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Abstract
The advent of nanotechnology has resulted in a significant number of experimental studies over the past decades into the 
use of nanoparticles as lubricant additives (also known as nanolubricants). Nanolubricants offer a solution to the environ-
mental problems associated with traditional lubricant additives that contain sulphur, chlorine and phosphorus. Despite their 
excellent tribological performance, the poor long-term stability of nanolubricants limits their use in real applications. We 
herein present a review of recent efforts and progress in the preparation of stable nanolubricants, including the evaluation 
of nanolubricants dispersion stability, factors that affect dispersion stability, and techniques to enhance stability of nanolu-
bricants. This paper also discusses the effects of dispersion stability of nanolubricants on the tribological performance and 
lubrication mechanisms involved in the enhancement of tribological performance. Finally, research challenges and possible 
solutions to this problem are discusses.
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1  Introduction

The advent of nanotechnology has allowed the synthesis of 
nanomaterial in various fields including optics and opto-
electronics [1], photocatalysis [2], electrical and sensor 
devices [3], biomedical applications [4] and so on, due to 
their excellent chemical, thermal and mechanical proper-
ties. Recently, applications of nanomaterial in lubricants 
have spurred a significant number of experimental research 
projects for using nanoparticles as lubricant additives (also 
known as nanolubricants). Nanolubricants can offer a solu-
tion to many problems associated with traditional lubricants 
that contain sulphur and phosphorus, yet promise excellent 
tribological performance [5–7]. Also, nanolubricants show 
a number of advantages, such as (1) better stability when 
suspended in a lubricant compared to micro- or macro-sized 
particles [8], (2) particles are not retained by filters [9], (3) 

can form films on many different type of surfaces [10], (4) 
are relatively insensitive to temperature and (5) exhibit lim-
ited tribochemical reactions [9].

The preparation of homogeneous and stable nanolubri-
cants is the key issue to limitations in the commercial appli-
cation of nanolubricants. The main problem associated with 
the stability of the nanoparticles is agglomeration, where the 
nanoparticles tend to aggregate due to van der Waals forces 
[11]. To address this issue, great efforts have been made to 
improve the stability of nanolubricants with physical treat-
ments [12–14], use of surfactants [15–18] and surface modi-
fication of nanoparticles [19–21].

Several mechanisms can be employed to enhance the tri-
bological performance of nanolubricants including rolling 
mechanism, exfoliation mechanism, self-repairing or mend-
ing mechanism, polishing mechanism and tribo-film forma-
tion. However, there is still a lack of theoretical understand-
ing of these mechanisms.

This paper offers a systematic summary of research 
results presented in previously published data, including 
substantial details of the preparation methods of nanolubri-
cants, factors affecting the dispersion stability, and charac-
terisation techniques of dispersion stability. This overview 
is intended as a useful guide for researchers to prepare a 
homogeneous and stable long-term nanolubricant without 
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agglomeration. A detailed review on the theoretical under-
standing of lubrication mechanisms follows, and finally, this 
review paper includes a discussion on the challenges and 
their possible solutions in the nanolubricant field.

2 � Dispersion Stability of Nanolubricants

2.1 � Evaluation of Nanolubricants Dispersion 
Stability

Dispersion stability refers to the stability of the suspension 
of nanoparticles in the base lubricant without sedimentation 
or settling down of nanoparticles due to a downward body 
force from cumulative weight [22, 23]. The distribution of 
nanoparticles in the base lubricant should show long-term 
stability in order to perform effectively as lubricant addi-
tives. Different methods have been developed to evaluate 

the stability of nanolubricants including the sedimentation 
method, optical absorbance spectrum/UV–vis spectropho-
tometer, dynamic light scattering (DLS), zeta potential 
analysis and the imaging method. Table 1 shows a compari-
son of the advantages and limitations of available methods 
used to evaluate the stability of suspended nanolubricants. 
The details around these evaluation methods will be further 
discussed below.

2.1.1 � Sedimentation Method

The sedimentation method is the simplest and most eco-
nomical method to analyse the dispersion stability of nano-
lubricants. Sedimentation is the process of nanoparticles 
settling down or being deposited as sediment at the bottom 
of the base lubricant. This process is related to the balance 
between buoyancy and frictional forces [31]. The sedimenta-
tion rate of nanoparticles can be calculated using Stoke’s law 

Table 1   Comparison of common methods used for evaluation of dispersion stability of nanolubricants

Stability test Advantages Limitations References

Sedimentation Simplest method
Low cost

Time consuming Gulzar et al. [24]

UV–Vis spectrophotometer Applicable to all base lubricant Not applicable for highly concen-
trated base lubricants or dark in 
colour

Ghadimi et al. [25]; Babita et al. 
[26]

DLS Short time required Requires information on sample 
history

Require a larger number of 
particles compared to imaging 
method

Limited to base lubricant dark in 
colour

Expensive

Anushree and Philip [27]

Zeta potential Ease of measurement Not applicable for high viscosity 
base lubricants or dark in colour

Not applicable for very low con-
centrations nanofluids

Not applicable for highly conduc-
tive nanofluids

Expensive

Babita et al. [26]; Anushree and 
Philip [27]

Imaging method (optical micro-
scope)

Ease of measurement
Characterized aggregate state of 

suspension

The observation might not be rep-
resentative of the whole sample

Kim et al. [28]

Imaging method
(SEM, TEM, FESEM)

Gives detailed shape and morpho-
logical information

Time consuming
Require desired sample prepara-

tion
Not sufficient to obtain statistical 

results because only from tens to 
hundreds particles are meas-
ured among a large number of 
particles

Changes in particle properties 
during drying and contrasting the 
sample

Not applicable for high viscosity 
base lubricants

Devendiran and Amirtham [11]; 
Rasheed et al. [29]; Zin et al. 
[30]
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(Eq. 1), and this equation is applicable for most spherical 
nanoparticles [32].

where d is the diameter (cm) of nanoparticle, δ is the den-
sity (g/cm3) of nanoparticle, ρ is the density (g/cm3) of base 
lubricant and µ is the viscosity (Pa s) of base lubricant.

