% Thermal constants analyzer
at 26.85 ◦C. temperature. 0.0985 [136]

R-134a nano-refrigerant Spherical ZnO 10 wt%
KD2 pro thermal analyzer (Decagon
Devices) at Temperature range
between 9.85 ◦C and 33.85 ◦C.

0.095

[137]

R-134a nano-refrigerant Cube ZnO 10 wt%
KD2 pro thermal analyzer (Decagon
Devices) at Temperature range
between 9.85 ◦C and 33.85 ◦C.

0.105

Heat transfer oil Ag—20 nm 0.72 wt%

a Decagon Devices KD2 Pro KS-1 thermal
analyzer. The maximum variance for the
transient hot wire approach is 5.0%. 0.02
to 2.00 thermal conductivity is acceptable
at 99.85 ◦C temperature.

0.165 [138]
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Table 5. Cont.

Lubricants Additives Additives
Concentration Method

Thermal
Conductivity
(W/mK)

Ref.

SAE 20 W50 CuO 0.1 wt%

KD2 Pro equipment for analyzing the
thermal properties and the transient hot
wire system for measuring thermal
conductivity at 20 ◦C temperature.

0.172 [139]

Ethylene glycol (EG) ZnO—30 nm 10.5 wt%

Using a transient hot-wire mechanism, the
thermal conductivities of the nanofluids
were determined with an accuracy of
2–3% and a measurement range of
0.001–20 W/mK, at 55 ◦C temperature.

0.287 [140]

SAE 20 W50 carbon nanoballs
(CNBs)—70 nm 0.1 wt%

The KD2-Pro is used for measuring
thermal conductivity of base oil and
nanofluids. at 20 ◦C temperature.

0.1954

[28]

SAE 20 W50 Fullerene—10 nm 0.1 wt%
Base oils and nanofluids are measured for
their thermal conductivity using the
KD2-Pro. at 20 ◦C temperature.

0.172

Table 6. List of additives used to enhance electrical conductivity of lubricant materials.

Lubricants Additives Additives
Concentration Characterization Method

Electrical
Conductivity
(Ω·cm)

Ref.

Diesel oil (DO) surfactant oleic acid
-MWCNT 0.5 wt% Electrical property analyzer at 80 ◦C 476.3 µS/ cm

[133]

Diesel oil (DO) Hexylamine-MWCNT 0.5 wt% Electrical property analyzer at 80 ◦C 409.2 µS/ cm

Diesel oil (DO)
surfactant oleic
acid-graphene
nanoplatelets

0.5 wt% Electrical property analyzer at 80 ◦C 492.6 µS/ cm

Diesel oil (DO) Hexylamine-graphene
nanoplatelets 0.5 wt% Electrical property analyzer at 80 ◦C 429.9 µS/ cm

Diesel oil (DO)
surfactant oleic
acid-graphene
nanoplatelets/MWCNT

0.5 wt% Electrical property analyzer at 80 ◦C 482.2 µS/ cm

50% Ethylene Glycol,
50% Water MWNT-OH 5.68 wt% Keithley digit multimeter for

electrical resistivity measurement 11.9 [141]

Epoxy with Ag flakes diethylene glycol butyl
ether (DGBE) 2 pph

The four-point probe on a
Keithley 2000 multimeter was
used to gauge the bulk resistance
of the ECA samples.

3.4 × 10−3 [142]

Glycerol MWNT-OH, 3% Cu
(Nano) 4.5 wt% Keithley digit multimeter for

electrical resistivity measurement 178 [141]

Glycerol CNF 12 wt% Keithley digit multimeter for
electrical resistivity measurement 175 [141]

75% Glycerol, 25% Water MWNT-OH 4.5 wt% Keithley digit multimeter for
electrical resistivity measurement 10 [141]

Polyalphaolefin oil (PAO) SWNT 11.60 wt%
Using volume resistivity
test cells provided by Electro-Tech
Systems, Inc.

3000 [131]

Polyalphaolefin oil (PAO) MWNT 19.00 wt% Using volume resistivity
test cells 4000 [131]
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Table 6. Cont.

