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Abstract

Lubricants are widely used in various mechanical systems for reducing heat and friction between the working components
having relative motions. Thus, the enhancement of lubricant oil properties will play a vital role in the context of protecting
machinery from highly probable damages and minimizing energy losses. The development of modern lubricants and their
proper use are of great importance for managing economy and the environment. In general, nano-sized particles dispersed
in the lubricants, known as nanolubricants, are used in mechanical systems in order to reduce heat and friction effectively.
Properties (tribological and thermo-physical) of nanolubricants are found to be the recent subject of research in the field
of lubricants. This review article comprehensively analyzes and summarizes the numerous research works on preparation,
tribological property, thermo-physical property, and stability characteristics of both mono- and hybrid nanoparticle-based
nanolubricants. More importantly, this paper examines the various influencing factors like base lubricants, nanoparticle size,
shape, preparation methods, concentrations, nature of nanoparticles, surfactants, and temperature on nanolubricant character-
istics. Finally, stability of nanolubricant, various surfactants used and different stability measuring techniques are analyzed.
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Introduction

The roots of lubricants are biological and non-biological,
providing a huge number of hydrocarbon compounds.
Recent technological advancements place a severe and
diversified demands on lubricants. The selection and for-
mulation of corresponding mixtures of hydrocarbons for
lubrication becomes a very complex process and requires
skill. Most natural oils contain substances which can hinder
their lubrication properties, despite containing compounds
essential for the lubrication process. Natural oils or mineral
oil-based lubricants are partly refined and partly impure.
An appropriate balance between impurity and purity is cru-
cial to the oil’s oxidation stability, and it differs depending
on the application of the selected lubricant. Plain mineral
oil, 95% and additives, 5% is the general composition of a
conventional lubricating oil. The physical properties of oil
depend on its base stock [1-3]. There are three sources of
oils available in the market (Fig. 1). The oils manufactured
from these three sources namely biological, mineral, and
synthetic show different properties and are suitable for vari-
ous applications. For example, biological oils are used where
the risk of contamination is to be minimized, i.e., in the food
and pharmaceutical industry.

They are mainly used in lubricate kilns, bakery, oven, etc.
There are primarily two sources of this type of oil: vegeta-
ble and animal oil. Caster, palm, and rape-seed oils are few
examples of vegetable oils, while the examples of animal
oils are sperm, fish, and wool oils and sheep (lanolin). Syn-
thetic oils are artificial substitutes for mineral oils and are
specifically developed to provide lubricants with superior
properties to mineral oils. For instance, temperature resist-
ant synthetic oils being used in high-performance machinery
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operating at high temperature. Synthetic oils are also avail-
able for very low-temperature applications. Mineral oils,
petroleum-based, are the most commonly used lubricants
throughout the industry and in places where temperature
requirements are reasonable. Typical applications of mineral
oils are to gears, bearings, engines, turbines, etc. [2, 3].

Most of the energy losses occur due to heat and friction
within the machine system. The energy loss due to heat
and friction in all over the world is estimated to be about
30-50%, which is the most significant expenditure of energy
in the world. On a closer 1ook, the friction loss in an internal
combustion engine, between piston ring and cylinder liner
interface (about 40-50%), can be minimized effectively by
using nanolubricants. The cost of machinery spare parts is
estimated to be about 5% of GDP (gross domestic product)
per annum. Lubricants play a vital role in increasing the
lifespan of a machine (VTT Research report 2016). Accord-
ing to the 2014-2020 censuses, the demand for lubricants is
expected to reach 44,165.11 kilo tones by the end of 2020
globally (Transparency market research). Thus, there is a
paramount need to develop high-quality lubricants possess-
ing excellent tribological and thermal properties to ensure
the stability and safety of the machineries [1-10].

In recent times, nanoparticles are added into the lubricat-
ing oil to enhance its tribological and thermo-physical prop-
erties. Nanolubricants can reduce friction up to 80% than
base lubricating oil. A research report states that 100 million
oil barrels per year can be saved, if nanolubricants are used
[1, 2, 9]. Over the past decades, the nano-particles used by
researchers are: (1) metallic nano-particles; Ag [4], Cu/Zn
[5], WS, [6], Bi [7], (2) metal oxide nano-particles; Al,O5
[8,9, 11-15], CuO [10, 13, 16-26], ZnO [8, 25, 26], ZrO,
[28], SiO, [12, 14, 23, 29-31], Fe,0, [32-34], MgO [35],
(3) carbon nanoparticles; fullerene [23, 36-38], graphene
[36-40], SWCNH’s [41], MWCNT’s [36, 42, 43], carbon
nano-ball [36], nano-diamond [31, 44] and graphite [45—47],
(4) composite nanoparticles Cu—Zn [5], Ag—-MoS, [4],
Bi—Cu [7], Al,05-Si0, [12], Al,05-TiO, [15], TiO,-Si0,
[30], CuO—ZnO [43], Mn,, 73Zn,, 5,Fe,05 [33], graphene-cop-
per [21, 48], rhenium-doped fullerene-MoS, [49], IF-MoS,
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[50], carbon-coated copper [26] and (5) rare earth nanopar-
ticles; boron nitrite [30, 51], MoS, [52-55], CeF; [56], CeO,
[57], mixed rare earth naphthenate [58], Y,0O5 [59], TiF;
[60], and CaCO; [61]. The research on nanolubricants is
gaining momentum in recent years as nanolubricants provide
benefits such as friction reduction, fuel economy, energy
savings, and reduction in harmful emissions. By reducing
the usage of high energy devices, energy can be saved which
is the essential task of the society [3, 62].

The mixture of nanoparticles and any liquid (water, gly-
cols, etc.) is called as nanofluid. The nanofluids are used
in various applications, such as automobile car radiator,
machining process, nuclear reactor, refrigeration and air
conditioning, heat exchangers, heat pipes/pumps, heavy oil
recovery, electronic cooling systems, solar collector, heat-
ing building, drug delivery systems, and pollution reduction
[63—67]. Particularly, the mixture of the lubricating oil with
single or composite nanoparticles is termed as nanolubri-
cant. The various base oils used by researchers for the prepa-
ration of nanolubricants are depicted in Fig. 2a. It is clearly
understood that many researchers have used mineral oil and
commercial engine oil as their base lubricants compared to
biological and polymeric oils. Most of the nanolubricants
research studies focus on the improvement of tribological
characteristics while only a few number of studies on the

enhancement of its thermo-physical properties (Fig. 2b).
Also, the tribological and thermo-physical properties study
of the same nanolubricant is limited. For an overall per-
formance enhancement, a nanolubricant is required to have
good tribological and thermo-physical properties, because
the friction and the resulting heat have to be reduced for the
improved life of the parts being lubricated. The information
provided in Fig. 2 is based on the key word search nanolu-
bricants in Science Direct data base over the period from
2016 to 2019. In the present review article, both tribological
and thermo-physical properties of mono- and hybrid nanolu-
bricants like friction, wear, thermal conductivity, kinematic
viscosity, flash point, and pour point and their dependence
on size, shape, nature of nanoparticle, nanoparticle con-
centration, and working temperature have been analyzed in
detail. Challenges faced regarding the tribological proper-
ties of nanolubricants have been discussed with the help of
variety of experimental research articles.

The purpose of this review article is to deliver a holistic
knowledge to the readers on the thermo-physical and tri-
bological properties of nanolubricants. Also, this review
article includes the study of nanolubricants based on new
nanomaterials like fly ash, halloysite clay, diesel soot, cellu-
lose nanocrystals, etc. The detailed analysis of nanolubricant

Fig.2 a Various base lubricants (a)
and b Property study of nano- Biological oil 14
lubricants
Mineral oil 61
Synthetic oil 54
Polymeric oil 11
0 5 15 20 25 30 35 40 45 50 55 60 65
No of publications
(b) Thermophysical: 12

Tribological & Thermophysical: 15

Tribological: 93
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stability and its characterization methods is reviewed in this
study.

Preparation of nanolubricants

The nanolubricants are prepared in two methods, i.e., one-
step method, and two-step method [68, 69]. The two-step
method is the most widely used method for preparing nano-
lubricants. Also, two-step method is the most economical
method to produce nanolubricants on a large scale. In the
two-step method, synthesis of nanopowder is the first step.
Chemical or physical methods produce nanopowders. Gen-
erally, available forms of nanopowders are nanoparticles,
nanosheets, nanofibers, nanotubes, or other nanostructured
materials [70, 71]. Following this, the nano-sized powder
will be dispersed into a base lubricant, which is the sec-
ond step of preparation. Figure 3b shows the data on nano-
lubricants preparation instruments. The nanolubricants are
prepared by dispersion of nanopowder, and it is done with
the help of ultrasonicator bath/probe-type [39-42, 72, 73],
planetary ball milling [36, 45], mechanical stirrer [29, 49],
high shear homogeneous mixer [30], stirred bead milling
[32, 50], magnetic stirrer [8, 40, 51, 74], man-made agitator
[75]. From Fig. 3b, it can be concluded that the most used
method for preparation is ultrasonication method.

. Surfactant
Base lubricant o

Base lubricant

Base lubricant

Nanolubricants

(a

Magnetic stirrer: 21

Surfactant free method: 65

Methods of nanolubricant preparation

Generally, three methods of compositions were used to
prepare the nanolubricants [76] and statistics of previous
research with respect to the three methods are depicted in
Fig. 3a, c. They are,

e Surfactant free method In this method of composition,
the nanoparticles are directly mixed in base lubricants
and any modified agent is not used to bind the solid (nan-
oparticle) surface or base lubricants.

e Surfactant addition method In this method of composi-
tion, surfactants are directly added in the nanoparticle
and base oil mixtures.

e Surfactant-modified method In this method of compo-
sition, the surfactant used to modify the surface of the
nanoparticles blend with base lubricants. Figure 4 shows
the chemical structure of DTCS8 surfactant and DTCS8
surfactant-modified Cu nanoparticles).

Table 1 presents the information on different types of
lubricants, preparation instruments, nanoparticle size, shape,
etc.

Others: 8

Homogenizer: 5
Planetary ball mill: 7 (

~ Ultrasonicator: 86

(b)

Surfactant added method: 27

Surfactant modified method: 29

(c)

Fig.3 a Corresponding design of three compositions, b corresponding instruments used on nanolubricant preparation, ¢ corresponding statistics

of three compositions on previous research)
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Fig.4 a Chemical structure of
DTC8. b DTC8-modified Cu
nanoparticles [99]

CgHi7 s

SH

CgHy7

(a)

Tribological properties of nanolubricants
Friction and wear

Many nanoparticles have been used as an additive in lubri-
cating oil to improve its tribological properties. Appreciable
number of research reports highlighted the improvement of
nanolubricants tribological properties and indicated that
the enhancement is influenced by various parameters such
as nanomaterials, nanomaterials concentration, tempera-
ture, base oil, stability. Also, it is based on various types of
mechanisms/effects (ex: sliding, rolling, bearing, tribofilm
formation of nanoparticles in sliding surfaces) [76, 100]. All
four type of friction reduction mechanisms were reported for
all type of nanostructures. Specifically, both spherical and
sheet like nanostructures undergo sliding, rolling, bearing
mechanisms. The graphical diagram of friction reduction
mechanisms is showed in Fig. 5.

The mechanisms/effects of nanostructures on worn sur-
faces are mainly characterized using SEM, TEM, EDAX,
XPS, AFM, Raman spectroscopy, optical microscope,
3D-profilometer, and AFM. Particularly SEM, TEM, optical
microscope, profilometer, and AFM instruments are used to
know the surface morphology of the nanoparticles deposited
over the sliding surfaces and wear scar diameter (WSD) of
the specimen surface. At the same time, XPS, EDAX, and
Raman spectrum are performed in order to examine the pres-
ence of various chemical elements, bonds, and its binding
energy on the sliding surfaces.

Table 2 lists out the various instruments used for fric-
tional worn surfaces analysis.
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Further, tribological mechanisms/effects of nanostruc-
tures on worn surfaces are presented in Table 7 (refer in
Appendix 1).

Different nanoparticles such as metals, metal oxides,
carbon group materials, and rare earth materials exhibit
various mechanisms/effects on frictional surfaces. In recent
times, nanolubricants based on low cost and environmental
friendly nanomaterials like cellulose nano-crystals, diesel
soot, and halloysite clay nanotubes are gaining importance
and the subject of research by several researchers. So, one
of the objectives of this review study is to motivate and give
hope to develop new low cost and environmental friendly
nanomaterial-based nanolubricants by the future researchers.

Table 8 (refer in Appendix 2) enlists variety of instru-
ments used in the study of tribological properties of nano-
lubricants. The instruments used are pin-on-disk, four ball
tribo testers, HFRR, etc. The pin-on-disk and four ball tri-
bometer are the mainly used tribological analyzing instru-
ments. The pin-on-disk tribological tester finds the COF and
the wear of the nanolubricants.

The four ball tribo tester is used for semi-solid lubricants
like grease measures the extreme pressure in addition to fric-
tion coefficient and wear. The arrangement of pin-on-disk
instrument is shown in Fig. 6.

Zhang et al. [4] investigated the friction study of
Ag-MoS, hybrid nanolubricant in three lubricant regimes
namely, hydrodynamic, mixed, and boundary regime
(Fig. 7).