Sedimentation can also be visually analysed using the 
photography method over a period of time [33–35]. A sta-
ble dispersion of nanolubricant has minimum sedimentation, 
where the nanoparticles will remain suspended for a long 
time. To obtain a quantitative assessment of the stability, the 
sedimentation ratio can be calculated based on photographs 
obtained over a specified period. Yin et al. [36] evaluated the 
dispersion stability of suspensions by measuring the sedi-
mentation ratio against time. The sedimentation ratio was 
calculated by dividing the height percentage of the sediment 
nanoparticles against the total suspension height. The larger 
sedimentation ratio indicated stable dispersion stability.

On the other hand, Haghighi et al. [31] experimentally 
measured the stability of the suspension through the sedi-
mentation balance method. The weight of sediment nanopar-
ticles on a suspended tray balanced in the suspension was 
measured by an accurate scale to record the sedimentation 
rate of nanoparticles. They concluded that the sedimenta-
tion rate of nanoparticles obtained by sedimentation bal-
ance method are consistent with those from the photography 
method.

2.1.2 � UV–Vis Spectrophotometer

The dispersion stability of nanolubricant can be evaluated 
using an ultraviolet visible (UV–Vis) spectrophotometer 
that obeys the Beer-Lambert law. The higher absorbance 
level of visible light at a certain wavelength by the nano-
particles in the base lubricant indicates excellent stability 

(1)v
0
=

54.5d2(� − �)

�

of the nanolubricant [37]. Table 2 shows the wavelength 
range and absorbance peak for different nanolubricants taken 
by previous researchers. As mentioned in Table 1, the use 
of UV–Vis spectrophotometer is limited to highly concen-
trated lubricants or base lubricants that are dark in colour. 
However, Alves et al. [37] suggested that it is necessary to 
dilute dark coloured nanolubricants before performing the 
absorption spectra test.

Some researchers reported the absorbance level over dif-
ferent time intervals, after initially identifying the absorb-
ance peak of the nanolubricant. Gulzar et al. [7] performed 
the absorbance spectra tests of CuO/CMPO and MoS2/
CMPO nanolubricants with and without oleic acid over a 
time duration of 72 h at a wavelength of 429 nm. Thottackad 
et al. [16] measured the absorbance level of CeO2 nanopar-
ticles in coconut oil, paraffin oil and engine oil at 429 nm 
at time duration of 1000 h. Koshy et al. [17] identified the 
absorbance spectra of MoS2/coconut oil and MoS2/paraf-
fin oil nanolubricants with and without SDS at wavelength 
of 429 nm over a time duration of 120 h. Song et al. [19] 
measured the dispersion ability of ZnAl2O4 nanoparticles 
in lubricant oil over a time duration of 140 h. Lee et al. [38] 
evaluated the dispersion stability of fullerene/mineral oil 
and CNT/mineral oil nanolubricants over 800 h time dura-
tion. The decrease in absorbance level over time indicated 
the sedimentation of nanoparticles. The nanolubricant that 
had no gradient variation in absorbance level as a function 
of time indicates the excellent dispersion stability of the 
nanolubricant.

2.1.3 � Dynamic Light Scattering

Some researchers confirmed the stability of the nanolubri-
cant suspension by using the dynamic light scattering (DLS) 
technique [20, 46–49]. This technique was used to measure 
the particle size distribution of nanoparticles in the lubricant 
to evaluate the dispersion stability with time. It measures the 
diffusion of particles moving under Brownian motion and 

Table 2   Wavelength range and 
absorbance peak for different 
nanolubricants

Nanolubricants Wavelength range 
(nm)

Absorbance peak 
(nm)

Reference

CuO/synthetic oil 200–1100 270 [37]
Al2O3/gear oil 180–740 197.50 [39]
CuO/sodium oleate (SOA) hydrocarbon 280–600 282 [40]
SiO2/PAG 200–400 313 [41]
Ag/polyethylene glycol 300–700 415 [42]
MWCNT/SAE40 oil 300–700 397 [43]
Cu/ionic liquid-in-vegetable oil 400–800 524 [44]
TiO2/engine oil 450–1200 490 [45]
Al2O3/engine oil 482
Oleic acid/engine oil 470
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converts it to particle size using the Stoke-Einstein relation-
ship, where the particle size ranges from 0.3 nm to 10 µm 
[39, 47]. The particle size distribution is obtained based on 
analysis of the resultant exponential autocorrelation func-
tions. Basically, the dark nanolubricant should be dried out 
or diluted before taking the measurement, but doing so will 
change the nature of the microstructure of nanoparticles in 
the lubricant [50]. Thus, an appropriate method for char-
acterising the particle size of the nanolubricants is critical 
to avoid changing the nature of the microstructure of the 
nanolubricant.

2.1.4 � Zeta Potential

The dispersion stability of nanolubricants can be measured 
via zeta potential analysis, which is determined by the sur-
face charge density as characterised by the electro-kinetic 
potential [34]. The stability of suspensions can be expressed 
as the zeta potential value, where a higher value of zeta 
potential (negative or positive) represents better nanolu-
bricant dispersion stability [51, 52]. A high value of zeta 
potential (electrostatic ability) increases the electrostatic 
interactions between the particles, thus preventing coagu-
lation and the settling of nanoparticles [34]. The suspen-
sions that have a zeta potential value higher than 30 mV are 
believed to be stable, suspensions with zeta potential value 
from 40 to 60 mV have good stability, and suspensions with 
zeta potential value above 60 mV have excellent stability 
[53–55]. The prepared TiO2/mineral oil nanolubricant by 
Sabareesh et al. [53] was found to have a zeta potential of 
70 mV which showed a stable suspension even 800 h after 
preparation. Chang et al. [56] found that TiO2 nanolubri-
cant had a good suspension stability with a zeta potential of 
35 mV and pH value 7, where the suspension was found to 
be stable for 7 days.