Lubricants Additives Additives
Concentration Characterization Method

Electrical
Conductivity
(Ω·cm)

Ref.

Polyalphaolefin oil (PAO) Helix MWNT 20 wt% Keithley digit multimeter for
electrical resistivity measurement 2700

[141]

Polyalphaolefin oil (PAO) CNF-MWNT-OH 4.48 wt% Keithley digit multimeter for
electrical resistivity measurement 138

Petro-Canada N650HT MWNT 8.4 wt% Keithley digit multimeter for
electrical resistivity measurement 7880

Petro-Canada N650HT MWNT-OH 7.5 wt% Keithley digit multimeter for
electrical resistivity measurement 22.4

ROYCO 500 MWNT-OH 7.5 wt% Keithley digit multimeter for
electrical resistivity measurement 80

Vaseline oil oleic acid 2 wt%

MTE-3 device, the loads ranged
from 10 to 60 cN, with sliding
velocities between 0.05 and
4.3 mm/s and currents under 1 mA

0.52 Ωm [143]

4. Tribological Behavior of Different Conductive Lubricants

According to the definition, tribology is a physiological investigation of interact-
ing surfaces in motion [144]. The tribological property is mainly configured with COF
(coefficient of friction) and WR (wear rate). Tribological properties can be affected by
different parameters such as concentration, weight, friction, temperature, time, and load.
With the increase or decrease in these parameters, the tribological properties of different
types of lubricant materials can be changed. Tribological behavior affects the conductivity
of lubricant materials. The lubricants usually become more conductive with minimal
tribological behavior.

4.1. Tribological Behavior of Conductive Solid Lubricants

The tribological behavior means COF and WR of conductive solid lubricants represent
the base lubricants along with the additives, lubricant material types, and the application
fields of the lubricants as well. Here, Table 1 summarizes the tribological behavior of
different conductive solid lubricants. In Table 1, 5% graphite at 10 N load possesses COF 0.2
and wear rate 0.0002 mm3/Nm. However, with the increase in graphite content from 5%
to 20% decreases the wear rate considerably [84]. Likewise, the remaining data in Table 1
exhibit the recent progress on tribological behaviors of conductive solid lubricants.

4.2. Tribological Behavior of Conductive Liquid and Semisolid Lubricants

Tables 5 and 6 represent the tribological data of semisolid and liquid lubricants,
respectively. In Table 2, polyalkylene glycol (PAG) with 0.2% Ag grease has higher COF
but lower wear width than polyalkylene glycol (PAG) with 0.2% Sb grease [96]. Choline-
based stearic acid ([Ch][SA]) ionic liquid has lower COF and wear volume than choline-
based palmitic acid ([Ch][PA]) liquid tabulated in Table 3. Similarly, the residual data
presented in Tables 5 and 6 show evolution of tribological data of conductive semisolid and
liquid lubricants.

5. Characteristics of Lubricants for Advance Application

The main component of lubricating fluid is base oil (BO) [41]. Most of the lubricants
first worked as BOs and different additives are included to improve their performance
and conserve energy. BOs and their viscosities are responsible for cooling performance
and additives play crucial roles to enhance the properties of the lubricants for using it in
different dynamic fields [29]. The enhanced properties of the lubricants enable these to be
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used in different advanced fields of application and examples include electric vehicles (EV),
space, and electromagnetic interference (EMI).

Lubricants in EVs need to have a higher level of electrical insulation to prevent arcing
since they direct contact with e-motor and other electrical components of the vehicle [41].
The operating environment for EVs can be tough and include high temperatures, increased
oxidation, and particle abrasion. The lubricants must have consistent, steady dielectric
characteristics to function under these circumstances. Additionally, the lubricant comes
into contact with various materials, which could cause the components to break, swell,
crack, etc. [145]. Due to its excellent electrical conductivity, copper is used for the majority
of these components. Therefore, the lubricant must have high compatibility with copper.
For efficient and durable utilization, there is a specific range for operating temperature for
the electric engine and other electronic components. The lubricants must have a high heat
dissipation rate of up to 180 ◦C [146].