For a boundary regime, if the A value is lower than 1,
then it is conventionally asserted that asperity interaction
becomes more severe and that the shear properties of the
films on the solid surfaces, weather formed by adsorption
or reaction becomes significant. If the lambda value exceeds
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Nano-tribofilm

Nano-tribofilm

Frictional surface

Nano-tribofilm

Frictional surface

Frictional surface

B

Nano-tribofilm

Frictional surface

Fig.5 Friction reduction mechanisms; a Sliding, b rolling, ¢ bearing, d nano-tribofilm formation

Table 2 Frictional worn surface
analyzing instruments

Instruments used

References

SEM with EDAX

SEM with EDAX mapping
FE-SEM with EDAX
TEM with EDAX
HR-TEM

AFM

SEM only

FE-SEM only

Raman spectroscopy
XPS

XRD

3D- Profilometer
Optical microscope
AES

EELS

Speckle interferometer
Not reported

[7,10-13, 15, 24, 27, 28, 31, 33, 39, 40, 48, 49, 52, 53, 73, 78,
79, 81, 83, 86, 88, 90, 92-94, 101-112]

[113,114]
[6,7, 51, 82, 83]

[4]

[115]

[18, 32, 54, 57, 83, 109, 116]

[19, 20,29, 32, 41, 47, 51, 57, 59, 82, 84, 88, 98, 117-121]

[80]

[51, 88, 90, 93, 112]

[20, 22, 32, 58, 80, 82, 84, 95, 103, 111, 112, 117, 118, 122-124]
[49, 119]

[53, 89, 91, 92, 95, 98, 105, 111, 119, 122]

[93, 95, 101, 105, 125]

[58]

[115]

[126]

(17,21, 25,37, 38, 43, 127]

Load

@ e Diy holder

4— Load on pin

T —

<tvj——» Rotation

Fig.6 Pin-on-disk friction and wear testing machine

Nanolubricant

Pin interacting
disc

@ Springer

much higher than unity, then the film becomes thick, then
the traction or friction force will be the function of bulk
rheological properties of the nanolubricant under required
operating conditions of load, temperature, shear rate, etc.
It was found that the influence of surface roughness was
negligible. This regime is said to be hydrodynamic lubrica-
tion regime. When the thickness of the film and the surface
roughness are in compatible dimensions (1 <4 <5), then the
friction force will still be dependent on the lubricant bulk
properties, but the local contact conditions of asperity inter-
action are to be still taken into consideration. As the lubrica-
tion is a mixture of full film lubrication and some asperity



Effect of dispersing single and hybrid nanoparticles on tribological, thermo-physical, and... 1781

Hydrodynamic lubrication _
L<A <S5 =

Mixed lubrication

\ )\’<1 .
S—y . :

Boundary lubrication

A = Asperity contact interaction

Fig. 7 Three lubrication regimes [133]

contact, the regime is called as mixed lubrication [134]. The
frictional behavior of various Ag—-MoS, multi-component
system over a range of speeds was studied. It is clear that
2% Ag-MoS, hybrid nanolubricant sample shows significant
reduction in friction during sliding at high speed hydrody-
namic and mixed regimes and at very low speed boundary
conditions when compared with cases of formulated oil and
MoS, (molybdenum disulfide) nanoparticles. Particularly,
molybdenum disulfide nanoparticles do not show frictional
improvement in both hydrodynamic and mixed conditions,
but when it boundary conditions are counted, MoS, molyb-
denum disulfide nanoparticles show considerable friction
reduction (18% comparing with base oil) due to formation
of a low friction tribofilm on shearing of the nanoparticles.
From comparison of different concentration of Ag nanopar-
ticles in Ag—-MoS, system, it can be inferred that tribologi-
cal performance is negatively influenced by increasing con-
centration of Ag nanoparticles which can be observed from
2%, 5% to 10% Ag samples. Although 2% Ag sample does
not influence friction in hydrodynamic and mixed condi-
tions when compared with the other Ag samples, there is
a significant reduction in friction in boundary conditions.
The reason for better tribological performance obtained
by low Ag concentration is due to the better dispersion of
silver nanoparticles in MoS, matrix, which could improve
the strength of tribofilm. In addition, silver nanoparticles
could be coated over by molybdenum disulfide nanopar-
ticles because of its higher embedability. But, while high
concentration Ag was tested for tribological property, higher

number of non-agglomerated silver nanoparticles were
found to be dispersed outside the MoS, matrix. These free
Ag nanoparticles tend to form larger agglomerated parti-
cles of silver which generally do not contribute in reduction
in friction. The friction coefficient of silver is considerably
higher when it exists as a thin layer of coating even though
it is generally low-shear metal.

Chang et al. [7] investigated the friction and wear prop-
erties after incorporating Bi (Bismuth) and Bi/Cu hybrid
nanolubricants. The concentration of Bi-based nano-oil sam-
ples are 0.05 mass%, 0.1 mass%, 0.15 mass%, 0.2 mass%,
0.5 mass%, and 1.0 mass%, and the Bi/Cu hybrid nano-oil
samples are 0.02 mass% Bi+0.08 mass% Cu, 0.05 mass%
Bi+0.05 mass% Cu and 0.08 mass% Bi+0.02 mass%
Cu. They observed 0.1 mass% of Bi nanolubricant sample
reduced the friction and wear by 68.9% and 38.6%, respec-
tively. On the other hand, 0.02 mass% Bi+ 0.08 mass%
Cu composite-based nanolubricants minimized the fric-
tion about 71% and 50.95% of wear compared to base oil.
The highest reduction percentage in friction and wear scar
diameter of bismuth nanolubricant was about 37.1% and
22.29%, respectively, for a load of 20 kgf. This reduction
was accounted by rolling/sliding mechanism between the
surfaces, where bismuth nanoparticles resemble as a ball or
sphere. [No reports for maximum results of bi/cu hybrid].

Ali et al. [8] reported the frictional behavior of
Al 03, TiO,, and Al,O4/TiO, hybrid nanolubricant blended
with oleic acid surfactant where the hybrid nanolubricant
is a mixture of two distinct or coated (doped) nanoparti-
cles mixed in base lubricants. The results showed that
0.25 mass% was the best suitable sample for the given
parameters such as average sliding velocity of 0.7 m s~! and
load of 160 N for 25 min. This is due to thermal conduc-
tivity improvement of all the nanolubricants (Al,O5, TiO,,
and Al,0,4/TiO,) from 12 to 16%. Again, a decrement in the
friction coefficient of about 40-50% and about 20-30% for
wear of the piston ring was observed compared to the base
oil. They also explained that the nanoparticles changed the
sliding friction into rolling friction, due to reduced inter-
facial interaction between the frictional surfaces. A tribo-
film was created on rubbing surfaces. It was observed that
the oleic acid alone contributed to friction reduction due to
chemical reaction on worn surfaces. The average friction
value was increased as the sliding velocity increased. It was
observed that there was no more oxide layer formation in
frictional surface, so the value of friction reduction lowered.
The average wear rate value was decreased and was lower
than the base lubricating oil. However, the TiO, nanolubri-
cants showed less anti-wear/anti-friction; thus, it is evident
that the wear rate minimizes on the ring with TiO, nanopar-
ticle deposit compared to that of Al,O; nanoparticles.

Ali et al. [9] reported the anti-frictional effect of TiO, and
Al,O5-based nanolubricants for an average sliding speed and
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aload of 0.5 ms~! and 120 N, respectively. The oleic acid
(1.95 mass%) mixed engine oil sample reduced the friction
of about 11%, but the overall friction reduction value using
Al,O; and TiO,-based nanolubricant was 45% and 50%. This
reduction was observed since the Al,O; and TiO, nanopar-
ticles sticked on the specimen surface which was identified
with the help of EDS. Researchers claimed that this sticking
effect reduced the friction on worn surfaces. To be more
specific, maximum TiO, nanoparticles were deposited on
the surface of the specimen.

Luo et al. [11] investigated the friction/wear study
of KOH-560-modified Al,O; nanoparticles in lubricat-
ing oil. The friction reduction was about 17.61% and wear
about 23.92%. A decrease by 41.75% (348.09 pm) was
observed in the wear scar diameter compared to base lubri-
cant (597.58 pm). This reduction was mainly due to the con-
version of sliding to rolling mechanism in nanoparticles on
frictional surfaces.

Jiao et al. [12] studied the tribological effect of Al,O5/
Si0, hybrid nanoparticle-blended lubricating oil at four dif-
ferent concentrations (0.05, 0.1, 0.5, 1 mass%), and they
were named as follows; the base lubricant sample was
denoted as ‘A.” The Al,0,/Si0, composite nanolubricants
samples were named as B, C, D, and E. The results after
friction test was studied were found that the sample ‘A’ had
higher friction coefficient compared to all other samples (B,
C, D, and E). Moreover, the 0.5 mass% of Al,05/SiO, hybrid
nanolubricants sample showed better anti-friction effect
compared to 0.5 mass% of distinct Al,O, and SiO, samples.
Also, they reported that the 0.5 mass% of Al,05/SiO, hybrid
nanolubricants sample had better wear resistance.

Kaviyarasu and Vasanthan [43] investigated the tribologi-
cal study of Cu and CuO nanoparticle-blended SAE20W40
engine oil at 0.1 and 0.05 mass% concentrations. The study
revealed that the copper nanolubricants showed better per-
formance than copper oxide nanolubricants, for example:
0.1 mass% of copper and copper oxide nanolubricants
reduced COF by 58% and 27%, respectively.

Zin et al. [39] examined the tribological properties of car-
bon nano-horns (0.04%, 0.1%, 0.2%, 0.5%, and 1 mass%)
blended PAG. The 0.1 mass% nanolubricant sample had supe-
rior performance with minimum co-efficient of friction (1)
only about 0.134 at room temperature (25 °C). Basically, the
carbon nanostructures are best friction reducer under room
temperature condition where the friction rate reduced up
to 7% at 70 °C. While the 0.1 mass% concentration nano-
lubricant sample showed excellent friction resistance than
base oil. The overall friction reduction rate was decreased by
18%. It was claimed that the carbon nano-horns are peculiar
structures and it converts the sliding to rolling mechanism on
frictional surface which minimizes the friction.

Zhang et al. [47] determined the tribological effects of
diesel soot and graphite nanoparticle-added PAO4 oil/span
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80 composition. The friction and wear study results showed
that the 0.01 mass% diesel soot/PAO4 oil-based sample was
better than 0.01 mass% nano-graphite/PAO4 oil. A decrease
in wear rate up to 90% at 175 °C was observed for diesel
soot nanolubricants. Finally, they concluded that diesel soot
exhibited better wear reduction compared to graphite sample
over 60 °C.

Tang et al. [48] investigated the friction and wear study
of RGO-Cu nanolubricants. The test samples such as pure
paraffin oil (S;), 1.5 mass% of copper nanoparticles (S,),
1.5 mass% mixture of copper nanoparticles and RGO (S;),
and 1.5 mass% of RGO-copper nano-composite (S,). The
working specifications of the test sample were sliding speed;
0.025 ms~! and Load; 19.6-98 N. The result showed that the
friction/wear reduction rate of RGO-Copper nanolubricants
(S,) was increased with increased sliding speed and load.

Charoo and Wani [51] investigated the tribological study
of h-BN/SAE20W50 nanolubricants. The results revealed
that the h-BN nanolubricant exhibited excellent friction and
wear reduction. The least COF value observed was 0.0401
at 3 mass% with standard load of 100 N and sliding velocity
of 0.03 m s™'. Further, the average reduction in wear loss
was about 30-70% after adding the h-BN nanosheets to the
base lubricant.

Srinivas et al. [52] reported the frictional effect of MoS,/
SAE20W40 nanolubricant. The lower concentration of
blended oil sample showed effective improvement than
other concentrations. Even an increase in the mass fraction
of 0.5 mass% resulted in no more improvement in anti-wear
study. It was even observed that the enhancement of wear
resistance was in between the range of 0.25-0.5 mass% at
60 kgf load.

Sungqing et al. [56] studied the tribological effect of nano-
CeF;-based nanolubricants. The 0.5 mass% nanolubricants
sample decreased the friction up to 26.5%. These nanoparti-
cles form a safety tribofilm on the rough specimen surfaces.
Further, the effect of friction was found to be increased as
the concentration of nanomaterials increased. The study
stated that the friction will be reduced only up to a certain
point and then started to increase.

Thottackkad et al. [57] examined the friction and wear
properties of CeO, nanoparticles added in various type of
lubricant oil such as coconut oil (0.51 mass%), paraffin oil
(0.46 mass%), and engine oil (0.63 mass%). The CeO, nano-
particles were used to modify the surfactant dodecyl succinic
anhydride and tween 20. The friction/wear analysis was per-
formed only in boundary regime. The result showed that the
modified CeO,/coconut oil samples had better friction and
wear reduction in nearly 22% and 17%, respectively.

Chou et al. [78] examined the friction study of PAO6/
nickel nanoparticle-based nanolubricants at three concentra-
tions (0.5, 1 and 2 mass%). The 0.5 mass% nickel nanopar-
ticles/oil sample showed the maximum friction reduction
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up to 30%. Whereas the reduction in friction using 1 and
2 mass% of blended nanolubricant sample showed only
about 7%. This reduction insisted the presence of nanopar-
ticles being deposited on the worn surface of the specimen
which was assured by SEM-EDAX.

Zhen-bing Cai et al. [88] found the friction and wear prop-
erties of different heavy vehicle diesel soot (A, B, and C)
blended with Poly-Alpha-Olefin 4 oil/span 80 surfactant. The
results of 1 mass% (Span 80)/soot ‘A’ blended nanolubri-
cant showed significant friction reduction than base oil. The
value of coefficient of friction0.01 mass% of soot ‘A’ sample
decreased (0.12) when compared to that of the base oil COF
(0.57). However, the COF was increased between the con-
centrations of 0-0.001 mass%, and subsequently decreased in
the range of 0.001-0.01 mass% and then remained virtually
constant between 0.01 and 5 mass% concentration. The wear
rate of 0.01 mass% of diesel soot/PAO4 sample observed a
decrease up to 75.2%. The results suggested that the size,
dispersion stability, electrochemical action, surface charge,
and concentrations of diesel soot are the contributing factors
for reducing the tribological properties.

Laura Reyes [89] performed an analysis on the friction of
2D boron nitride nano-plate mixed with different oils (olive
oil, motor oil, and almond oil) at loads (standard for all test)
of 10 and 20 N. The u value of pure olive oil was 0.087
and 0.176; almond oil was 0.168, and 0.187; and motor oil
was 0.210 and 0.189, respectively, at the mentioned loads.
The study stated that both natural oils showed prominent
lubrication effects compared to synthetic motor oil, and its
COF (u) decreased up to 59%. The u value increased from
0.032 to 0.083 for the load of 10 N, and from 0.028 to 0.115
for 20 N for BNNP/olive oil. In case of u of BNNP/almond
oil, it increased from 0.068 to 0.142 for 10 N and from
0.10 to 0.160 for 20 N. Thus, the BNNP-added olive and
almond oil showed a decrease in COF up to 84%. The con-
ventional lubricant showed higher COF (0.189) compared
to almond oil with BNNP (COF=0.100) and olive oil with
BNNP (COF=0.028) at 20 N load. It was mentioned that
COF drastically decreases with increase in the addition of
BNNP. The olive oil exhibited lower COF than almond oil
due to lower oxidation rate. Further, on agglomeration of
BNNP with higher COF, the almond oil tends to polymerize.