2.1.5 � Microscopy

This section will discuss the dispersion stability of sus-
pensions by characterisation techniques. The stability of 
suspensions can be characterised using different types of 
microscopy including optical microscope (OM), scanning 
electron microscopy (SEM), transmission electron micros-
copy (TEM), high-resolution transmission electron micros-
copy (HRTEM) and freeze etching replication transmission 
electron microscopy (FERTEM).

To characterise the samples under microscopy, the sam-
ples should be prepared in accordance with sample prepa-
ration protocol for the particular microscopy technique. 
For an optical microscope sample preparation, the sample 
was dropped on a glass slide, and left at room tempera-
ture for a few days [57]. For SEM sample preparation, the 
nanoparticles were extracted from the oil onto atomically 

smooth <100> Si wafers by using n-heptane [58]. For the 
TEM specimen preparation, the nanoparticles can be dis-
persed in toluene, benzene, chloroform [59] or absolute alco-
hol [37, 60, 61]. Then the solution was dipped onto the cop-
per grid covered by carbon film and let fully dried at ambient 
temperature. The use of OM enabled researchers to observe 
the aggregate state of suspension in micrometer scale, but 
the observation might not be representative of the whole 
sample [28]. The observations through SEM and TEM 
required the samples to undergo pre-treatment which might 
have changed the actual microstructures of the particles. 
Some researchers suggested observing the samples using 
cryogenic electron microscopy (cryo-TEM) or FERTEM, 
since this method is suitable for characterizing wet samples 
[50, 62]. The microstructures of the particles will not change 
during cryoation. This method allow direct visualization of 
nanoparticles, i.e., size, shape and internal structure, and 
the aggregate structure of nanoparticles in suspension [63]. 
For the FERTEM method, the actual microstructure of the 
nanofluid was cryofixed by freezing the prepared nanofluid 
using liquid nitrogen. After that, the sample was fractured, 
etched and replicated with Pt/C coatings, and the particles 
were then removed from the replica using a hydrochloric 
acid solution [50].

An optical microscope is a good method to characterise 
the aggregate state of suspension on a micrometer scale, 
while electron microscopy is a good method to characterise 
the nanoparticles in suspension. Compared to the optical 
microscope, electron microscopy techniques such as SEM, 
TEM and HRTEM are relatively expensive and have limita-
tions when aiming to obtain statistical results since only a 
portion of particles—from tens to hundreds—can be meas-
ured from among a large number of particles [11]. Previous 
researchers used the optical microscope method and only 
obtained a qualitative idea of the stability of nanolubricants. 
Therefore, it is recommended to combine the use of optical 
microscope with image analysis to get a quantitative assess-
ment of the stability.

2.2 � Factors Affecting Stability of Nanolubricants

Some factors, including the properties of the nanoparticles 
(particle size, shape and volume fractions) and the properties 
of the base-lubricants (density, viscosity, pH and polarity), 
will influence the stability of nanolubricants. According to 
the theory of colloid chemistry, when the particles reach 
their critical size (Rc), sedimentation will stop as sedimen-
tation and diffusion enters equilibrium due to the Brownian 
motion of particles (diffusion) [62]. Nevertheless, smaller 
nanoparticles are not always stable because smaller nanopar-
ticles have a high surface energy that will enhance the van 
der Waals attractive forces on the surfaces of the nanoparti-
cles. These forces make the nanoparticles’ surface attractive 
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to other nanoparticles, thereby causing the agglomeration 
of nanoparticles. In an analysis of the dispersion stability 
of an Ag/paraffin oil nanolubricant, Choi et al. [64] found 
that a 7 nm Ag suspension was more stable than that of a 
50 nm Ag suspension. Noted that the smaller nanoparticles 
are more easily suspended in the suspension than the larger 
nanoparticles since larger nanoparticles will cause instability 
of nanolubricants.

The influence of the shape of nanoparticles is another 
factor for consideration on the dispersion stability of nano-
particles. Choi and co-workers [65] found that rod-shaped 
nanoparticles have a poor dispersion stability compared to 
spherical-shaped particles due to the increase of the aspect 
ratio (length/diameter) of nanoparticles. The high aspect 
ratio of such nanoparticles can increase the possibility of 
the nanoparticles to agglomerate, thus forming a non-homo-
geneous suspension. It must be noted that the dispersion of 
carbon nanotubes (CNT) in a fluid medium is very chal-
lenging due to their sheet and rod-shaped in which have 
high aspect ratio and very large specific surface area lead to 
strong van der Waals forces between nanoparticle surfaces 
and agglomeration [66]. Moreover, the hydrophobic nature 
of CNT enables easy aggregation and the formation of 
unstable clusters in the CNT suspensions, resulting in poor 
dispersion stability [67]. Yin et al. [36] studied nitrogen-
enriched carbonaceous nanotubes (N-CTs) prepared by the 
heat treatment of conducting polyaniline (PANI) nanotubes 
dispersed in silicone oil as an electro-rheological (ER) fluid. 
By comparing the result with a granular PANI suspension, 
they found that the N-CTs suspension showed better dis-
persion stability. They suggested that the observed better 
dispersion stability of the N-CTs suspension seems to be 
associated with nanotubes’ smaller size perpendicular to the 
axis, and the high aspect ratio nanotube shape. They also 
indicated that the better dispersion stability of the N-CTs 
suspension could be attributed to their larger diameter and 
suitable aspect ratio. They also evaluated the dispersion sta-
bility of different N-CT suspensions by increasing the heat 
treatment temperatures. They found improved dispersion 
stability in N-CT suspensions as the heat treatment tem-
peratures increased due to the increase in density and a slight 
reduction of the aspect ratio of nanotubes.