To ensure the dependability, accuracy, and long-term life of numerous movable me-
chanical components, space lubrication design for the aerospace sector is extremely sig-
nificant [147,148]. Certain characteristics are especially crucial when choosing lubricants
for use in the space area because of the inherent difficulties and conditions of space [149].
Particularly conductive lubricants offer distinctive properties that make them appropriate
for some space applications. Here are some characteristics of conductive lubricants for use
in the space field including thermal conductivity [150], electrical conductivity [151], compat-
ibility with materials [152], vacuum stability [153,154], lubricity and wear resistance [155],
nonflammability [156], and longevity [157].

Conductive lubricants are useful in EMI shielding applications because of their unique
properties, which enable EMI interference management and reduction possible [158]. Some
vital characteristics [158–160] of conductive lubricants for EMI shielding are including
electrical conductivity, shielding effectiveness, frequency range, stability, compatibility,
ease of application, and durability. These characteristics make conductive lubricants useful
for shielding EMI, lowering electromagnetic interference, and preserving the integrity and
functionality of sensitive electronic equipment.

6. Lubricating Mechanism of Conductive Lubricants

Lubrication and thermal or electrical conduction are two essential components of
the lubrication process of conductive lubricants. Conductive lubricants work similarly to
traditional lubricants by minimizing wear and friction on moving surfaces. In order to
facilitate motion and avoid metal-to-metal contact, they create a thin, protective coating
between the touching surfaces. This lubricating coating assists in reducing wear, heat
generation, and frictional losses within the system. Thermal conduction enables the lubri-
cant to dissipate heat from the hot region to the cold region therefore the mating surfaces
can be within controlled temperature. The incorporation of conductive additives into the
lubricant formulation allows conductive lubricants to attain electrical conductivity. The
lubricant’s electrical conductivity creates a conductive route that facilitates the movement
of electrical current between the contacting surfaces. Lubricating mechanism of conductive
solid lubricants and conductive liquid lubricants are explained below.

6.1. Lubricating Mechanism of Conductive Solid Lubricants

Industries have used solid lubricating oils for a long time to minimize wear and friction
under various conditions [161]. Molybdenum disulfide (MoS2) [162], tungsten disulfide
(WS2) [163], calcium sulfonate [164], and graphite [165] are the most commonly used
conductive solid lubricants. Though these have unique structures and physicochemical
properties, these are utilized as strongly bonded protective coatings [166]. These sub-
stances create a shield that prevents friction pairs from coming into direct contact, which
improves the effectiveness of friction reduction and wear resistance [167]. The scientific
and industrial sectors hold solid lubricating coatings in high respect for their exceptional
chemical inertness, great mechanical strength, and hardness, as well as their exceptional
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capabilities for minimizing friction and resisting wear [168]. Since they reduce abrasion,
shear, and adhesion, the least amount of friction and wear is normally provided by their
strong protective coatings.

In contrast, liquid lubricants have several special benefits, such as the simplicity of
wear replenishment, the lack of mechanical noise, and the capacity to eliminate wear
debris. Therefore, solid–liquid duplex lubricating coatings by mixing liquid lubricants
with solid lubricants are necessary for advanced applications [169]. Carbon has become the
most attention compared to other solid lubricants because of its outstanding properties.
Carbon exists in a variety of forms, and each form’s features are determined by its unique
structure [170]. Diamond-like carbon (DLC) is one of the most capable carbon-based
protective coatings due to its exceptional physical, and tribological properties [171].