Xia et al. [90] investigated friction study of four types
of fly ash-based nanolubricants. The study found that the
OA modified fly ash enhanced the lubricant performance
with excellent stability and tribological effect. The synergy
effect of fly ash/oleic acid could act as a spacer and enhance
bearing effect, so it was deposited on the worn surfaces to
significantly improve the friction/wear reduction abilities.
The COF and wear scar width study of MH-fly ash (modi-
fied treated) and M-fly ash (oleic acid modified)) were lower
than those of H-fly ash (heat treated at 500 °C) and natural
fly ash (un-treated) at different load conditions. A significant

improvement of lubricant property was obtained by M-fly
ash/PAO oil as it reduced the COF and wear width by 14%
and 37%, respectively. This study demonstrated the M-fly
ash mixed PAO oil had excellent friction/wear reduction
compared to other PAO/fly ash samples.

Guzman et al. [130] reported the friction and wear prop-
erties of Cu nanoparticles mixed with two oils namely min-
eral oil and synthetic ester oil at concentrations of 0.3 and
3 mass%. The study was performed for various contact load,
sliding speed, and heat. Both the concentrations were not
considerably effective in case of synthetic oil. But, at the
same time, the mineral oil blended with Cu nanoparticle-
based nanolubricant had an appreciable effect on friction
and wear reduction.

Pena-paras et al. [92] performed the friction and wear
studies of HNTs nanoparticles dispersed in polymeric
lubricant at 0.01, 0.05, and 0.10 mass%. Better tribological
results were obtained for 0.05 mass% concentration and lit-
tle improvements at higher concentration (0.10 mass%). The
wear volume loss was decreased by 41%, 70%, and 20% and,
COF was reduced by 51%, 71%, and 49% at 0.01, 0.05, and
0.10 mass%, respectively. However, they reported that there
was an increase in wear scar diameter for 0.10 mass%, it was
likely due to nanoparticle agglomeration. These agglomerates
may form new asperities, so it causes higher friction and wear.

Alves et al. [93] performed friction and wear studies of
smaller CuO nanoparticles mixed lubricants at 0.1, 0.25,
and 0.5 mass% concentrations. All concentrations exhib-
ited friction and wear reduction. The better results were
obtained for 0.1 mass% concentration. But, the 0.25 and
0.5 mass% concentration showed similar friction reduction
behavior. However, the tiny CuO nanoparticles offered more
wear reduction compared to friction reduction. Further, the
0.1 mass% CuO nanolubricant exhibited better anti-wear
property compared to all other concentrations considered.

Awang et al. [94] studied the friction and wear proper-
ties of CNC-based lubricant prepared at 0.1, 0.3, 0.5, 0.7,
0.9 mass% concentration. An excellent friction/wear reduc-
tion was achieved due to the deposition and tribo-chemical
reaction of CNC nanoparticles. The 0.1 mass% concen-
tration results showed better reduction in COF compared
to other concentration of CNC nanolubricant, as well as,
0.1 mass% performed better in both conditions (500 rpm—
39.24 N and 200 rpm—98.1 N). Further, the 0.5 mass%
nanolubricant exhibited minimum friction reduction com-
pared to all other concentrations considered. Interestingly,
0.1 mass% observed maximum wear reduction up to 69% for
200 rpm—98.1 N test condition.

Kotia et al. [96] studied the friction/wear properties of
Al,0;-Si0,/gear oil-based nanolubricants at three various
concentrations (0.3, 0.6, 0.9 mass%). The results showed
25% and 22% of friction reduction and an improvement of
127% and 88% in the anti-wear performance for 0.3 mass%
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Al,Os/gear oil and 0.3 mass% SiO,/gear oil nanolubricant,
respectively. The results indicated that 0.3% volume fraction
is a limiting particle concentration, and also ball-bearing
effect was the controlling mechanism for the sliding surface.
However, the EDS result suggested that silica nanoparticles
were contributing to effect of surface polishing, in addition
to the ball-bearing effect. They claimed that the dispersion
of Al,O; nanoparticles in gear oil produces more beneficial
results as compared to SiO, nanoparticles.

Naveen Kumar et al. [111] investigated the friction and
wear study of prepared lubricants like LUB-1 (0.5 mass%
micro-MoS,), LUB-2 (0.5 mass% nano-MoS,), and LUB-3
(0.5 mass% Ni promoted MoS, nanosheets) against the base
gear oil (SAE75W). The friction coefficient of LUB-3 was
better than the other two lubricants (LUB-2 and LUB-1).
The LUB-1 showed lower friction compared to gear oil.
Similarly, LUB-1 friction reduction was higher compared
to that of LUB-2 and LUB-3 due to its flake-like structure
and agglomerated size leading to sticking wear. These results
indicated that the lubricant film thickness between the asper-
ities decreased with an increase in the load, size, and shape
of the MoS, particles. On the other hand, MoS, nanosheet-
based gear oil was easily mending and gives plastic deforma-
tion due to the impact of contact pressure. However, LUB-2
possessed better effects of anti-wear compared to LUB-1 and
gear oil, but not better than LUB-3. The results assured that
the LUB-1 was not exhibiting any continuous film forma-
tion. So, large amount of micro-crack and metal burrs were
observed over the sliding surfaces. Whereas, the LUB-2 was
patch up and filled the cracks and burrs over the frictional
surfaces. However, the LUB-3 completely eliminates metal
burrs and grooves and exhibited the linear boundary effect
compared to other lubricants. Moreover, they mentioned
that the increase in number of Mo and S elements deposited
over the worn surfaces enhances the reduction in friction
and wear with LUB-3 combination which was higher than
LUB-2 and LUB-1 combinations.

Overall, nature of bonding energy determines the per-
formance of nanolubricants. The non-polar characteristics
contained nanostructures exhibited higher bonding energy.
Nano-polar contained nanostructure-based nanolubricant
showed excellent friction/wear reduction rate than polar
nanostructures such as carbon nanostructure since it mostly
contains non-polar functional group [135, 136]. Because,
nanoparticles with higher bonding energy provide better
load-bearing effect between the two surfaces [72].

The functional group and binding energy analysis (FTIR,
XPS) of the nanostructures are most important in tribologi-
cal and thermo-physical (kinematic viscosity, flash point
and pour point) study of nanolubricants. Because, func-
tional groups are most crucial role of nanolubricant study.
But still less numbers of nanoparticles functional group
analysis study were investigated and reported. The number
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of nanolubricant study without and with FTIR and XPS
analysis over a period from 2009 to 2020 is shown in Fig. 8.

Thermo-physical properties
of nanolubricants

Thermo-physical properties play an important role in lubri-
cation process. Increase in lubricant temperature affects the
thermo-physical properties. Researchers reported that the
nanolubricants generally offer higher thermal conductivity
and viscosity compared to conventional lubricants which
could help resolve the heat transfer problems on inner part
of the systems. Instruments used to measure thermo-physical
properties of nanolubricants are presented in Table 3.

Thermal conductivity

In a complex system, such as a nanofluid, it is possible that
a combination of mechanisms may be responsible for the
enhancement in thermal conductivity and such combina-
tion of mechanisms may be specific to a nanoparticle-fluid
system. As heat transfer in solid/liquid suspension occurs
at the particle—fluid interface, an increase in the interfacial
area can enhance to more efficient thermal transport prop-
erties. As the particle size decreases, the surface to volume
ratio increases, which leads to large enhancement in the
thermal conductivity of the fluid since heat transfer is a sur-
face phenomenon. The presence of an interfacial layer may
play a role in heat transport, but it is unlikely to be the only
reason for the thermal conductivity enhancement. Nano-
particle exhibits Brownian movement when suspended in a
liquid. As a result of Brownian motion, the fluid molecule
in the immediate vicinity creates a locally ordered micro-
convection effect around each particle within the base fluid
[137, 138]. It is believed, that this ordered arrangement of
molecule leads to heat transfer enhancement in the fluid.
Therefore, adding nanoparticles to the fluid results in two
possible effects-higher thermal conductivity enhancements

XPS: 2

FTIR: 26 ™

Without FTIR: 80

Fig.8 Progress of FTIR and XPS analysis in nanolubricant study
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Table 3 Instrument details for

. . Thermo-physical property
measuring thermo-physical

Instrument used

properties Thermal conductivity

Kinematic viscosity

Flash point

Pour point

KD2-Pro thermal property analyzer (Decagon Devices, USA)
[5, 8,14, 16, 36, 42, 43, 45]

Rheometer (Anton-Paar, Austria) [5]

ASTMD-445 0.26% [36, 42, 54]

LVDV-III (Low Viscosity Digital Viscometer-III) Ultra Pro-
grammable viscometer [14]

Pensky—Martens open cup apparatus as per ASTM D6450 [5]

ASTMD-92+8 °C [36, 42, 54, 77]

ASTMD-97+3 °C [36, 42, 77]

due to formation of highly ordered arrangement of mole-
cule around each particles and the other effect is the stir-
ring action caused by Brownian motion of the particles. As
the particles size decreases, the motion becomes larger that
could contribute to larger thermal conductivity enhancement
[139]. Therefore, least scale nanoparticles are better for max-
imum enhancement of thermal conductivity of the base fluid.
Currently, it is believed that thermal conductivity enhance-
ment in a colloidal dispersion is mainly due to micro-con-
vection caused by the Brownian motion of the nanoparticles
and aggregation of nanoparticles causing a local percola-
tion [137]. The probability of aggregation increases with
decreasing particle size, at constant volume fraction, because
the average inters particle distance decreases, making the
attractive Vander Waals force more important. Nanoparti-
cles aggregation will decrease the Brownian motion due to
the increase in the density of the aggregates, whereas it can
increase thermal conductivity due to percolation effects in
the aggregates, as highly conducting particles touch each
other in the aggregate. Due to it is possible that a combina-
tion of mechanisms may be responsible for the observed
enhancement and such combination of mechanisms may
be specific to a nanoparticle-fluid system, one is Brownian
motion is likely to be negligible as the average nanoparticle
agglomerated size is large enough to effectively participate
in random motion (low viscous fluids). Besides, the Brown-
ian motion of these agglomerates is further retarded due to
the inherently high viscosity of gear oil at room temperature.
Nanoparticles with much higher thermal conductivity com-
pared to base oil, the presence of nanoparticle clusters, or
percolating clusters (Fig. 9) in nanolubricant create lower
thermal resistance paths for efficient propagation of phonons
across the oil. There is a close proximity of the nanoparticles
due to the formation of percolating structures, so, heat trans-
port due to the ballistic transport of phonons across the small
gaps between particles may contribute toward substantial
enhancement in thermal conductivity. Thermal conduction
in nanoparticles is assumed to be ballistic (missile path) in
nature, which is associated with the large phonon mean-free
path in the nanoparticles. Basically, ballistic conduction of
heat is much faster than thermal diffusion. The combined

High-conductivity

Aggregated nanoparticles percolation path

Fig.9 Schematic diagram of well-dispersed aggregates [142]

contribution of interfacial layers, nanoparticle clusters, and
the ballistic transport of phonons appears to be the possible
reasons for the observed thermal conductivity enhancement
in nanolubricant [140, 141].

Thermal conductivity of nanolubricants varies with
temperature and is affected by opposite polarity configura-
tion of the molecules. The thermal conductivity of most of
the mineral and synthetic-based lubricants is in the range
between 0.14 W/mK at 0 'C and 0.11 W/mK at 400 "C [1].
This shows that the thermal conductivity of base lubricants
decreases with increase in temperature. On the other hand,
thermal conductivity increases with increase in temperature
of nanolubricants. In general, thermal conductivity ratio
depends upon the nature of fluid viscosity.

Kumar et al. [5] investigated the thermal conductivity of
Cu—Zn nanoparticle-dispersed oils (vegetable oil, paraffin
oil, SAE oil) at 30 °C. The thermal conductivity was found
to be increasing with increase in Cu—Zn nanoparticle con-
centration. In this research, the vegetable oil-based nano-
lubricant showed better thermal conductivity enhancement
than paraffin oil and SAE oil nanolubricants.

Ali et al. [8] measured the thermal conductivity of
Al,0O;, TiO,, and Al,0,/TiO, nanoparticle-based hybrid
nanolubricants. The thermal conductivity increased with
increasing temperature, due to weak cohesive forces
among the oil layers at high temperature. As nanolubricant
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temperature increases, the dispersion of nanoparticles was
more in base oil which increased the thermal conductivity.
The Al, O3, TiO,, and Al,05/TiO, nanolubricants thermal
conductivity increased by 12-16%, for a temperature range
between 10 and 130 °C at 0.25 mass%. The Al,0,/TiO,
hybrid nanolubricant showed the most significant enhance-
ment in thermal conductivity; this enhancement is mainly
due to the Brownian movement of the nanoparticles with
rise in temperature and significant reduction in the thermal
interface resistances between the nanoparticles, providing
a rapid thermal path between nanoparticles. Generally, the
TiO, nanolubricant showed higher thermal conductivity than
Al,O; nanolubricant, even though TiO, nanoparticle has low
thermal conductivity compared to Al,O5 nanoparticle. The
reason behind is the phenomenon of clustering of TiO, nan-
oparticles in the engine oil. The TiO, nanolubricant showed
lower dispersion with time than that of Al,O; nanolubricants
due to slight agglomeration of the TiO, nanoparticles in the
engine oil. This can easily result in the creation of channels
for thermal waves and fast transport of heat resulting in an
enhancement in thermal conductivity of the TiO, nanolubri-
cant in comparison with the Al,O; nanolubricant. Thus, the
formation of these nanoparticle clusters tend to enhance the
thermal conductivity of the nanolubricant.

Kaviyarasu and Vasanthan [43] studied the thermal
conductivity of copper and copper oxide nanoparticles/
SAE20W40-related nanolubricants. According to the study,
0.1 mass% and 0.05 mass% copper nanoparticle increased
the oil thermal conductivity by 4.2% and 2.8%, respectively.
Whereas, the copper oxide nanolubricant (0.1 mass% and
0.05 mass%) concentrations increased the oil thermal con-
ductivity only by 2.1% and 0.7%, respectively.

Forbod et al. [16] examined the thermal conductivity
of CuO nano-rhombic/nano-rod structure-based nanolubri-
cants (0.2, 0.5, 1, 4 and 6 mass%) at the temperature of 25 °C.
They said that thermal conductivity increases with increase
in temperature. The maximum thermal conductivity enhance-
ment was about 8.3% at 6 mass% CuO nano-rod structure-
based nanolubricants. Finally, they reported that 4 mass%
nano-rhombic structure-based lubricant had the maximum
and minimum level of increase in thermal conductivity.