Density is proportional to sedimentation rate, and thus 
higher density of nanoparticles tend towards faster sedimen-
tation rate. Based on the Stokes’ law, the sedimentation rate 
was depended to the size and density of nanoparticles, as 
well as the viscosity of base lubricant. A stable nanolubri-
cants have smaller size of nanoparticles, small differences 
in the density between nanoparticles and the base lubricant, 
and more viscous base lubricants [31]. Moreover, several 
researchers have discovered that low volume fractions of 
nanoparticles can prevent agglomeration or sedimentation. 
The higher the concentration of nanoparticles, the closer 

the nanoparticles are to one another, which in turn increases 
the van der Waals attraction that causes the nanoparticles 
to agglomerate [68]. A study performed by Sabareesh et al. 
[53] dispersed TiO2 nanoparticles (with average size of 
30-40 nm) with different volume fractions of 0, 0.005, 0.01 
and 0.015 vol% in mineral oil using ultrasonic agitation of 
300 min duration. Through observation of sedimentation, 
they found that the nanolubricants were dispersed uniformly 
even after 700 h. They also confirmed the stability of the 
nanolubricants by measuring the zeta potential value from 
the Dynamic Light Scattering System (Malvern) and found 
that the value was at 70 mV even 800 h after preparation. 
Choi et al. [64] also proved that a low volume concentra-
tion of nanoparticles would have a better degree of disper-
sion stability. In this case, 55 nm graphite and 7 nm and 
50 nm Ag nanoparticles with concentrations of 0.1 and 1.0 
vol% were dispersed in paraffin base oil (EP220) using an 
ultrasonic probe. Alkyl aryl sulphonate and polyoxyethylene 
alkyl acid ester, a surfactant, were used to ensure a stable 
dispersion and prevent the agglomeration of nanoparticles. 
The nanolubricants’ stability was then analysed using a sta-
bility analyser (LUMiFuge, L.U.M.) with a centrifugal force 
of 1.147g. From the plotted graph of transmittance measure-
ments versus time, nanolubricants with 0.1 vol% particles 
had no gradient variations which represent a better degree of 
dispersion stability, whereas 1.0 vol% of particles showed a 
steeper gradient which means they were unstable.

Kotia and Ghosh [39] presented a study of a nanolu-
bricant based on Al2O3 dispersed in gear oil (SAE EP-90) 
at concentrations of (0.5, 1, 1.5, 2) vol%. The mixtures of 
nanoparticles and base oil were sonicated for 2 h, and then 
homogenised using a magnetic stirrer for 1 h. Based on the 
analysis of density with time intervals, they found that the 
suspension with 0.5 vol% concentration was the most stable 
with only a slight variation in density over time. A recent 
study carried out by Azman et al. [57] dispersed graphene 
nanoplatelets (GNPs) as an additive in palm oil trimethylol-
propane (TMP) ester (5 vol%) blended in polyalphaolefin 
(PAO) (95 vol%) using a magnetic stirrer, then mixed ultra-
sonically using an ultrasonic homogenizer (50% amplitude; 
2 s pulse; 50 Hz frequency) for 1 h. The concentrations of 
GNPs were 0.01, 0.03, 0.05, 0.1, 0.2, 0.5, 1 and 3 wt%. 
Based on the observation stability test, they found that 
the addition of 3wt% of GNP showed sedimentation in 2 
days after sonication, while all other solutions were stable 
for at least 20 days. They also confirmed the stability of 
nanolubricants through metallographic micrographs under 
a micrometre scale to observe the agglomeration state of 
GNP particles. Through this observation, they found that 
the agglomeration size for 0.01 and 0.03 wt% of GNP was 
around 13–18 µm, compared to the higher GNP concentra-
tion (> 0.05 wt%) where the agglomeration sizes increase 
up to 1050 µm.
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Another factor that can affect the stability of the nanolu-
bricant is the properties of the base lubricant itself. Kamal-
gharibi et al. [69] compared the dispersion stability of CuO 
nanoparticles in water, ethylene glycol (EG) and 50:50 
water/EG based fluid. They observed that the dispersion 
stability of CuO nanoparticles in ethylene glycol is better 
than that of CuO nanoparticles in water and water/EG base 
fluid. They confirmed that the viscosity of the base fluid was 
an influential factor that affected the dispersion stability of 
nanofluid. The same findings were found by Haghighi et al. 
[31], where CeO2 showed better dispersion stability EG than 
that of water/EG base fluid.

Moreover, the variation of pH value in nanofluids also 
influence the stability of suspension. Zhu et al. [50] inves-
tigated the effects of pH value on aggregation behaviour of 
CaCO3 nanoparticles in distilled water. They found that the 
optimum pH value was 9–9.5, which provide the best stabil-
ity. When the pH value is below 9, the stability is not good, 
whereas further increases in pH value above the optimum 
pH value results in a less stable nanofluids. The nanofluids 
with the optimum pH value can keep stable for 1 month. 
Chang et al. [56] adjusting the pH value of TiO2 nanolu-
bricant to 7, which provide better dispersion stability. This 
value was depart from the isoelectric point (IEP) of nanopar-
ticles (pH 4), resulting in deagglomeration of nanoparticles. 
According to DLVO (Derjaguin–Landau–Verwey–Over-
beek) theory, when the pH value was equal or near to the 
IEP, nanoparticles are easily agglomerates resulting in poor 
dispersion stability [70]. Li et al. [71] reported that the pH 
value of the reaction medium of nanoparticles affected the 
reaction rate and the morphology of the final product. They 
prepared a well-dispersed silver nanoparticles for oil-based 
nanofluids by contolling the pH of reaction medium to 11. 
They found that the reaction rate was increased when the 
reaction medium was adjusted to be neutral or acidic, thus 
lead to non-uniform morphology of nanoparticles. The pH 
value of the reaction medium can be reduced by adding acid, 
or increased by adding base [72].