Given the substantial progress in solid films and liquid lubricants over the past
few decades, it is hoped that solid and liquid lubricating systems will lessen individual
drawbacks through synergistic effects. As a result, solid–liquid systems based on carbon
were created. Xiaoqiang FAN et al. [169] concentrated on creating solid–liquid duplex
lubricating coatings by mixing liquid lubricants with diamond-like carbon sheets. They
formed and transferred a solid lubricant coating on a steel ball. Figure 4 represents the
potential lubricating mechanism for DLC-based solid–liquid composite systems. According
to the study of Wang’s group [172] the potential lubricating mechanism of carbon-based
solid–liquid duplex coatings can be explained as follows.
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Figure 4. The proposed lubricating mechanism for solid–liquid duplex coatings is shown schemat-
ically in the diagram. A thorough illustration of the friction process’ transfer layer creation was
provided. (a) shows the distribution of the DLC film along with the surface asperities, (b) shows
some wear debris that are scattered across the contact area, (c) shows the transfer of the film from
the disc to the steel ball, and (d) shows the development of a continuous tribofilm on the steel ball.
Reprinted with permission from [172].
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In Figure 4, the upper oil film is represented as a yellow layer, and the DLC film
layer is displayed as a black layer. The loaded duplex lubricating layer is continually
approached by the counter face ball at the beginning of the test. The DLC film in Figure 4a
was equally dispersed across the surface and had several asperities. Early on, some wear
debris was scattered across the contact area (Figure 4b). A layer of coating is transferred
from the disc to the steel ball as a result of repeated sliding in the oil. As can be seen
in Figure 4c, the transfer film was first discontinuous and very thin. The transfer layer
developed a continuous tribofilm because of the intense contact between the oil and DLC
film debris (Figure 4d).

6.2. Lubricating Mechanism of Conductive Liquid Lubricants

The need for mechanical components to operate in a reliable and precise manner over
an extended period drives researchers to investigate high-performance lubricants better
suited for advanced uses, i.e., space technology, and electrical vehicles. Liquid lubricants
have proven to have certain particular advantages for handling lubrication problems, such
as low friction and wear, low mechanical noise, ease of replenishment, ability to remove
worn debris, and relative environmental adaptability [169,173]. The materials including
silicone oils [174], mineral oils [175], perfluoropolyethers (PFPE) [176], polyalphaolephines
(PAO) [177], multiply-alkylated cyclopentanes (MACs) [178], silahydrocarbons (SiHC) [179]
are mainly ionic liquids (ILs) [179].

ILs are ionic salts having melting points lower than room temperature. They are
composed of a relatively large organic cation and an inorganic anion with weak coordina-
tion [180]. Due to their unique qualities, ILs have gained a lot of attention in a variety of
applications. ILs have thus been researched for use with steel, aluminum, copper, and steel
with changed surface coatings as flexible lubricants and lubricant additives [93,181–183].
The possible mechanism of ILs as conductive lubricants can be described below:

Figure 5 illustrates the lubricating mechanism of ILs as lubricant additive for steel-to-
steel contacts [184]. The creation of stable lubrication films on sliding surfaces for blank
base oil is exceedingly challenging at zero potential and low load due to the absence of
polar functional groups, which interact chemically and physically with substrate surfaces.
The long linear alkyl chain of the ions created a dense inner layer in the mixtures fortified
with ILs. Cations and anions will absorb onto the surfaces of pairs by intermolecular and
coulomb forces. Mixtures become more lubricious at negative potential. On the other hand,
with positive potential, the lubricity of IL mixes decreases.
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However, to protect the sliding pairs under high-stress circumstances, the ILs engage
in chemical reaction with the substrate surface and create reaction films. At this stage, the
tribofilm and IL absorption combine to improve the basic oils’ ability to lubricate [185].