Ettefaghi et al. [36] analyzed the thermal conductivity
of four carbon nanostructures (MWCNTs, G, CNBg, and
Cgp)-blended SAE20W50 engine oil (Fig. 10).

The thermal conductivity of various carbon nanostruc-
ture-based nanolubricants showed significant improve-
ment than base oil. Generally, carbon-based nanostructure
materials had the highest thermal conductivity enhance-
ment. Therefore, thermal conductivity of CNBg blended
oil showed 18% increase, but Cyy-blended oil showed low
thermal conductivity enhancement.

Ettefaghi et al. [42] conducted a study on thermal con-
ductivity of MWCNTg-based nanolubricants. The thermal
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Fig. 10 Thermal conductivity of nanolubricants for various carbon
nanostructures

conductivity of prepared nanolubricants was found to be
significantly improved than base oil. As the concentration
increased; the thermal conductivity also increased. The ther-
mal conductivity of MWCNTs nanolubricant at 0.1, 0.2, and
0.5 mass% increased by 13.2%, 18%, and 22.7% compared
to the base oil, respectively. The 0.1 mass% nanolubricants
showed excellent stability with better thermal conductivity.

Ettefaghi et al. [77] carried out the thermal conductivity
study of CuO-blended nanolubricants. The thermal conduc-
tivity increased in all CuO concentration added lubricants,
but the increment was only for 3%. They said that thermal
conductivity enhancement was depending on change in the
concentration of nanoparticles.

Naveen Kumar et al. [111] determined the thermal con-
ductivity of Ni-MoS,-based gear oils (Oil-1, Oil-2, and
Oil-3). The thermal conductivity of base gear oil (0.13 W/
mK @30 °C and 0.12 W/mK @100 °C) decreased with an
increase in the temperature because of large cluster chain
formation with high density. Thus, higher energy exchange
is necessary between the oil layers at high temperatures.
On the other hand, the thermal conductivity of Oil-1 (MoS,
micro-sheets/0.17 W/mK @100 °C) increased with increase
in temperatures compared to base oil. Even though, Oil-1
provides high thermal conductivity compared to base oil,
it is not superior in conductivity compared to Oil-2 (MoS,
nanosheets) and Oil-3 (Ni-MoS, nanosheets). Since, the
stability is one of the parameters for increasing the ther-
mal conductivity. The thermal conductivity enhancement
of Oil-2 and Oil-3 was 12% and 50% compared to Oil-1.
They reported that the thermal conductivity enhancement in
Oil-3 can be correlated with the clustering effect. However,
the addition of Ni had not performed in synergy effects with
MoS, nanosheets.
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Thermal conductivity of nanolubricants is in direct rela-
tionship with nature of nanostructures and its concentrations.
Particularly, conducting and semiconducting nanostructures
increase thermal conductivity of base lubricant. It should
be noted that increase in thermal conductivity was not the
same as the increase in other nanolubricant properties like
friction/wear, kinematic viscosity, flash point, and pour point
due to the addition of nanostructures.

Kinematic viscosity

The term viscosity is the measure of fluids’ resistance to
flow. Kinematic viscosity is defined as the ratio of dynamic
viscosity to the fluid density [8, 9, 36, 42, 77].

v=nlp

v=Xkinematic viscosity (m?>s™h);
5 =dynamic viscosity (Ns m™2);
p =fluid density (kg m~>)

Viscosity index (VI) is an entirely empirical parameter
that compares the kinematic viscosity of the lubricant of
interest to the viscosities of two reference lubricant that have
a considerable difference in sensitivity to temperature [2].

VI =(L-U)/(L-H) * 100

Commonly, the kinematic viscosity of the oil of the nano-
lubricant is measured at 40 °C and 100 °C. The value of ‘U’
indicates kinematic viscosity of the oil at 40 °C, and ‘L’
and ‘H’ correspond to the oils kinematic viscosity at 40 °C,
having similar viscosity at 100 °C as that of the oil whose
viscosity index is required. The values of L and H values
are obtained from ASTM D2270. Substituting the obtained
values of ‘U’, ‘L, and ‘H’ into the above equation yields the
viscosity index [2].

Ali et al. [8] studied the kinematic viscosity of 0.25 mass%
Al,O;, TiO,, and Al,04/TiO, hybrid nanolubricants at the
temperature of 40 °C and 100 °C. The kinematic viscosity
slightly decreased than base oil. Because of this decrement,
there was a relative movement of nanoparticles between
the lubricant oil layers. The Al,O,, TiO,, and Al,O5/TiO,
hybrid nanoparticles acted as a reducing catalyst, so the kin-
ematic viscosity and heat transfer properties were reduced.
The study stated that the increase in working temperature
increased the kinematic viscosity. It may be associated with
the lower forces between the oil layers. Furthermore, the
0.25 mass% oil reduced the hydrodynamic friction between
the piston ring and cylinder liner. Moreover, the viscosity
index increased by 2% than base lubricant. The increased
viscosity index indicated a more stable kinematic viscosity
with temperature change, which provided better resistance
to thinning and film strength retention under conditions of

heat application. Furthermore, the addition of Al,O;, TiO,,
and Al,05/TiO, hybrid nanolubricants suppressed the rate of
reduction in kinematic viscosity with an increase in tempera-
ture making the engine oil more opt for high temperature.

Ali et al. [9] examined the kinematic viscosity of oleic
acid surfactant with Al,O; and TiO, nanolubricants for
the temperature of 40 °C and 100 °C at 0.25 mass% nano-
particles concentration. The kinematic viscosity slightly
decreased. Due to this viscosity reduction, it was easy for
nanoparticles to enter between the oil layers and the TiO,
and Al,O; nanoparticles acting as a catalyst. Moreover, the
spherical structure of the nanoparticles played an important
role in rheological behavior. At the same time, viscosity of
oleic acid blended engine oil was decreased only by few
percentages. The low viscosity reduction helped to reduce
viscous friction. Also, the less viscosity reduction in the
nanolubricants confirmed the Al,O; and TiO, nanoparti-
cles affect alone for minimizing asperities friction, and thus
reducing the frictional power losses. Moreover, the viscosity
index of nanolubricants was increased by 1.84% compared to
base lubricants. The increased viscosity index indicated that
it provided a better resistance to thinning of the lubricant
film and fuel economy for automotive engine.

Ettefaghi et al. [36] investigated the kinematic viscosity
of various carbon nanostructures (CNBs, Cg,, MWCNTs,
G) related nanolubricants with 0.1 and 0.2 mass% at the
temperature of 40 °C and 100 °C (Fig. 11). They said that
change in nanolubricants kinematic viscosity is based on the
change in concentration of nanoparticles and temperature.
The results of kinematic viscosity showed that the graphene
nanosheets added oil sample had higher increment than other
(CNBs, C4, MWCNTSs) carbon nanolubricants.

However, the kinematic viscosity of 0.1 mass% of gra-
phene nanolubricant exhibited very low increment compared
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Fig. 11 Kinematic viscosity of various carbon-based nanolubricants
at 40 °C and 100 °C
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to base lubricant. They said that when low concentrations
of spherical and tubular nanostructures are added to the oil,
the nanostructures easily enter between the lubricant layers
and its kinematic viscosity was slightly decreased. At the
same time, the graphene (G) is a sheet-like structure, and
its viscosity was not decreased. However, at increased con-
centration, graphene nanosheets became agglomerated and
created larger uneven size of nanoparticles. So, it was inter-
fering with the movement of oil layers and thus increased
the viscosity. They concluded that the carbon nanoparticles
concentration played a key role in nanolubricants viscosity.

Ettefaghi et al. [42] determined the kinematic viscosity
of MWCNTs-based nanolubricants at the temperature of
40 °C and 100 °C for 0.1, 0.2 and 0.5 mass% concentrations.
Basically, as the temperature increases, the viscosity of all
the samples is decreased. At the same time, as the carbon
nanotubes concentration was increasing, the value of vis-
cosity was increasing. They said that kinematic viscosity of
nanolubricant of 0.1 mass% had small decrement compared
to base lubricant at both temperatures. Generally, when the
nanotubes are added in oil, they were placed between oil
layers and led to ease of movement of fluid layers between
each other, and its results showed that the viscosity slightly
decreased. As the mass% increased, nanotubes forms clus-
tered and created large asymmetric particles, preventing
movement of oil layers on each other; hence, viscosity was
increased. Typically, the nature of the kinematic viscos-
ity was influenced by fluid type, purity of nano-additives,
concentrations, method of preparation, surfactants, etc. The
kinematic viscosity was reduced by 0.25% at 100 °C for
0.1 mass%. On the other hand, the 0.5 mass% witnessed an
increase by 1.7% at 40 °C.

Ettefeghi et al. [77] studied the kinematic viscosity of
copper oxide nanolubricants for the concentrations of
0.1, 0.2, and 0.5 mass% at the temperatures of 40 °C and
100 °C. The kinematic viscosity of CuO nanolubricants was
increased with increasing the concentration of nanoparticles
at both temperatures. The 0.5 mass% CuO added nanolubri-
cants increased the viscosity to a maximum level of 5.7%
compared to the base lubricant at 40 °C. Further, 0.1 mass%
copper oxide nanolubricants viscosity slightly decreased at
both the temperatures of 40 °C and 100 °C. As the nano-
particle concentration was increased, the particles became
agglomerated and large asymmetric particles were interfer-
ing with the oil layers’ movement, so viscosity increased.
Finally, they concluded that there was no appreciable change
of viscosity of lubricants containing CuO nanoparticles at
lower concentrations.

Naveen Kumar et al. [111] investigated the kinematic
viscosity of Ni-MoS, nanosheets and MoS, micro-sheets
blended with gear oil. They noted that viscosity of the
lubricants mainly depended upon operating temperature
as well as the size, shape, and aggregation of the particles.
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Researchers reported that the kinematic viscosity of the
base lubricant was lower than nanoparticle-blended gear
oil, due to decrement in intermolecular forces and Newto-
nian behavior. In this study, the LUB-1 provides the max-
imum kinematic viscosity at temperature 40 °C and also
found to decrease significantly at 100 °C compared to MoS,
nanosheet-blended gear oils namely LUB-2 and LUB-3, and
it may be due to the large size and poor suspension stabil-
ity of bulk MoS,. Moreover, they said that the temperature
increment of LUB-1 was indicating the failure of percolat-
ing microstructures. So, it was not stable for a long time.
At the same time, LUB-2 and LUB-3 provides stable and
uniform kinematic viscosity compared to LUB-1 and base
oil. However, the LUB-3 attained a maximum viscosity at
100 °C compared to other lubricants. The nanoparticle con-
centration and temperature directly affects the viscosity of
lubricants and alters the rheological behavior from Newto-
nian to non-Newtonian. The viscosity index of LUB-3 (Ni-
MoS, nanosheets) increased nearly by 17%, which attained
a maximum viscosity index compared to LUB-2 and LUB-1.
They stated that Ni-MoS, nanosheets could enhance the per-
formance of gear oil, which could lead to an improved fuel
economy and provide high shearing behavior at an elevated
temperature.

Technically, nanolubricant containing large C-H/alkanes
molecular chain showed higher viscosity index [143]. Gen-
erally, non-polar functional group with higher surface to
volume ratio contained carbon nanostructures provide extra
C-H/alkanes molecular chain in base lubricant, improving
the nanolubricants viscosity index. The researchers also
used surfactants like oleic acid and oleylamine for forming
alkanes functional group in lubricant study. The kinematic
viscosity of single and hybrid nanolubricants is influenced
by factors like base lubricant, nanoparticle concentration,
purity of nanomaterial, nature of nanomaterial, surface area
of nanoparticle, surfactants, temperature, and nanoparticle
agglomeration. Moreover, shape of the nanoparticles (ex:
cylindrical, rod, etc.) also influences the viscosity of nano-
lubricants. Nanofluids containing tube-shaped nanoparti-
cles comparatively showed enhanced viscosity than that of
spherically shaped nanoparticles [66]. The readers can find
more details on the critical factors affecting the viscosity of
hybrid nanofluids such as temperature, particle concentra-
tion, pH value, particle size, and morphology in Ref. [66].

Flashpoint

The temperature at which lubricant vapor will ignite is the
flash point of the lubricant. It can be measured by heating
the lubricant at standard pressure to a temperature which is
high enough to produce sufficient vapor to form an ignitable
mixture with air [2, 5, 16, 36, 42, 77].
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Kumar et al. [5] studied the flashpoint of Cu—Zn hybrid
nanoparticle added to various base oils (paraffin oil, veg-
etable oil, and SAE 20 oil). As the concentration of hybrid
nanoparticles increased, the flash point of all nanolubricants
was increased. The flash point of vegetable oil-based nano-
lubricants had a maximum increment than other nanolubri-
cants. They found that hybrid Cu—Zn nanoparticle was only
effective on vegetable oil-based nanolubricants.

Farbod et al. [16] investigated the flash point of CuO
nanostructures (nano-rhombic, nano-rod, and agglomerated
nanoparticles)-based nanolubricants at 0.1 and 0.2 mass%
concentration. They observed that the flash point of CuO
agglomerate and nano-rhombic structure-blended lubricants
was steadily increased with increasing concentrations. How-
ever, the flash point of 0.2 mass% copper oxide agglomerate
and nano-rhombic structure nanolubricants increased when
the temperature was 15 °C and 38 °C compared to base oil.

Ettefaghi et al. [36] investigated the flash point of various
carbon nanostructures such as MWCNTs, G, CNBs, and Cg/
SAE 20W50 nanolubricants (Fig. 12). They found that the
flash point increased for all carbon nanostructures. And it
was also found that the flash point had direct relationship
with the concentration of nanostructures.

On the other hand, the increase in flash point values was
not linear with change in concentration. The increased flash
point in nanolubricants increased the thermal resistance
against ignition. Specifically, the CNB particles offered
extremely high thermal resistance in engine oil. The flash
point value of carbon nano-ball was higher than other sam-
ples. At the same time, flash point value of C4; and MWCNT
depends on the concentration of nanoparticles and MWCNT
has higher flash point as compared to Cg, at higher con-
centration. The maximum increase in flash point was about
13.8% at 0.2 mass%. Thus, the carbon nano-ball particles
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Fig. 12 Flash point of various carbon-based nanolubricants

had an effect on the flash point value of SAE 20W50 grade
engine oil than other carbon nanostructures.