Sometimes, the polarity of the base fluid itself may affect 
the dispersion stability of the nanofluid. It is generally 
accepted that a non-polar molecule will have more solubil-
ity in a non-polar base fluid (such as organic and mineral 
oils) rather than in polar base fluid (such as water, EG and 
their mixtures). From the experiments conducted by Xing 
and Wang [73], they found that fullerene C60 nanoparticles 
which is a non-polar molecules are insoluble in water, but 
have some solubility in a non-polar refrigerant lubricant oil 
due to their high symmetry. However, they found that CNT 
have poor stability due to its higher polarity than C60 which 
make them easily agglomerated and difficult to disperse in 
non-polar base fluid. To achieve a stable dispersion stabil-
ity, the use of surfactant is requires and will discuss in the 
next section.

2.3 � Techniques to Enhance the Stability 
of Nanolubricants

2.3.1 � Physical Method

It is important to prepare a suspension of nanoparticles in 
lubricant without agglomeration, and for the suspension 
to have long-term stability before it can be used in actual 
applications. Nanolubricants can be prepared with either a 
one- or two-step method. Generally, the two-step method for 
preparing nanolubricants is the most widely used physical 
method by previous researchers since it is the most economi-
cal method of large-scale nanolubricant production. With 
this method, nanoparticles are first produced as dry powders 
by the chemical or physical method, and then dispersed in 
the base lubricants [74]. Many of the previous researchers 
purchased the nanoparticles directly from the available mar-
ket. The dispersion of nanoparticles in the base lubricants 
can be carried out by several mechanical energy techniques 
including mechanical stirring, ultrasonication, ball milling 
and high pressure homogenisation.

Ultrasonication was found to be a more effective physi-
cal method to reduce agglomeration of nanoparticles than 
mechanical stirring. Ultrasonication is a pressure wave that 
propagates an ultrasonic wave, resulting in a vast energy 
dissipation and the collapse of unstable cavitation bub-
bles. During the implosive collapse, the unstable cavitation 
bubbles will break up aggregates [75, 76]. Mosleh et al. 
[12] reported that the dispersion stability of molybdenum 
disulphide (MoS2), tungsten disulphide (WS2) and hexago-
nal boron nitride (hBN) nanoparticles in the metal work-
ing fluid CIMFLO 20 significantly improved by sonication 
compared with mechanical shaking and stirring. The aver-
age size of particle aggregation was significantly reduced 
from 1000 nm (MoS2), 600 nm (WS2), and 800 nm (hBN) 
to 600 nm (MoS2), 450 nm (WS2), and 550 nm (hBN). How-
ever, nanoparticles still aggregated, and they suggested the 
use of a surfactant in the formulation of nanolubricants to 
improve the dispersion stability.

Another study done by Lee and Rhee [76] also found that 
ultrasonication was highly effective in reducing agglomera-
tion problems. They prepared an ethylene glycol (EG) based 
nanolubricant with graphene naoplatelets (GnPs) by using 
an ultrasonic bath and probe, using mechanical stirring as 
a benchmark. Based on high-resolution transmission elec-
tron microscopy (HRTEM) images, they found that the size 
of aggregation was reduced significantly after ultrasonica-
tion—from 500 to 100 nm. Alazemi et al. [77] synthesised 
sub-micrometer-sized carbon spheres coated with a MoS2 
monolayer (CS-MoS2) via controlled heat treatment. These 
nanoparticles with concentrations of (0.5, 1.0 and 2.0) wt% 
were then dispersed in SAE 5W30 engine oil using a pie-
zoelectric ultrasonic probe (750 W) for 120 s at a power 



399International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:393–414	

1 3

amplitude of 20%. The prepared nanolubricants were found 
by visual inspection to be stable for 2 weeks.

Moreover, other notable studies were carried out by 
Dubey et al. [75], Jiang et al. [13] and Sharif et al. [41], in 
which the effect of time duration for dispersing nanoparticles 
in base lubricants via ultrasonication on the dispersion sta-
bility was investigated. Dubey et al. [75] used an ultrasonic 
probe (with 750 W/cm2 intensity) to disperse nano- and 
micro-polytetrafluoroethylene (PTFE) particles in a base 
lubricant. They varied the sonication time at 30, 45, 60 and 
90 min, and found that the optimum time required to form a 
stable solution of nanolubricants using ultrasonic probe was 
60 min (stable for 15 days). They also found that a longer 
ultrasonication time provided no further benefits for the 
stability of nanolubricants. Jiang et al. [13] prepared a Cu/
diisopropyl biphenyl and triisopropyl biphenyl (DBTB) syn-
thetic oil nanolubricant by adding oleic acid using a two-step 
method with magnetic force agitation for 30 min followed 
by ultrasonication. They varied the ultrasonication time for 
0.5 h and 3 h. They evaluated the nanolubricant stability by 
measuring the effective thermal conductivity over time and 
found that there is no significance difference in the ther-
mal conductivity between 0.5 h and 3 h. Another study by 
Sharif et al. [41] studied the effect of mixing time duration 
of SiO2 nanoparticles (with an average diameter of 30 nm) 
in polyalkylene glycol (PAG) lubricant by ultrasonication. 
The sonication time was varied at 0, 0.5, 1.0, 1.5 and 2 h. 
They evaluated dispersion stability of nanolubricant using 
UV–vis spectrophotometer and found that absorbance ratio 
is decreasing with sedimentation time and strongly depend-
ant to sonication time. The optimum sonication time was 
found to be 2 h. Thus, the time duration will also influence 
the dispersion stability of the nanolubricant and it is advis-
able to discover the optimum time duration for preparing a 
stable nanolubricant.