7. Superlubricity of Conductive Lubricants

The word “superlubricity” refers to a lubrication state with a very low coefficient of
friction-below 0.001-in the fluid [186–188]. Researchers have concentrated on enhancing the
performance of lubrication to decrease friction and wear and to increase the effectiveness
and durability of two sliding surfaces [187]. In this regard, the concept of superlubricity was
introduced in 1990 [189,190]. The concept of superlubricity has gained significant attention
due to its potential applications in various fields, including nanotechnology, engineering,
and even in the development of advanced lubricants [191]. The impact of superlubricity can
be particularly fascinating in the context of conductive lubricants. Conductive lubricants are
specially formulated lubricating materials that possess electrical and thermal conductivity
properties [192]. The application of superlubricity to conductive lubricants can offer several
advantages including reduction in friction and wear. Superlubricity considerably minimizes
surface-to-surface friction [193]. As a result, there is significantly less wear and tear on
the lubricated parts. This is especially advantageous for conductive lubricants because it
maintains the reliability and lifetime of electrical contacts and connectors by protecting
their integrity. Increased energy efficiency is another advantage of superlubricants having
conductivity [194]. The ability of superlubricity to reduce frictional losses can help systems
that use conductive lubricants operate more efficiently in terms of energy use [195]. The
efficiency of the entire system is increased by reducing the energy losses brought on by
friction. This reduces the amount of electricity that is lost as heat. Table 7 summarizes the
superlubricity of conductive lubricants.

Table 7. Superlubricity of conductive lubricants.

Conductive Lubricants Experimental Method, Conditions Coefficient of
Friction (COF), µ

Conductivity
Property Ref.

Ionic liquid
[1-hexyl-3methylimidazoliumtris
trifluorophosphate]

A highly ordered pyrolytic graphite (HOPG)
interface is observed using atomic force
microscopy (AFM). The COF is extracted
when the normal force is <10 nN

µ = 0.001 Electrically conductive [196]

NaCl + PVA
(Poly Vinyl Alcohol) mixed solution

Rotating Ball-on-disk tribo-tester. Normal
load of 3 N, rotation radius of 5 mm, and
linear sliding speed of 94.2 mm/s

µ = 0.0038 Electrically conductive [186]

Glycerol-DLC
[Diamond-Like Carbon]

Ball-on-disc tester. At pressure = 1.25 GPa,
entrainment speed = 1.6 m/s,
slide–to–roll ratio = 1

µ = less than 0.01 Thermally conductive [197]

IL ([Li(EG)]PF6) Rotating ball-on-disc tester µ = 0.003 Electrically conductive [198]

Metallic NbB2 NbB2 film quantifies in the ball-on-disk tester µ = less than 0.001 Thermally conductive [199]

8. Conclusions and Outlook

This review provides a recent summary of the research on thermally and electri-
cally conductive lubricants. A full study of recent advancements in the disciplines of
conductivity-based lubricants, methods for improving their conductivity, tribological char-
acteristics, and lubrication mechanisms are also provided in this article. Since conventional
lubricants have a low lubrication efficiency, it is further difficult to minimize friction be-
tween tribosurfaces, which has been published in the literature. Conductive lubricants
are an ideal choice for tribological applications due to their superior mechanical, thermal,
electrical, and biological properties. This review provides a more structured tabulated sum-
mary of the methodologies, experimental techniques, environmental factors, applications,
and tribological characteristics of conductive lubricants and lubricant additives.

A significant thermal feature that differs from lubricant to lubricant is thermal con-
ductivity. Lubricants often have lower thermal conductivity than other materials, which
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results in less heat being transferred between two moving parts while decreasing friction.
To ensure that the heat generated by friction can be efficiently transported from the moving
surface contact to the surrounding environment, a lubricant’s superior thermal conductivity
is essential. Different lubricants’ thermal conductivities are not necessarily the same, but
this can be managed with the correct additives. Compressor oil, for instance, is a mineral
oil-based lubricant with a lower thermal conductivity than synthetic lubricants such as
polyol esters and polyalphaolefins (PAOs). Nowadays, several nanoparticles including
CuO, Al2O3, Cu, multi-walled carbon nanotubes (MWCNTs), fullerene (C60), and oth-
ers are used to improve the thermal conductivity of lubricants. Table 5 makes it clear
that the addition of MWNT or SWNT as an additive improves the thermal characteristics
of polyalphaolefin oil (PAO). With MWNT, thermal conductivity can reach 0.27 W/mK.
With the addition of MWNT-OH, PAO Durasyn 166 has a thermal conductivity of up to
0.31 W/mK (Table 5). Additionally, Table 5 shows that PAO Durasyn 166 with Pyrograf
Pr-24-XT-HHT CNF additive has a thermal conductivity of 0.68 W/mK.