Ettefaghi et al. [42] determined the flash point of MWC-
NTs-based nanolubricants at 0.1, 0.2, and 0.5 mass% con-
centrations (Fig. 13).

The maximum increase in flash point was about 13% at
0.2 mass%. Moreover, 0.1 mass% and 0.5 mass% of nano-
lubricants had higher flash point than base oil. Finally, they
claimed that 0.2 mass% of nanolubricant was better than
other two concentrations of nanolubricants.

Ettefeghi et al. [77] investigated the effect of flash point
of CuO nanolubricants. They observed that thermal conduc-
tivity of CuO nanolubricant was increased subsequently an
increase in the value of flash point. So, it increased the anti-
ignition time of nanolubricant. Furthermore, the flash point
increment was directly related to the nanoparticle concentra-
tions, although this increase was not linear. The flash point
of 0.1 mass% copper oxide nanolubricants was increased by
7.5% compared to base lubricant, whereas the flash point had
a maximum increase (13%) for 0.5 mass%.

Flash points are very important from a safety point of
view since they constitute the only factor that defines the
fire hazard of a lubricant. In general, flash point of oils
increases with increase in the nanoparticles concentration.
Specifically, as the required thermal energy for depletion of
non-polar covalent bond is high, non-polar covalent bond
(strongest bond)-containing nanostructures blended lubri-
cant have higher flash point.

Pour point
The lowest temperature at which the lubricant will just flow

when it is cooled is the pour point of lubricant. The highest
rate of wear in an engine is observed at the first moment
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Fig. 13 Flash point of MWCNTs-based nanolubricants
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Fig. 15 Pour point of MWCNTs-based nanolubricants

when engine starts to work due to insufficiency of oil to
reach all parts of the engine. To avoid this problem and to
reduce its effect, it is required that the oil should be easy
to pump and flow. This property of oil is evaluated with a
parameter called pour point [2, 36, 42, 77].

Ettefaghi et al. [36] studied the pour point of various
nanostructure-based nanolubricants (Fig. 14). The results
showed that the pour point of graphene nanolubricants
increased by 11% for 0.2 mass%. Generally, the carbon
nanostructures have an excellent effect on lubricants. But,
it was reported that there was no substantial effect in pour
point study.

Ettefaghiet al. [42] investigated the pour point of
MWCNTg nanolubricant at three concentrations (Fig. 15).
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The 0.1 mass% MWCNTSs nanolubricants showed no
change in pour point. However, for 0.2 mass% MWCNT
nanolubricant, it increased by 7.4%. But, for 0.5 mass%
MWCNTs nanolubricant, it was found to be decreased.

Ettefeghi et al. [77] carried out the pour point study of
CuO-based nanolubricants (0.1, 0.2, 0.5 mass% concentra-
tions). The pour points of 0.1 mass% and 0.5 mass% nano-
lubricants were decreased. At the same time, it increased by
3.7% at 0.2 mass% nanolubricants compared with the other
two samples.

The researcher found that the nanolubricant concentra-
tion (wt %) was the only driving factor in the pour point
study; specifically, the 0.2 mass% was more influential in
the increase in the pour point. To be specific, carbon-based
nanostructures saw more improvement compared to copper
oxide nanoparticles due to having most non-polar functional

group.

Stability

The main factor that affects the nature of nanolubricants is
stability. According to the researchers, if stability decreases;
a reduction is observed in all other properties of nanolubri-
cants. Stability is a critical aspect of nanolubricants because
of the tendency of agglomeration between nanoparticles is
predominant, due to high surface energy of nanoparticles.
According to Derjaguin, Landau, Verway, and Overbeek
(DLVO) theory, Vander Waals force (attractive force) and
an electrical double layer force (repulsive force) are the two
forces between the nanoparticles. If the repulsive force is
much higher than the attractive force, the nanolubricant is
in a relatively stable state, as it overcomes the attraction
because of collision due to Brownian movement. Otherwise,
the nanolubricant is in an unstable state [70, 76, 144].

Steric repulsion and electrostatic repulsion are the other
two types of mechanisms through which the nanolubricants
gets stabilized as shown in Fig. 16. According to steric repul-
sion of several surfactants, such as SDS, SDBS, and CTAB
can prevent the agglomeration of blended nanoparticles in
nanolubricants. These surfactants usually have two tails;
hydrophilic and lipophilic (hydrophobic). The hydrophilic
tail adsorbs onto the surface of nanoparticles with a long
loop, and the lipophilic tail extends out into the lubricants.
Thus, stabilization of nanolubricants due to steric repulsion
is well-dispersed and can sustain for an extended period.
In electrostatic stabilization, all the nanoparticles in the
fluid (polar) adsorb one type of ions on its surface through
various mechanisms. So, an electrical double layer is cre-
ated around each nanoparticle which offsets the attractive
force between them [70, 76, 144]. The two stability mecha-
nisms are depicted diagrammatically in Fig. 16.
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Fig. 16 a Steric stabilization, b electrostatic stabilization

The selection of suitable surfactant is one of the key
issues during stabilization of nanolubricants. The sur-
factants generally consist of a lipophilic tail portion; a long-
chain hydrocarbon, and a hydrophilic polar head group.
Surfactants are generally employed to increase the contact
between two materials, sometimes known as wettability. In
a two-phase system, a surfactant tends to introduce a degree
of continuity between the nanoparticles and lubricants at the
interface [70, 144]. Basically, the surfactants are classified
into four classes (Table 4).

For nonionic surfactants, if the hydrophilic/lipophilic
balance (HLB) is lower; it indicates that it is an oil soluble
surfactants; on the other hand, if the HLB value is higher,
it is a water-soluble surfactants. The HLB value is readily
available in many handbooks [70, 145].

In general, it can be understood that when the base fluid of
nano-colloids is a polar solvent, water-soluble surfactants are
preferred as the polar functional group of surfactants adsorb
nanoparticles in polar fluids. In this method, the hydrophilic

(water loving) surfactant adsorbs nanoparticles which cre-
ate a bond with the polar fluids and thereby increasing the
stability. On the other hand, oil being non-polar fluid, a non-
polar functional group of surfactant adsorbs nanoparticles
in non-polar fluids. In this method, the lipophilic (oil lov-
ing) surfactant adsorbs nanoparticles which create a bond
with the lubricants, thereby increasing the stability [146].
The research on increasing the stability of nanolubricants is
still under study [70, 144, 145].

Thus, the addition of surfactant is an effective way to
enhance the stability of nanolubricants. The surfactants cre-
ate a bond between nanoparticles and base lubricants. How-
ever, it is used to decrease the surface tension of base lubri-
cants and improve the dispersion of nanoparticles. Although
it has many merits, it is said that surfactants also cause sev-
eral problems such as the addition of surfactants may dam-
age the heat transfer media and may produce foams when
heating process is carried out in heat exchange systems.
Furthermore, the surfactant molecules bonded on the nano-
particle surface may enlarge the thermal resistance between
the nanoparticles and base lubricant and hence it may limit
the enhancement of the effective thermal conductivity [70,
144]. But the addition of surfactants also increases the vis-
cosity of nanofluids which in turn enhances the tribological
property of lubricant oil. At the same time, high viscosity of
nanolubricants affects the lubricity. As a result, low amount
of nanoparticles enters tribo-pairs when surfactant is added
which ultimately decreases the tribological property of the
nanolubricant. Additionally, surfactants are usually sensi-
tive to temperature. At high temperature, surfactants could
decompose and thus stay out of action [70, 76].

Table 5 shows that more number of research studies
used different surfactants. To be specific, the oleic acid

Table 4 Four classes of
surfactants

Surfactants

Charge

Examples

Nonionic

Anionic

Cationic

Amphoteric (or) zwitterionic

No charge

Negative

Positive

Negative and positive

Polyethylene oxide

Poly ether

Alcohols and other polar
groups

Carboxylate

Sulfosuccinates

Sulfates

Phosphates

Sulfonates

Protonated long-chain amines
Quaternary ammonium
compounds

Positive charge is almost
ammonium

Negative charge is both car-
boxylate ion and ammonium
ion

Carboxylate is by far the most
common
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surfactant-based research works are observed more in num-
ber. Similarly, the SDS and Span-80 surfactant-based lit-
eratures are also prevalent. At the same time, some of the
research works are also investigated without the usage of
surfactants.

Details of the stability study of nanolubricants reported
in literatures are furnished in Table 9 (refer in Appendix 3).

Stability analysis method

Figure 17a displays the different stability analysis used in the
previous literature. The researchers used stability methods
such as visual analysis, DLS, UV, zeta potential, centrifu-
gation method, refractometer, and TEM imaging [70, 76,
144, 150-152]. However, the most widely used method was
visual observation method or sedimentation method. It is
best suitable in nanolubricant stability analysis than other
methods. The other methods are DLS, UV, TEM, and zeta
potential. The reason is generally because of the absorb-
ance nature of nanolubricant is less or possesses a medium

transparency which drives us to study using visual observa-
tion method or sedimentation method.

Sedimentation (or) photograph capturing method

Sedimentation method is the simplest method to analyze
the stability of nanolubricants. Sedimentation of the nano-
particles is observed through a transparent glass container,
in which nanolubricant is filled, and photographs are taken
[70, 76, 144, 150-152].

Kumar et al. [5] analyzed the stability of Cu—Zn-based
nanolubricant at 0, 0.1, 0.3, and 0.5 mass% concentration
in three different base lubricants (vegetable oil, paraffin oil,
and SAE oil). The stability was tested every day without
any disturbances. The stability results indicated that all sam-
ples were stable till 72 h and then nanoparticles started to
agglomerate. After 168 h, almost all nanoparticles settled
down. They concluded that SAE oil-based nanolubricant
had less agglomeration than vegetable oil and paraffin-based
nanolubricants.

Pena-Paras et al. [13] studied the stability of copper oxide,
alumina/oleic acid-dispersed poly-alpha-olefin (PAOS) oil,

Table 5 Surfactants used in

N . Surfactant References
pervious literatures
SDS [5, 23, 44, 54, 61, 128]
Oleylamine [6, 104, 129]
Oleic acid [8,9,17, 18,27, 30, 31, 82,
83,90, 104, 109, 121, 131,
147]
KH-560 [11,12,15]
Estisol and Pluronic [129]
Span-80 [21, 4648, 88, 118]
Sodium oleate [24]
Dodecylamine [36, 42, 95]
PVP [41, 124]
CH-5 [45]
Poly-isobutylene [52]
Aliquat 336 [56]
Tween- 20 [57]
vinyl methylerichlorosilane/methyl methacrylate [59]
Triethanolaminemonooleate [122]
Glycol [101]
Hyper-dispersant produced in three source surfactants (maleic anhydride, — [131]
oleic acid, styrene, 2,2'-azobisiso-butyronitrile)

Span-60 (Sorbitanmonoostreate) [108, 123]
Tributyl phosphate [117]
Poly ethylene glycol - 2000 [120]
Alkyl aryl sulfonate [106]
CTAB [107]
Dioctylaminedithiocarbamate [99]
ZDDP [114]
Gum Arabic [97]
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and the nanolubricant showed better stability after using
oleic acid. Luo et al. [15] studied the stability of KH-
560-modified spherical structure Al,05/TiO,-based nano-
lubricant and found that the prepared nanolubricants showed
excellent stability. Ingole et al. [29] studied the stability of
nano-sized TiO, (anatase) and commercially available TiO,

Cu

| precipitate [stable and homogeneous|

EDX

Mo

Energy/KeV

(rutile)-dispersed mineral oil without any surfactant. The
results showed that the stability of TiO, (anatase) nanolubri-
cant was better than TiO, (rutile) nanolubricant.

Li et al. [21] tested the stability of GNg-Cu compos-
ite nanoparticles dispersed in lubricating oil/span-80
(0.2 mass%) composition, and its stability was observed
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Fig.20 Graphene flakes sticked in worn surface due to natural poly-
meric ester-based lubricant additive (top left and right), (C)—corre-
sponding EDX of graphene

Fig.21 (Top) Liquid paraffin (Bottom) Liquid paraffin+0.2 mass%
Si0, particles

after 20 days. The dispersion of nanolubricant was observed
to be stable with slight sedimentation. They also analyzed
the UV absorbance of the sample and found that absorb-
ance decreased slowly with increase in time. Lee et al. [37]
examined the stability of various nanoparticles (Cgy, MWC-
NTs, CuO)-dispersed mineral oil. The results showed that
the Cgy-based mineral oil was stable for about 800 h after
preparation and maintained the dispersion over 80%. The
MWCNTs nanoparticles were found to be 70% sediment in
mineral oil within a span of 50 h, and 40% of CuO nanopar-
ticles were also sediment in mineral oil in 500 h. Thus, they
concluded that the MWCNTs and CuO-based nanolubricants
have poor stability.

Zhang et al. [47] investigated the stability of span-80/
diesel soot/graphite nanoparticles-based lubricating oil.
1 mass% of Span-80 added lubricating oil was found to be
stable and the stability reduced after 72 h. Viesca et al. [26]
carried out the stability of carbon-coated copper nanoparti-
cles and non-carbon-coated copper nanoparticles dispersed
in PAO base oil. Both samples had better stability at the
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end of friction testing. Xie et al. [80] investigated the sta-
bility of nano-sized SiO, and MoS, particle-based lubri-
cating oil. The SiO,-dispersed lubricant showed excellent
stability. On the other hand, the MoS, dispersed samples
tended to agglomerate due to their poor dispersion in the
base lubricant.

Peng et al. [83] investigated the stability of modified and
unmodified SiO, nanoparticles/paraffin oil. The modified
Si0, nanoparticles were stable in paraffin oil and hardly
any sedimentation of particles was observed. However, the
unmodified SiO, nanoparticles aggregated and precipitated
within few hours. Hence, the oleic acid modification of
nanoparticle was an effective way to improve the stability.

Gulzar et al. [84] determined the stability of TiO,/SiO,
nano-composite-based nanolubricants used at different
concentrations (0.25 mass%, 0.50 mass%, 0.75 mass%, and
1 mass%). They reported that 0.75 mass% of TiO,/SiO,
nanolubricants showed appreciable stability. Guo et al. [88]
investigated the stability of three type of heavy vehicles die-
sel soot (A, B, and C)/span-80-based nanolubricants. They
selected common concentration of diesel soot such as PAO
4 +0.05 mass% soot+ 1 mass% SP. Finally, it was observed
that PAO 4+ 0.05 mass% soot A+ 1 mass% SP (soot A) had
higher stability compared to other diesel soots.