In some cases, ultrasonication could not break the aggre-
gated particles. One study by Ettefaghi et al. [78] dispersed 
copper oxide (CuO) nanoparticles in SAE 20W50 engine 
oil using three different mechanical methods comprising 
ultrasonic bath, ultrasonic probe and planetary ball mill. 
They kept all the solutions for 720 h to observe the stability 
condition and found less precipitation of the nanoparticles 
in the sample made by the planetary ball mill method com-
pared to the two other methods. Due to the higher viscosity 
of engine oil, they found that using a planetary ball mill is 
the most suitable method to disperse CuO nanoparticles in 
engine oil since it can supply a great amount of energy to 
reduce agglomeration problems with CuO nanoparticles. In 
another study, Jatti and Singh [79] used an ultrasonic shaker 
for 30 min to mix CuO nanoparticles with the base lubricant 
before proceeding to the planetary ball mill method to pro-
duce a stable nanolubricant. The functional specification of 
the ball mill used was a speed of 300 rpm for the duration 

of 3 h, with the ball weighing 200 g and a sample weight 
(fluid + nanoparticles) of 30 g. They confirmed the disper-
sion stability of the nanolubricant by UV spectrophotom-
eter and found that the nanolubricant was stable for 125 h 
at room temperature. However, Choi et al. [80] stated that 
although the dispersion stability of nanolubricants is excel-
lent using the ball mill method, the product requires high 
maintenance management. High-pressure homogeniser and 
ultrasonic pulveriser methods are simpler and easier to use 
and maintain.

The use of a high shear homogeniser may result in bet-
ter dispersion since it can break up aggregates by applying 
extremely strong shear forces. Wan et al. [81] dispersed 0.1 
wt%, 0.5 wt% and 1.0 wt% of hexagonal boron nitride (hBN) 
particles through a high shear homogeniser at 7500 rpm for 
30 min into the commercial lubricant SAE 15W40. The pre-
pared nanolubricant exhibited good stability for more than 2 
weeks. Fontes et al. [14] produced a MWCNT/transformer 
oil nanolubricant and a diamond/transformer oil nanolubri-
cant using a high-pressure homogeniser performed up to 
400 bar. Through sedimentation analysis, the authors found 
that the nanolubricants were stable for 24 h. This physical 
technique also successfully produced a stable suspension of 
nanofluids (water-based). Fedele et al. [46] prepared a SWC-
NHs/water nanofluid, a TiO2/water nanofluid and a CuO/
water nanofluid using different physical techniques including 
sonication (performed at 130 W, 20 kHz for 1 h), ball milling 
(performed at 300 rpm for 2 h) and high pressure homog-
enisation (at 100 bar with 30 passes). They reported that 
homogenisation was the most effective method to obtain a 
stable nanofluid and confirmed the stability of the nanofluid 
by measuring the size distribution profile using a dynamic 
light scattering (DLS) process.

2.3.2 � Use of Surfactant

Stability of the suspension can be achieved through steric 
stabilisation and electrostatic stabilisation. Electrostatic 
stabilization is the mechanism in which the coagulation of 
nanoparticles is inhibited by the presence of double layer 
of electric charges that surrounds the nanoparticles. The 
classic DLVO theory combines the effects of the van der 
Waals attraction and electrostatic repulsion for describing 
the stability of a colloidal dispersion [52]. The total of these 
two measured forces determines whether the net interaction 
between particles is repulsive or attractive. The repulsive 
forces between particles must be higher than the van der 
Waals force to prevent the coagulation and sedimentation 
of nanoparticles [34]. Generally, electrostatic repulsion is 
the dominant mechanism of water-based suspension stabi-
lisation. It is less effective in oil-based suspensions with its 
low electrical conductivity although it still exerts a signifi-
cant influence [82]. Steric stabilisation is the mechanisms 
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in which the coagulation of nanoparticles is inhibit when 
the nanoparticles covered with surfactant molecules, which 
the long loops and tails of surfactant molecules extend out 
into solution and forming a coating that separates the nano-
particles from another nanoparticles [83]. A surfactant can 
prevent the suspension from coagulation via either steric 
stabilisation or a combination of steric and electrostatic sta-
bilisation (known as electrosteric), depending on the types 
of surfactant used.

There are different classes of surfactant such as anionic 
(with negatively charged head groups), cationic (with posi-
tively charged head groups), non-ionic (without charged 
groups in its head or neutral) and amphoteric (with zwit-
terionic head groups) [55]. In a good solvent, steric sta-
bilisation of a suspension is achieved when the surfactant 
adsorb onto the nanoparticle’s surface, or form a micelle-like 
structure to provide a physical “cushion” between colliding 
particles, thus preventing the agglomeration of nanoparticles 
[16, 40]. In a poor solvent, agglomeration can occur as the 
surfactant layer disintegrates, causing incremental van der 
Waals forces. The forces between surfactant onto inorganic 
and organic surfaces depend on the chemical characteristics 
of the nanoparticles, the surfactant molecules (whether it is 
simply adsorbed from solution or transferred onto the sur-
faces) and the properties of the solvent [84].