The ability of lubricants to carry electric current is referred to as electrical conductivity.
To reduce the risk of electrical current flow and potential damage in applications involving
electrical components or circuits, lubricants are often manufactured to have low electrical
conductivity. A lubricant’s composition and the kind of additives it contains determine
its electrical conductivity. The base oils used in lubricants might be mineral, synthetic, or
vegetable oils, and they may also contain a variety of additives to improve their perfor-
mance. Petroleum-derived mineral oils often have a low electrical conductivity. However,
some additives, including polar additives or conductive metal powders, can be added
to increase the lubricant’s electrical conductivity. Table 6 shows, when we use surfactant
oleic acid–MWCNT as additive with diesel oil (DO) the electrical conductivity becomes
476.3 µS/cm. When hexylamine–MWCNT is used as additive with DO, the electrical con-
ductivity becomes 409.2 µS/cm. Again, with surfactant oleic acid-graphene nanoplatelets
additive the electrical conductivity of DO becomes 492.6 µS/cm. Here, the addition of new
additives causes diesel oil to change in conductivity.

Synthetic oils, on the other hand, can have varying levels of electrical conductivity de-
pending on their composition. Some synthetic oils may have higher electrical conductivity
compared to mineral oils, but they still generally formulated to have low conductivity to
prevent electrical issues. Vegetable oils, often used in environmentally friendly or bio-based
lubricants, usually have higher electrical conductivity compared to mineral or synthetic oils.
However, their electrical conductivity is still relatively low in comparison to conductive
materials. Table 6 has some examples of it. The conductivity of glycerol with MWNT-OH,
3% Cu additive is 178 Ω·cm. Again, the conductivity of glycerol with CTN additive is
175 Ω·cm. The electrical conductivity of 75% glycerol and 25% water with MWNT-OH
additive is 10 Ω·cm. Some lubricants are designed to have low electrical conductivity
but there are specialized lubricants available with higher electrical conductivity for spe-
cific applications where electrical grounding or conductivity desired. These lubricants
typically used in applications such as electrical contacts or as conductive greases for
grounding purposes.

Lubricants that transfer heat and electricity are essential for a variety of cutting-edge
applications, including EMI, EVs, and marine. There are many articles on lubrication
performance in the literature, but relatively few assess thermal and electrical properties
or thoroughly explore the relationship between conductivity and lubrication performance.
Therefore, for more advanced applications, researchers should investigate into the structural
and nanoscale characteristics of conductive lubricants. Tribological properties of lubricating
oils change with the increase in temperature, which degrades the performances. Numerous
studies have been performed to enhance the tribological performance of lubricants along
with different additives. However, very little or no literature has yet examined thoroughly
the impacts of lubricant conductivity on tribological characteristics. Further, very few
studies have combined thermally and electrically conductive lubricants and the researcher
should investigate the connections between conductivity and tribological features for
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different fabrication methods. Additionally, structural research or nanoscale research
can aid in understanding the lubricating mechanism. To choose the right lubricants, a
detailed understanding of the lubrication process is essential. To commercialize, we must
explore less expensive alternatives. Therefore, it is necessary to produce cheaper and more
accessible lubricants with improved thermal and electrical conductivity for prospective
future advanced applications such as aerospace, EMI, EVs, and marine.
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Nomenclature

COF = Coefficient of Friction WR = Wear Rate
EVs = Electric Vehicles EHV = Electric Hybrid Vehicles
ICEVs = Internal Combustion Engine Vehicles EHL = Elastohydrodynamic Lubrication
PAO = Polyalphaolefin Oil IL = Ionic Liquid
DO = Diesel Oil PAG = Polyalkylene Glycol
EMI = Electromagnetic Interference PFPE = Perfluoropolyethers
MACs = Multiply-Alkylated Cyclopentanes SiHC = Silahydrocarbons
MoS2 = Molybdenum Disulfide MoSe2 = Molybdenum Diselenide
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