Gao and Luo [131] investigated the stability of Cu/
hyper-dispersant-based nanolubricants. The result showed
that this combination of nanolubricant was stable around
21 days of preparation. The dispersion stability improvement
of ultrafine inorganic particles was noticeable; because the
nanoparticle surfaces absorb the hyper-dispersant. The poly-
mer chains capped on the surface of nanoparticles, prevented
aggregation and increased the stability. Due to capping, the
nano-Cu surface was transformed from hydrophilic to hydro-
phobic nature. The stable dispersion of modified nanopar-
ticles added nanolubricants was due to the steric repulsion
among polymer chains. The surface of inorganic nanoparti-
cles coated with an organic layer could reduce the interface
energy of nanoparticles and decrease the interaction between
the nanoparticles and prevent the agglomeration.

Cao and Xia [90] examined the stability of various fly
ash-based nanolubricants. The fly ash materials such as fly
ash, OA-modified fly ash (M-fly ash), treated fly ash (H-fly
ash), and OA-modified treated fly ash (MH-fly ash) were
used. The results proved that the M-fly ash and MH-fly ash-
based nanolubricant sample provided effective stability com-
pared with fly ash and treated fly ash nanolubricant sample.

Kotia et al. [96] evaluated the stability of Al,O; and
Si0,-based nanolubricants at 0.3, 0.6, and 0.9% volume frac-
tion. In this study, density of the nanoparticles was meas-
ured with varying sedimentation time. It can be observed
that the higher volume fraction samples were maintained
stable at above 95% compared to the initial volume frac-
tion. They explained that it was due to the supernatant and
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non-Newtonian behavior of nanolubricant. Lower volume
fraction added nanolubricants was observed to be more sta-
ble. Moreover, it was predicted that agglomerated size of
the SiO, nanoparticles was larger than agglomerated Al,O,
nanoparticles.

Dynamic light scattering (DLS) method

DLS is used for evaluating the stability of nanolubricant; the
tendency of the nanoparticle to aggregate over time is taken
as a control parameter. This instrument is used to measure
the average particle size of the nanoparticle suspended in
the lubricant sample with time. However, the nanoparticles
in the fluid move randomly, and their speeds of movement
is used for determining the size of the particle [5, 89, 151,
152].

Kumar et al. [5] investigated the stability of Cu—Zn nano-
particles (0.1, 0.3, 0.5 mass%) in three different base lubri-
cants (vegetable oil, paraffin oil, and SAE oil) and its size
distribution change due to natural sedimentation by measur-
ing the samples every day. Their results indicated that the
all samples were stable till 72 h and then agglomeration of
particles started and almost all the particles tended to settle
down.

Ali et al. [9] investigated the stability of Al,O; and TiO,
nanolubricants. The dynamic light scattering (DLS) peak
diameter of Al,05 (43.82 nm) and TiO, (24.36 nm) nano-
particles was more significant than the primary size of single
nanoparticle of Al,0;=8-12 nm and TiO, =10 nm. This
change was due to slight agglomeration of the nanoparti-
cles in the engine oil due to strong Vander Wall interactions
(intermolecular forces). The Al,O; and TiO, nanoparticle
sizes increased with time due to sedimentation, but it did not
form large clusters, and it was stable over the time of about
336 h (14 days) at room temperature. However, the stabil-
ity was not better with increase in the storage time because
of aggregation of the nanoparticles which was evident by
the increase in the DLS peak diameter. The aggregation
occurred whenever the Brownian motion and the attractive
forces (Vander Wall) of the nanoparticles were greater than
the repulsive forces.

Zin et al. [39] studied the stability of CNHs nanolubri-
cants using DLS method. The DLS test was conducted for
2 weeks, and it confirmed the static dispersion of all (0.1,
0.2, 0.5 and 1 mass%) samples. However, the 1 mass% of
nanolubricant sample was not tested due to its high viscosity
(do not passing the laser light on dark area). The measured
average diameter of nanoparticles did not change signifi-
cantly during the measuring time, lead to assume that there
were no aggregation phenomena. The study reported that the
mean aggregate size measured for all mass% of CNHs, and
its percentage deviation was below 10% for all suspensions.

Moreover, they mentioned that no sedimentation occurred
and thus confirming an excellent stability.

Zin et al. [41] studied the stability of Cu_1, Cu_2,
TiO,, and SWCNHs (0.005, 0.01, 0.02 vol%)-based nano-
lubricants. The test was carried out for 2 weeks, and the
stability was acceptable for all suspensions over the span
of testing time of various mean sizes and structure of nano-
particles. However, they said that there was no significant
variation of suspended nanoparticle aggregates detected over
time period.

Srinivas et al. [52] carried out the stability study of
MoS, (0.25, 0.5, 0.75 and 1 mass%)-based nanolubricant.
The 0.5 and 1 mass% of nanolubricant stability was ana-
lyzed after 10 days of preparation. The results showed that
0.5 mass% MoS,-based nanolubricant displayed effective
stability. At the same time, the 1 mass% of MoS, nanolubri-
cant had poor stability due to agglomeration of nanoparti-
cles forming large clusters. Therefore, they suggested 0.25
to 0.5 mass% of MoS, for good stability.

Lineira del Rio et al. [91] checked the stability of
TMPTO/PAO/rGO-based nanolubricants using dynamic
light scattering method. They observed apparent (agglomer-
ate) average size of dispersed graphene nanosheets for both
base oils. The apparent sizes of TMPTO and PAO 40 nano-
lubricants were around 630 nm and 60 nm, respectively. This
study used the concentration 0.25 mass% (rGO) for both
base oils. The minimum apparent average size was obtained
for PAO 40/rGO nano-dispersion, and it may be due to lesser
possibility of collision of the nanoparticles in highly vis-
cous lubricants (lower Brownian motion). The DLS data
revealed that both nanolubricants did not sediment for 70 h
after sonication.

Zeta potential method

Zeta potential is the electric potential in liquid layer sur-
rounding the particles containing two different regions;
an inner region (stern layer) and an outer (diffuse) region.
At the inner region, ions are firmly bound and are loosely
associated at the outer region. The value of zeta potential
is a measure of the stability of solid in liquid mixtures. So,
solid/liquid mixtures with high zeta potential (negative or
positive) are electrically stabilized, while the mixtures with
low zeta potentials values tend to coagulate or flocculate. In
general, a value of 25 mV (positive or negative) can be taken
as an arbitrary value that separates minimum-charged sur-
faces to maximum charged surfaces. The mixtures with zeta
potential from 40 to 60 mV are believed to possess good sta-
bility, and those with more than 60 mV have excellent stabil-
ity [70, 76, 144, 150—152]. At the same time, very less value
(ex: —1.72 mV and —0.516 mV) indicates electronegativity
(non-conducting) characteristic-based nanolubricants, but
they not said this value considers for stability [47, 88].
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Luo et al. [11] examined the stability of KH-560-modified
Al,O; nanolubricants. The absolute zeta potential value of
modified Al,O; nanolubricants was 25.1 mV, which was
greater than the value of unmodified Al,O; nanolubricants;
it indicates the static repulsion of modified Al,0; nano-
particles is higher than unmodified Al,O; nanoparticles.
They reported that modified Al,O; offered more resistance
to agglomeration and sedimentation in lubricating oil.

Vattikuti and Byon [53] investigated the stability of nano-
flowers and nano-sheets structured MoS, nanolubricant.
They found that 0.1 mass% of MoS, nanosheet-based nano-
lubricant had better stability compared to base lubricant.
The absolute value of zeta potential was higher than 30 mV;
thus, the nanolubricant was stable. The study suggested
both nanolubricants had absolute zeta potential value of 32
and 34 mV, respectively, and it was an indication of good
stability. They denoted that dispersive nature of the nanolu-
bricants depended on parameters like concentration (Mass
percentage of nanoparticles), nature of the base lubricant,
and temperature.

Spectral absorbency method

Spectral absorbency method is another efficient way to eval-
uate the stability of nanolubricants, but the UV absorbance
study of nanolubricant was very limited. Passing absorb-
ance spectrum through a nanolubricant filled cuvette is not
an easy task because the spectrum can pass only through
transparent colloids. Thus, lesser concentration nanolubri-
cants are generally most suitable for UV absorbance study.
In general, there is a linear relationship between the absor-
bency intensity and the concentration of nanoparticles in oil.
Normally, nanomaterials dispersed in lubricants or fluids
have characteristic absorption bands in the wavelength of
190-1100 nm. The variation of dispersed nanoparticle sedi-
mentation in nanolubricants can be obtained by the meas-
urement of absorption of nanolubricants because there is
a linear relationship between the absorption spectrum and
amount of suspended particles [4, 70, 109, 150-152].

Ali et al. [9] analyzed the stability of oleic acid-modi-
fied Al,O5 and TiO, nanolubricants. The spectrum peak of
maximum wavelength (4,,,,,) of the OA-modified TiO, and
Al,O5 nanolubricant was 490 and 482 nm, respectively. At
the same time, the peak wavelength of lubricant containing
OA was 470 nm. They mentioned that it was lower than
other samples. The higher peak of absorbance suggests a
better suspension of nanoparticles in engine oil. Also, oleic
acid-modified TiO, nanolubricant showed effective disper-
sion than oleic acid-modified Al,O5 nanolubricants.

Thottackkad et al. [18] conducted the stability study of
surfactant with CuO/coconut oil-based nanolubricants. At
the end of the research, the surfactant-added nanolubricant
exhibited excellent stability.
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Peng et al. [31] studied the stability of oleic acid-modified
diamond and SiO,/paraffin oil-based nanolubricants and
evaluated the stability by UV spectrum-photometry method.
The stability results of modified nanoparticles/liquid paraf-
fin showed that the absorbance spectrums slightly increased
with time, so it indicated better stability. The SiO, nanolu-
bricants absorbance value was higher than diamond nano-
lubricants. The researcher pointed out the SiO, nanoparti-
cles did not sediment easily due to its low density and higher
surface area. Finally, the study suggested, modified nanopar-
ticles using oleic acid is an effective way to improve stability
of nanolubricants. And the oleic acid surface-modified layer
effectively prevents the agglomeration of nanoparticles.

Huang et al. [46] studied the stability of span 80 modified
graphite nanolubricants. The Span-80 surfactant-modified
graphite nanosheets was prepared using ball milling process,
and then the prepared modified nanoparticles were blended
in paraffin oil. Then, these colloids were dried under heat,
and then the dried combination of span-80/paraffin oil-mod-
ified graphite nanosheets was dispersed on pure paraffin oil.
Finally, the results confirmed that 1 mass% of span 80 with
paraffin oil-modified graphite nanosheet-based nanolubri-
cants showed excellent stability.

Koshy et al. [54] studied the stability of SDS-modified
MoS, nanolubricants. The prepared samples were kept idle
for a span of 100 days after sonication. This study stated
that surfactant-modified MoS, nanoparticles dispersed lubri-
cants had limited traces of sedimentation even after 100 days
exhibiting excellent stability.

Thottackkad et al. [57] studied the stability of OA-modi-
fied CeO, nanoparticle blended with various base lubricants
(coconut oil, paraffin oil, and SAE15W40 oil). The results
showed that the non-modified nanoparticles blended lubri-
cants’ settling trend was stable after long period of the stor-
age. However, the surfactant-modified nanoparticles blended
lubricant settling trend was reduced due to certain extent of
formation of micelle-like structure.

Jatti and Singh [79] evaluated the stability of mineral oil-
based CuO nanolubricants. They claimed that CuO nano-
particle showed good stability in mineral oil, which was
confirmed by UV-spectra photometer.

Gulzar et al. [84] investigated the stability of TiO, and
TiO,/Si0, nanolubricants. The stability increased for the
nanoparticle concentration of 0.25-0.75 mass% for both
type of nanolubricants. The enriched nano-TiO, suspensions
showed less stability as the separation interfaces between
the sediment and the supernatant were sharp after being ini-
tially stable for a few hours which then gradually declined
with time. A clear lubricant was visible after 3 days because
the enriched nano-TiO, particles were subjected to continu-
ous sedimentation and separation. On the other hand, there
was a stable dispersion of nanoparticles even in the absence
of a surfactant in TiO,/SiO, nano-composite. Specifically,
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0.75 mass% nano-Ti0,/SiO, nanoparticles provided effective
stability. However, they claimed that this stability depended
on concentration because for a further increase in concen-
tration to 1 mass% of TiO,/SiO, nano-composite observed
an absorbance curve drop rapidly after 24 h as the particles
started to agglomerate more. Furthermore, 1 mass% nano-
TiO,/Si0, enriched composite was exhibiting higher rate of
deposition after 3 days.

Song et al. [109] studied the stability of OA-modified
ZnAl,O, nanoparticle-based lubricant at the concentrations
of 0.05, 0.1, 0.5, and 1 mass% at temperatures of 30 °C,
70 °C, and 110 °C, respectively. The dispersion rate was
low at the temperature of 30 °C and 110 °C. However, bet-
ter dispersion was achieved for 0.5 mass% at 70 °C. Then,
they compared the stability of various concentration of oleic
acid modifier addition (3, 6, 9, and 12 mass%) in ZnAl,O,
nanolubricants. The results showed that better stability was
observed between concentration from 3 to 9 mass%. Moreo-
ver, the 12 mass% modifier samples showed similar results
to the dispersion of 9 mass% modifier sample. They said
that the modifier concentration and heating temperature
are both important for improving the dispersion stability of
nanolubricant.

Hwang et al. [153] studied the stability of various nan-
oparticles such as MWCNTs, Cq, copper oxide, silicon
dioxide, and silver in the nanolubricant using UV-spec-
tra method. The stability study of fullerene nanoparti-
cle confirmed that the particles were well-dispersed in
base lubricating oil due to its exquisite nature. However,
the MWCNTs mixed lubricating oil sample had poor stabil-
ity due to its fashionable structure and complexity.