In a polar solvent, a suitable surfactant is a water-soluble 
surfactant where the hydrophobic surfaces of the nanopar-
ticles are modified to become hydrophilic (miscible with 
water). In a non-polar solvent, the suitable surfactant is 
an oil-soluble surfactant where the hydrophilic surfaces 
of the nanoparticles are modified to become hydrophobic 
(immiscible with water) [72]. It is critical to identify the 
compatibility of the surfactant for oil-based suspensions 
as the selection of the surfactants depends on the proper-
ties of the particles and base oil. Based on all the literature 
collected in Table 3, it is clear that the formulation of a 
nanolubricant with a surfactant represents a significant con-
tribution to the dispersion stability of the suspensions. Most 
of the researchers added anionic and non-ionic surfactants 
to nanolubricants. The solubility of a non-ionic surfactant 
can be evaluated through its hydrophilic-lipophilic balance 
(HLB) value. The lower the HLB value, the more oil-soluble 
the surfactant, and vice versa. The HLB value ranges from 
1 to 20, where a high HLB surfactant (HLB > 10) is suit-
able for a water-soluble suspension (hydrophilic surfactant), 
whereas a low HLB surfactant (HLB < 8) is suitable for an 
oil-soluble suspension (lipophilic surfactant) [51]. A non-
ionic surfactant or polymer can maintain the stability of the 
suspension via steric stabilisation, thus preventing van der 
Waals interactions, while ionic surfactants can maintain the 
stability of the suspension by electrosteric stabilisation [85].

However, the combination of surfactant and nanoparticles 
in lubricants does not always have positive results. Some of 

the surfactants cannot withstand higher temperatures; sus-
pensions will lose stability and sedimentation of nanoparti-
cles will occur [86, 87]. For example, Zin et al. [88] reported 
that poly(vinylpyrrolidone) (PVP) surfactant gave a better 
dispersion stability at different synthesis temperatures com-
pared to sodium dodecyl sulphate (SDS) surfactant, where 
they measured the stability based on the reaction yields and 
nanoparticles size. Li et al. [71] reported that an increase in 
reaction temperature (25, 50 and 120 °C) did not affect the 
size of silver nanoparticles, but the oleic acid layer clearly 
decreased. From TGA/DSC analysis, they found that the 
content of the organic capping layer are completely decom-
posed at relatively high temperature (400 °C). So, the func-
tionality of surfactants at different temperatures should be 
further investigated. The excess surfactant could also form 
reversible micelles, which leads to reunion among nanopar-
ticles thus affecting the stability of the suspension [89]. The 
excess surfactant also affect the viscosity, thermal proper-
ties and chemical stability of nanolubricants [90].Therefore, 
the concentration of the surfactant must be controlled with 
great care to obtain the optimum dispersion stability of 
suspension.

2.3.3 � Surface Modification of Nanoparticles

Other works deal with the stabilization of inorganic nano-
particles in oil-based suspensions by surface modification 
using either organic modification agents or silane coupling 
agents. The organic compounds used as modification agents 
usually comprise polar groups and long alkyl chains that 
can chemically adsorb on to the inorganic nanoparticles, 
which enables inorganic nanoparticles to become soluble 
in an organic solvent [99]. Zhang et al. [59] improved the 
stability of anatase TiO2 nanoparticles in liquid paraffin by 
coating its surfaces using stearic acid (SA) in an ethanol 
solution. From TEM image, it was found that the stability 
of the coated anatase TiO2 in liquid paraffin was enhanced 
with no signs of aggregation with a particle size of about 
10 nm, which also confirmed with the X-ray diffraction 
(XRD) analysis. Zhang and co-workers also confirmed that 
the SA were successfully grafted on the surface of anatase 
TiO2 nanoparticles through Fourier transform infrared spec-
troscopy (FTIR) analysis. Chen et al. [100] prepare the oleic 
acid (OA)-modified graphene oxide (GO) nanoparticles by 
dispersing GO in ethanol and then add OA. The mixture was 
stirred under reflux conditions for 0.5 h. Then, the resultant 
was washed with ultrasound several time to obtain OA-mod-
ified GO nanoparticles. The dispersion of modified GO was 
found to be improved and they confirmed that the surface of 
GO was coated by OA using FTIR.

The stability of SiO2 nanoparticles in liquid paraffin 
was improved by modification of its surface using oleic 
acid (OA) in ethanol. This organic modification agent will 
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adsorb on to the surface of the nanoparticles and reduce 
their surface energy, thus preventing the agglomeration 
of the nanoparticles. They confirmed that the surfaces of 
SiO2 nanoparticles were coated with OA through char-
acterisation via FTIR analyser. Nanolubricants prepared 
using modified SiO2 were found to be stable for at least 
30 days with no visible sedimentation [33]. Song et al. 
[19] modified the surface of monodispersed ZnAl2O4 with 
OA in cyclohexanol solution to obtain better dispersion 
stability in lubricant oil. They concluded that the suspen-
sion was stable and confirmed that the OA molecules had 
been successfully modified on the surface of ZnAl2O4 
through grafting mechanism. The carboxyl groups of OA 
molecules interacted with the hydroxyl group on ZnAl2O4 
nanoparticles’ surface and formed a chemical reaction 
modification layer (inter-layer). The physical adsorption 
modification OA outside of the chemical reaction modi-
fication layer was formed due to the hydrophobic driving 
force and hydrogen bonding. The formation of the physi-
cal and chemical adsorption layer outside the surface of 
ZnAl2O4 led to enhanced stability of ZnAl2O4 in lubricant 
oil.

The surface of graphite nanoparticles was modified with 
silane coupling agent KH570 in ethyl alcohol before it was 
added to naphthenic mineral oil. The prepared nanolubri-
cants in the preparation were found to be stable even after 
60 days. The stability of these modified graphite nanopar-
ticles in naphthenic mineral oil were due to steric stabilisa-
tion which prevents agglomeration of nanoparticles [20]. 
Ma et al. [21] also used silane coupling agent KH560 as a 
surface modification agent to improve the stability of ZrO2 
in 20# machine oil. The reaction mechanism of the grafting 
process of KH560 starts with the hydrolysis of the X group 
that produces Si–OH. Then, hydrolysed silane will react with 
the hydroxyl (–OH) group on the surface of nanoparticles, 
thus forming a surface modified nanoparticle. Luo et al. [6] 
conducted an in situ-modification method that combines the 
preparation and surface modification of Al2O3 nanoparticles 
at the same time. Silane coupling agent KH560 possesses the 
property of reacting with both organic and inorganic materi-
als. The modified Al2O3 nanoparticles show excellent dis-
persion stability in lubricating oil. The author confirmed the 
improvement of the dispersion stability of nanoparticles via: 
(1) zeta potential value (increased from ~ 18 to 25.1 mV); (2) 
SEM images (showed a homogeneous dispersion of modi-
fied Al2O3 nanoparticles); (3) optical absorbance spectrum 
with time (modified Al2O3 nanoparticles showed a small 
change in absorbance level); and (4) photographic (sus-
pension remained about 50 days). Table 4 shows various 
surface modification agent and nanolubricant combinations 
reported in literature with classifications, including metals, 
metal oxides, sulfides, composites, carbon materials, rare 
earth compounds and others.Ta
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Table 4   The formulation of nanolubricants with surface modification