Alves et al. [93] examined the dispersion of CuO nano-
particles in the lubricant using UV absorption spectroscopy.
Generally, higher absorbance value indicates better disper-
sive nature of the nanoparticles in lubricant. They found
the absorbance values of wavelength of about 240-300 nm
for the CuO nanoparticle. The highest absorbance peak of
the CuO in oil solution with 0.1% of concentration was at a
wavelength of 270 nm. This highest absorbance and unique
peak of wavelength of 250 nm indicate good dispersion of
CuO nanoparticles in lubricant oil. As the nanolubricants
with 0.25 and 0.50 mass% were dark, it was necessary to
dilute. And the spectra of diluted solutions were also simi-
lar to 0.1 mass% CuO nanoparticle. Better dispersion was
achieved by superficial modification using oleic acid and
dispersant agent namely Toluene.

Other methods
TEM imaging method

Generally, it is used for characterizing the morphology (3D)
of nanoparticles before dispersion. The transmission electron

microscopy (TEM) provides high-resolution images that can
reach approximately 0.1 nm in case of lattice images. The
aggregation of nanoparticles within the nanolubricants can
be directly monitored with TEM imaging [76, 150-152].

Zawawi et al. [14] studied the stability of the Al,0;-SiO,/
PAG-based nanolubricants using TEM imaging technique;
TEM image was used to observe the dispersion and stabil-
ity of hybrid nanolubricants at 88,000X magnification. The
results showed that highest concentration (1 mass%) ratio
with optimum sonication time represents the most stable
nanolubricant. It should be noted that there was no surfactant
used in this study. The usual practice of characterization of
nanoparticles dispersed in lubricant with TEM is by first
placing a drop of prepared nanofluids onto a copper grid
coated with a carbon film. Then, the grid is observed for
the distribution of nanoparticles on copper grid when base
lubricant completely dries [76].

Centrifugation method

The centrifugation method is also used to analyze the stabil-
ity of nanolubricants. The centrifuge instrument is based on
the principle of centrifugal force on nanolubricants under
various speed (in rpm) and time (in minutes). Finally, the
nanolubricant is visually checked for any sediment in the
transparent glass container [151, 152].

Liu et al. [58] analyzed the stability of surface-modified
composite of rare earth naphthenate nanoparticles dispersed
in commercially available solvents such as VG (Virgin 26)
white oil, toluene, benzene, and petroleum ether. The study
found that the 15 mass% of nanoparticles mixed solvent
showed excellent stability at — 10 °C.

Shaharuddin et al. [148] determined the stability of gra-
phene nanolubricants by centrifuge method. This method
of stability test was used in this experiment to confirm the
results in a short period of time. The centrifugal device
(Scan Speed 1730RPM) was used where all the samples of
a total of 12 were put into the device for 10 min. The four
sets of nanolubricants samples were tested for four different
rotational speeds—1000 rpm, 5000 rpm, 10,000 rpm, and
15,000 rpm. Then, the photograph taken before and after
was compared. They noted that no sediments were observed
after the centrifugal test. This test confirmed that all the pre-
pared nanolubricants were stable. In this study, no surfactant
was added. According to DLVO theory, the nanolubricants
are stable because of the adequately high repulsive force
as compared to the attractive force. So, the nanolubricants
are considered to be stable. This is also due to the hydrogen
(H) bond interactions between the deep eutectic solvents
and graphene oxide nanoparticles, owing to the presence
of hydroxyl (OH) groups in glycerol and the unique struc-
ture of graphene oxide nanoparticles. It is known that gra-
phene oxide NPs have many functionalized groups such as
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carbonate, hydrogen, carboxyl, phenol, carbonyl, and ether
that contribute to the susceptibility of the strong hydrogen
bonds.

Refractory index method

Lineira del rio et al. [91] prepared the rGO and GO-based
nanolubricants at various concentrations (0.05, 0.10, 0.25,
and 0.50 mass%) in the base lubricant, TMPTO or Polyal-
phaolefin 40. They selected 0.25 mass% for stability analysis
because it was in the intermediate range of the nanolubricant
preparation. The first symptom of sedimentation in the GO-
based nanolubricants was observed on sonication after 24 h.
At the same time, for rGO-based nanolubricants, no sedi-
mentation was observed even after 240 h for both the base
oils. Researchers further analyzed the stability of rGO/GO
nanolubricants using refractometer method, and its result
showed that the stability of rGO nanolubricant was better.
The increase in the refractive index was lower for the nano-
dispersions containing rGO than for those containing GO

Table 6 Summary of the current review

regardless of both base oil. These results showed that great
stability improvement was observed in the nanolubricant
containing rGO than GO, because of GO had most of polar
functional group compared to rGO nanosheets (non-polar).
So, the GO (polar) mixed lubricants (non-polar) showed no
appreciable stability for base lubricants TMPTO and PAO.

Summary of the review

The forgoing discussion about the review on the effects of
nanoparticles on the tribological and thermo-physical char-
acteristics of base lubricants is summarized in Table 6.
Scope for future research work

From this review, it is found that more number research

works dealing with single nanomaterial-based nanolubri-
cants are reported in literatures. But, hybrid nanoparticles

Tribological and Remarks
thermo-physical

properties

Friction and wear
wear resistance property

Non-polar functional group contained hybrid and mono-nanoparticle-based nanolubricant showed higher friction and

Oleic acid and oleylamine-based-modified nanostructures show synergistic effect of friction/wear reduction, due to
increasing the antioxidant nature of nanolubricant

Friction and wear reduction in non-polar (like metal, carbon)-based nanolubricants are higher than metal oxide-based
nanolubricants due to increasing polar (Al-O, Ni-O, Ti—O, O-H) function group in nanolubricant

Mostly low concentration with higher surface to volume ratio of nanoparticles shows better tribological effect

Specifically, conducting, semiconducting, and insulating nature of carbon nanostructures shows excellent tribological

properties due to non-polar nature

Thermal conductivity

Thermal conductivity of nanolubricants increases with increasing temperature

Metal, metal oxide, carbon (conducting nanostructures) and hybrid nanoparticles having higher surface to volume ratio-
based nanolubricant shows higher thermal conductivity

Stable aggregation or distinct nanostructures with higher surface area show better thermal conduction mechanisms

Thermal conductivity of nanolubricants increases due to uniform arrangement of nanoparticle aggregation with better

suspension nature

Large inter particle distance between the nanoparticles shows low thermal conductivity
Thermal conductivity increases with concentration of nanoparticles but the increase in thermal conductivity has no
direct relationship with other lubricant properties like friction/wear, kinematic viscosity, flash point and pour point

Kinematic viscosity

Stable aggregation or mono-nanoparticles help to enhance the lubricant viscosity

Kinematic viscosity enhancement depends on working temperature and nanostructures concentration
Specifically, non-polar functional group with better surface area contained nanoparticles helps to improve the viscosity

index in base lubricant

Non-polar (C-H, C=C=C, C=C, C=C) functional group contained carbon nanostructures shows higher pour point

Flash point Flash point is higher for non-polar than polar nanoparticles

Flash point increases with concentration of nanoparticles

Higher the flash point of nanolubricant greater its thermal stability
Pour point
Stability

ity

Nanolubricant with higher surface to volume ratio and optimum concentrations of nanoparticle exhibits excellent stabil-

Oleic acid and oleylamine-based non-polar surfactant shows better stability in lubricant medium, due to reduced
agglomeration (intermolecular forces) between the nanoparticles
Specifically, carbon-based nanostructures showed better stability than other nanostructures due to similar functional

group
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are highly suitable for the use in lubricant to conduct excess
heat. There are only a few nanolubricant research studies
involving nano-composite or hybrid nanomaterials have
been carried out. Hybrid nanoparticles involving various
combinations any two among metal, metal oxide, and car-
bon nanoparticles can be synthesized and its effect on tribo-
logical and thermo-physical properties could be studies. It
should be noted that particularly, the nanoparticles should
be having high surface to volume ratio.

Additionally, carbon nanostructures can be prepared by
either chemical or natural method. Generally, the carbon-
based nanostructures enhance both tribological and thermo-
physical property of base lubricant to a greater extent than
any other nanoparticles. The carbon and carbon-based nano-
structures are most widely prepared by chemical methods
due to its easy accessibility and availability even though it
uses high toxic chemicals. Extraction of conventional car-
bon nanostructures like MWCNTSs, graphene, and graphene
oxide from various natural sources like coconut shell, green
plant, etc., which would be economical and provide environ-
mental safety, will have to be explored.

In stability additive point of view, although the use of sur-
factant enhances stability, it can both increase and decrease
the nanolubricant property. Therefore, it is advisable to iden-
tify the suitable surfactants with amount (mass% or vol%)
for corresponding nanolubricants before the nanolubricant
is put to practical use.

Conclusions

In this review article, the effect of adding mono- and hybrid
nanoparticles on the tribological and thermo-physical proper-
ties of base lubricant is reviewed in detail and the influence of
nanoparticle shape, size, material, and concentration, temper-
ature, and surfactant are thoroughly analyzed and reported.
More importantly, the enhancement in tribological and
thermo-physical properties is dependent on the uniform and
stable dispersion of nanoparticles in the base lubricant. The
important points recorded from the review are listed below:

e The tribological properties such as friction and wear
change is primarily based on factors like base lubricants,
nature of nanoparticles, nanoparticle size, nanoparticle
structure, working temperature, nanoparticle concentra-
tion, purity of nanoparticle, nanoparticle agglomera-
tion, surfactants, nanolubricant stability, and preparation
method.

e Increasing nanomaterial concentration in lubricants
increases the tribological property which invariably
increases up to a certain concentration and then decreases.
Some specific concentrations are only suitable for improv-
ing the tribological performance of nanolubricants.

e Researchers confirmed that there are mainly four types of
mechanism such as sliding, rolling, bearing, and tribofilm
formation in reducing the friction with the aid of nano-
particles in the base lubricant. But, tribofilm formation
mechanism is the major friction reduction mechanism as
reported in many research studies in nanolubricants.

e The thermo-physical properties such as thermal conduc-
tivity, kinematic viscosity, and flash point increase or
decrease based on various factors such as base lubricants,
nature of nanomaterials, nanomaterials size, nanomateri-
als structure, working temperature, nanomaterials con-
centration, purity of nanomaterials, nanoparticle agglom-
eration surfactants, and nanolubricant stability.

e Specifically, ‘carbon nanostructures’ pour point incre-
ment was better than other nanoparticles like metal,
metal oxide-based nanostructures due to the presence of
more non-polar functional groups.

e Increasing nanoparticle concentration increases the
thermo-physical properties gradually and then it reduces.
Some specific nanoparticle concentrations are only suit-
able for improving the thermo-physical properties of the
base lubricant.

Thus, increasing nanoparticle concentration in lubri-
cants increases both tribological and thermo-physical
properties invariably up to a certain concentration, and
then both properties decrease. But, the optimum concen-
tration may not be the same for the two properties.

e According to many researchers, the shape of nanoparti-
cles is found to be influencing the tribological properties,
whereas it has negligible effect on the thermo-physical
properties of the nanolubricant.

e Sustaining the stability of nanoparticles in lubricant for an
extended period of time is a challenging task because of
the tendency of the nanoparticles to agglomerate and set-
tle down depending upon nanoclusters density. However,
optimum concentration with higher surface area to volume
ratio of nanoparticles exhibits excellent stability in base
lubricants.

Due to the enhancement of tribological and thermo-phys-
ical properties of the lubricants using nanoparticles, practi-
cal applications of nanolubricants in systems will pave way
for extending the useful life of the components being lubri-
cated, increasing the fuel/energy efficiency subsequently
improving the fuel/energy economy, reducing global fuel/
energy consumption with reliable performance and reducing
the hazardous emissions thereby saving mother earth.

Appendices
Appendix 1

See Table 7.
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Table 7 Summary of tribological effects of nanostructures on frictional worn surfaces

Nanoparticle [References] Structure Results of tribological effects/mechanisms on
friction surfaces
Ag-MoS, [4] Lamellar See Fig. 18
The Ag-MoS, nano-tribofilm formed on worn
surfaces
Bi and Bi/Cu [7] Spherical Bi and Cu nanoparticles promote filling and
sedimentation on the worn surfaces
AlL,O5 [11] Spherical The Al,O; Self-laminating protective nano-tribo-
films are formed on friction surfaces
AlL,04/Si0, [12] Nearly spherical Rolling mechanism formed the Al,O5;/Si0O, tribo-

CuO and ALO; [13]
ALO4/TiO, [15]
TiO, [29]

Cu and CuO [17]

surface-coated natural serpentine [20]

Graphene-copper [21]

CuO [22]

CuO [24]

CuO and ZnO [10]

CuO, ZnO and ZrO, [28]

Diamond and SiO, [31]
Fe;0, [32]

Mn, 75 Zn, ,, Fe,0, [33]
Fullerene(Cg) [37]
Tiny graphene [39]

Graphene [40]
Graphene [72]

Graphene [73]

Single-Walled Carbon nano-horn, CuO, TiO,

[41]
Diesel soot and graphite [47]
rGO-Cu [48]

Rhenium-doped fullerene-like MoS, [49]

Hexagonal-BN [51]

Spherical and tubular
Spherical

Irregular

Nano-rhombic and nano-rods
Lamellar

Rippled and Spherical

Spherical

Quasi spherical
Nearly spherical
Nearly spherical

Irregular
Nano-flake

Quite uniform

Nano-horn

Nano-flake
Nano-flake

Platelet

Nano-horn, Dahlia spherical and Spherical

Nearly spherical and Quasi circular

Nanosheets Nearly spherical
Platelet

Lamellar

films on worn surfaces

Rolling effect of CuO/Al,O; nanoparticles on
specimen worn surfaces

Formation of Al,04/TiO, nano-protective film on
worn surfaces

Formation of uniform TiO, nano-tribofilm on
sliding surfaces

Rolling effect of Cu/CuO nanoparticles on worn
surfaces

Surface-modified natural serpentine nano-tribo-
films formed on worn surfaces

Graphene—copper nano-composite film was
promoting Self-repair effects on damaged parts
and surfaces

Third body and tribo-sinterization effect of nano-
CuO particles on worn surfaces

Rolling and mending effect of CuO nanoparticles
on friction surfaces

Formation of CuO-ZnO nano-tribofilm on wear
surfaces

Tribo-sintering effect of CuO, ZnO and ZrO,
nanoparticles on wear surfaces

Formation of SiO, tribofilm on worn surfaces

Self-repair effect of Fe;O, Nano-flakes on worn
surfaces

Formation of amorphous nano-composite tribo-
films on worn surfaces

Polishing effect of fullerene nanostructures on
worn surfaces

Tiny graphene Nano-horns by rolling/sliding
mechanisms on frictional surfaces

See Figs. 19 and 20

Graphene preparation via solar radiation, it acted
as Nano-bearing effect on wear surfaces

Graphene act as the ball-bearing effect on speci-
men worn surfaces

Sliding into rolling effect on the worn surfaces

Sliding/rolling effects on the frictional surfaces

Formation of rGO-Cu nano-composite tribofilms
on friction surfaces

Filling of rare earth composite nanoparticle on
worn surfaces

H-BN Protective layer formed on the worn
surfaces
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Table 7 (continued)

Nanoparticle [References] Structure Results of tribological effects/mechanisms on
friction surfaces

MosS, [52] Hexagonal MoS, protective layer formed on the worn
surfaces

MoS, [54] Lamellar Formation of MoS, nano-tribofilm on contact
surfaces

CeO, [57] - Rolling effect of CeO, nanoparticles on sliding
surfaces

Surface-modified nano-Y,0; [59] Spherical Formation of ceramic nano-protective layer on
wear surfaces

Nickel [78] Nearly spherical Formation of Nickel nano-protective layer on the

CuO [79]

MoS, and SiO, [80]
Cu [81]

Nickel [82]

Si0, [83]

Diamond [85]

MosS, [86]

Diesel soot(3 types) [88]
2D-Boron nitride [89]
CaCO; [78]

CuO, TiO,, and Nano-Diamond [101]
Graphene [125]

Graphene [102]

La(OH);-RGO [112]

Lanthanum tri-fluoride [117]
Serpentine/magnesium hexasilicate [103]

Carbon [113]
Si3N,/SiC [119]

Ni [128]
Cu [120]

Carbon [115]
Diamond [105]

Fe, Cu and Co [107]

Serpentine/La(OH); [108]

Nearly spherical

Nanosheets and Spherical
Oblong

Spherical

Spherical

Slice

Nanotube

Spherical and Elliptical
Nano-platelet

Nearly spherical

Spherical
Platelets

Sheet

Rod and sheet

Hexagonal

Irregular sphere and column

Nano-capsule

Spherical
Spherical

Onion

Core—shell

Granular

worn surface (tribo-sinterisation effect)

Deposition of CuO nano-tribofilm on worn
surfaces

Rolling effect of MoS, and SiO, on wear surfaces

Formation of Cu metal nano-protective film on
worn surface

Deposition of Nickel nano-lubrication film on
worn surfaces

See Fig. 21
Formation of SiO, nano-protective film on worn
surfaces

Formation of diamond protective layer on worn
surface

Formation of wear protective layer and low-shear-
tribofilm on worn surfaces

Sliding/rolling effects of diesel soot on the fric-
tional surfaces

Formation of 2D-Boron nano-tribofilm on worn
surfaces

Formation of CaCO; nano-protective film on
contact surfaces

Rolling effect on the sliding surface

Formation of graphene nano-tribofilm on worn
surfaces

Formation of graphene nano-tribofilm on worn
surfaces

Formation of Graphene and MoS, nano-tribofilm
on worn surfaces

Formation of lanthanum tri-fluoride nano-tribo-
film on rubbed steel surfaces

Self-repairing effect of serpentine/magnesium
nano-tribofilm on worn surfaces

Carbon act as rolling effect on friction surfaces

Rolling effect of Si3N,/SiC nano-tribofilm on
frictional surfaces

Formation of Nickel tribofilm on worn surfaces
Formation of Cu nano-tribofilm on worn surfaces
Formation of carbon film on worn surfaces

Diamond nanoparticles act as a Polishing effect
on friction specimen surfaces

Formation of metal nano-composite tribo-layer
on friction surfaces

Formation of rare earth composite tribofilm on
worn surfaces
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Table 7 (continued)

Nanoparticle [References] Structure Results of tribological effects/mechanisms on
friction surfaces

Silver [124] - Formation of silver nano-tribofilm on worn
surfaces

SiO, [121] Nearly spherical Rolling effect of SiO, nanoparticles on worn
surfaces

Cu [99] Spherical Formation of Cu nano-protective layer on worn
surfaces

Zinc aluminate (ZnAl,O,) [109] Spherical ZnAl,0O, nano-composite acts as a Nano-bearing

Cu, Fe and Zn [114]
h-BN and graphene [110]
Al 05 [112]

Fly ash [90]

rGO/GO [91]

Halloysite clay [92]

Tiny CuO [93]

CNC [94]

DAG [95]

Al,05 and SiO, [96]

Ni-MoS, [111]

Graphite oxide extracted from waster carbon

(98]

Both are 2D-nano-sheet
Spherical

Uneven

Nanosheets

Nanotube

Spherical

Spherical

Nanosheets

Spherical

Nanosheets

Nanosheets

and tribo-sintering effects on worn surfaces

Formation of Cu, Fe and Zn metal tribofilm on
worn surfaces

Tribo-sintering effect of H-BN/Graphene nano-
structures on rubbed surfaces

Rolling effect of Al,O5 nanoparticles on worn
surfaces

Fly ash formed the protective film on frictional
surfaces

Patching effect of nanoparticles formed on worn
surfaces

Halloysite clay formed is a protective tribofilm on
worn surfaces

Rolling effect promotes the copper oxide nano-
particle on worn surfaces

Formation of Cellulose Nano-Crystals on worn
surfaces

Formation of graphene nano-tribofilm on worn
surfaces

Formation of Al,O5; and SiO, nano-tribofilm on
worn surfaces

Formation of Ni-MoS, nano-tribofilm on worn
surfaces

Formation of thin-film on contacting surfaces
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Appendix 2

See Table 8.

Table 8 Instruments used for tribological studies

Instruments used

References

Ball- on-disk friction and wear testing machine
Pin-on-disk friction and wear testing machine
Tribology test rig (ASTM G181)

Four ball tribological testing machine

Optimal SRV4 friction tester (ASTM D 5707)
Thrust ring friction and wear testing machine
MMU-10G friction and wear testing machine
Rotation tribometer RT 4000

Disk-on-disk friction and wear testing machine
Reciprocating friction monitor

Rattling machine (shenzhou brand)
Block-on-ring

High Frequency Reciprocating Rig (HFRR)
Ball-on-ring friction and wear testing machine
Rotation disk tribometer

Engine friction test rig

Plint-TE77 reciprocating sliding friction tribo tester
MMU-5G friction and wear tester
Ring-on-ring tribo tester

MM-10W multifunctional friction tester

Ball-on-block MFT- R 4000 reciprocating friction and wear
tester

[6, 10,41, 47, 48, 55, 74, 86, 88, 89, 91, 95, 115, 120, 129]

[4,7,18,19,29, 34,51, 54, 57,79, 81, 87, 96, 102, 115, 121, 124, 126, 127, 130]

(8, 9]

[10, 12, 14, 18, 26, 27, 32, 33, 38, 40, 46, 52, 53, 56, 58, 60, 61, 72, 73, 78, 84,
85,92, 98,99, 104, 105, 107, 109-111, 114, 117, 118, 123, 125, 128, 131, 132]

[13,20, 122]

(11,12, 15, 126]

[15]

[129]

[24, 37, 106, 116, 129]
[17]

[21]

[22, 25, 26, 28, 31, 78, 105, 108, 113, 118]
[24, 93, 112]

131, 83]

[49]

[78]

[101]

[103]

[105]

[94, 96, 108]

[90]
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Appendix 3

See Table 9.

Table 9 Summary of reported stability studies

References Nanoparticle used

Base lubricant

Surfactant used

Stability testing method

Stability study

(5]

(6]
(8]

[9]

(11]
(12]

[14]

[147]
[126]
[16]
(30]
[36]

(39]
(40]
[72]
[73]

(41]
[42]
[45]
[50]
(52]
(53]

[148]

(81]

[84]
[84]

[87]

[131]

[132]

[90]
[149]
[91]

Cu-Zn

WS,

Al,O3, TiO, and Al,O,/
TiO,

Al,05 and TiO,

AL O,

KH-560 surface-modi-
fied Al,0,/Si0,

Al,05-Si0,

TiO,
TiO,
CuO
OA modified CuO

MWCNTs, G, CNBs
and Cg,

Graphene nano-horns
Graphene
Graphene
Graphene

Cu,TiO, and SWCNHs
MWCNTs

Graphite

IF-MoS,

MoS,

MoS,

Graphene
Cu

Sio,
Ti0,/Si0,, TiO,

CuO
Cu
ZnAl,0,

Fly ash
Graphene
rGO and GO

Vegetable oil, Paraffin
oil and SAE oil

PAO6
SW-30

SW-30

Lubricating oil

Lubricating oil
PAG

SAE 30 engine oil
Mineral oil
SAE20W50
Liquid paraffin
SAE20W50

PAG

20W50

Engine oil

PAO10 & palm-oil

tri-methylolpropane
(TMP) ester

Engine oil
SAE20W50
Lubricating oil
SAE-5W30
SAE 20W-40
PAO

Glycerol

Mineral oil and syn-
thetic ester

Liquid paraffin
Palm oil

Polyol ester
SAE-30

Lubricating oil

PAO
Glycerol
TMPTO and PAO40

Oleylamine
OA

OA

KH-560

DDA

Polymeric ester

DDA
CH-5
Poly-isobutylene

Maleic anhydride
(C4H,0;), OA and
Styrene (CgHg)

OA

OA

DLS and Zeta method

Visual analysis

Visual analysis and UV
spectroscopy

UV spectroscopy and
DLS

Zeta potential

Visual analysis

Visual analysis, TEM
and UV spectroscopy

DLS and Zeta method
Visual analysis
Visual analysis
Visual analysis

Visual analysis

DLS

Zeta potential
Visual analysis
Visual analysis

DLS

Visual analysis
Visual analysis
Visual analysis
DLS

Zeta potential

Visual analysis and
centrifugal method

Visual analysis

Visual analysis

Visual analysis and UV
spectral analysis

Visual analysis

Visual analysis

Visual analysis and UV
spectral analysis

Visual analysis
Visual analysis

Visual analysis, DLS
and Refractometer

3 days (all three kind of
nanolubricants)

3 days
55 days

14 days

50 days
90 days

30 days

75 days
Around 34 days
30 days

3 days

30 days

14 days

0.01 mass% is stable
Above 30 days

20 days

14 days

30 days

About 1 ¥2 day
365 days

10 days

MoS, nanosheets are
maximum stable

Excellent stability

240 days

< 1 day
3 days

< 1 day
21 days
Several days

7 days
Four months
Great stability
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Table 9 (continued)

References Nanoparticle used

Base lubricant

Surfactant used

Stability testing method ~ Stability study

[93] Tiny CuO PAO - Visual analysis and UV Good dispersion
[94] CNCs SAE40 - Visual analysis Good suspension stability
[95] DAG Commercial lubricants ~ Dodecylamine Visual analysis 8 days
[111] Ni-MoS, Commercial gear oil - Visual analysis, UV, Excellent stability
Zeta potential

[97] Milled activated carbon  Solar glycol Gum Arabic Zeta potential, UV Good stability
References 15. Luo T, Wei X, Zhao H, Cai G, Zheng X. Tribology properties of

Al,0,4/TiO, nanocomposites as lubricant additives. Ceram Int.

1. Heikkila P. Bio-based carbon materials road-map. Espoo: VIT 2014;40:10103-9.

10.

11.

12.

13.

Technical Research Centre of Finland; 2016.

Stachowiak G, Batchelor AW. Engineering Tribology [Internet].
Elsevier Science; 2013. Available from: https://books.google.co.
in/books?id=u69ptQAACAAI.

Shahnazar S, Bagheri S, Abd Hamid SB. Enhancing lubricant
properties by nanoparticle additives. Int J Hydrogen Energy.
2016;41:3153-70.

Zhang W, Demydov D, Jahan MP, Mistry K, Erdemir A, Malshe
AP. Fundamental understanding of the tribological and thermal
behavior of Ag—-MoS, nanoparticle-based multi-component
lubricating system. Wear. 2012;288:9-16.

Kumar MS, Vasu V, Gopal AV. Thermal conductivity and rheo-
logical studies for Cu—Zn hybrid nanofluids with various base-
fluids. J Taiwan Inst Chem Eng. 2016;66:321-7.

Jiang Z, Zhang Y, Yang G, Gao C, Yu L, Zhang S, Zhang P.
Synthesis of oil-soluble WS, nanosheets under mild condition
and study of their effect on tribological properties of poly-alpha
olefin under evaluated temperatures. Tribol Int. 2019;138:68-78.
Chang H, Chen C-H, Tu H-S. The fabrication and effect of Bi
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lubricating oil. ] Comput Theor Nanosci. 2015;12:852-7.
Ahmed Ali MK, Xianjun H, Turkson RF, Peng Z, Chen X.
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2016;6:77913-24.

Ali MKA, Xianjun H, Mai L, Qingping C, Turkson RF, Bicheng
C. Improving the tribological characteristics of piston ring
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terials as nano-lubricant additives. Tribol Int. 2016;103:540-54.
Alves SM, Barros BS, Trajano MF, Ribeiro KSB, Moura E. Tri-
bological behavior of vegetable oil-based lubricants with nano-
particles of oxides in boundary lubrication conditions. Tribol Int.
2013;65:28-36.

Luo T, Wei X, Huang X, Huang L, Yang F. Tribological proper-
ties of Al,O; nanoparticles as lubricating oil additives. Ceram
Int. 2014;40:7143-9.

Jiao D, Zheng S, Wang Y, Guan R, Cao B. The tribology proper-
ties of alumina/silica composite nanoparticles as lubricant addi-
tives. Appl Surf Sci. 2011;257:5720-5.

Pena-Paras L, Taha-Tijerina J, Garza L, Maldonado-Cortés D,
Michalczewski R, Lapray C. Effect of CuO and Al,O; nanopar-
ticle additives on the tribological behavior of fully formulated
oils. Wear. 2015;332-333:1256-61.

Zawawi NNM, Azmi WH, Redhwan AAM, Sharif MZ, Sharma
KV. Thermo-physical properties of Al,05;-SiO,/PAG com-
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16.

17.
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20.
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23.

24.
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Zhang B, Xu Y, Gao F, Shi P, Xu B, Wu Y. Sliding friction
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Li X, Zhao Y, Wu W, Chen J, Chu G, Zou H. Synthesis and
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