Types Base lubricant Nanoparticles Surface modifying agent Remarks References

Metals Liquid paraffin Cu Tetradecyl hydroxamic acid 
(THA)

TEM: mean particle diam-
eter (2-6 nm); no signs of 
aggregation

XRD: polycrystalline 
structure

TGA/DTA: good thermal 
stability

Xiong et al. [101]

Tetrabutylam-
moniumacetate 
(TBA)

Liquid paraffin

Pd
Au (5 wt%)

Tetrahydrofurane (THF)—
Pd

Toluene—Au

TEM: mean particle diam-
eter (2 nm)

Sanchez-Lopez et al. [99]

Metal oxides Machine oil ZrO2 Silane coupling agent 
KH560

TEM: average diam-
eter of (1) unmodified 
ZrO2 < 100 nm; (2) modi-
fied ZrO2 < 50 nm; not 
aggregated

XRD: amorphous

Ma et al. [21]

Liquid paraffin Anatase TiO2 Stearic acid (SA) TEM: particle size 
(10 nm); no signs of 
aggregation

XRD: particle size (10 nm)
FTIR: anatase nanoparti-

cles were successfully 
modified with stearic acid

TGA/DSC: good thermal 
stability, 8.5% weight 
loss occurs in the range 
of 200–450 °C

Zhang et al. [59]

Lubricating oil Al2O3 Silane coupling agent 
KH560

Zeta potential: (1) unmodi-
fied Al2O3 ~ 18 mV (2) 
modified Al2O3 25.1 mV

Particle size analyzer: 
mean particle diameter 
78 nm

SEM: homogenous disper-
sion

UV–Vis spectrophotom-
eter: more stable suspen-
sions

Photographs: stable for 
more than 50 days

Luo et al. [6]

Sulfides Coconut oil
Paraffin oil

MoS2 Sodium dodecyl sulfate 
(SDS)

UV–Vis spectrophotom-
eter: more stable suspen-
sions

Photographs: stable for 
more than 100 days

Koshy et al. [17]

PAO WS2 Oleylamine (OM) XRD: exhibit poor crystal-
linity

TEM: mean particle size 
(6-8 nm)

Jiang et al. [61]

Composites Liquid paraffin Sc-Cu/GO SA FTIR: long alkyl chains of 
stearic acid grafting onto 
the nanomaterial surfaces

Photographs: stable for 
more than 10 days

Meng et al. [102]

PAO Cu/rGO OA FTIR: OA grafting onto the 
nanomaterial surfaces

Observations: stable for 
more than 7 days

Jia et al. [103]
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3 � Tribological Performance 
of Nanolubricants

3.1 � Effects of Dispersion Stability 
on the Tribological Performance 
of Nanolubricants

Recently scientists are interested to study the effects of nano-
particles on tribological performance in based lubricants. 

Different classes of nanoparticles included metals (Fe, 
Cu, Ag, Pd), metal oxide (TiO2, Al2O3, ZrO2, ZnO, CuO), 
sulfides (WS2, CuS, MoS2), carbon materials (graphite, 
grapheme, diamond, CNT, MWNT), rare earth compounds 
(Y2O3, CeO2, LaF3, CeBO3), nanocomposites (Sc-Cu/GO, 
Cu/rGO, TiO2/SiO2) and others (ZnAl2O4, SiO2, PTFE, 
hBN) shows positive effect on tribological performance 
of nanolubricants. However, numerous researchers found 
that nanoparticles are tend to agglomerate due to their poor 

Table 4   (continued)

Types Base lubricant Nanoparticles Surface modifying agent Remarks References

Carbon materials Liquid paraffin Diamond OA SEM: particle size of (1) 
unmodified diamond 
(200 nm), (2) modi-
fied diamond (110 and 
232 nm)

Particle size analyzer: 
mean particle diameter 
110, 232, and 347 nm

FTIR: OA coated on the 
diamond nanoparticles

Peng et al. [104]

PAO GO OA FTIR: OA coated on the 
diamond nanoparticles

Chen et al. [100]

Naphthenic oil Graphite Silane coupling agent 
KH570

FTIR: KH570 coated on 
graphite nanoparticles

DLS: mean diameter 
253.7, 315.3, 369.4, and 
418.7 nm at mass frac-
tions of 0.05, 0.1, 0.2, 
and 0.5%, respectively.

Photographs: stable for 
more than 60 days

Lou et al. [20]

Rare earth compounds Liquid paraffin Y2O3 vinyl methylerichlorosilane 
and methyl methacrylate

TEM: agglomeration of 
Y2O3 nanoparticles was 
reduced

XRD: surface modifica-
tion does not change the 
crystal structure, average 
size of 24.5 nm

FTIR: nano-Y2O3 has been 
successfully modified 
by vinyl methylerichlo-
rosilane and methyl 
methacrylate

TGA: 22.2% weight loss 
occurs in the range of 
300–600 °C

Yu et al. [105]

Others Liquid paraffin SiO2 OA FTIR: OA coated on the 
SiO2 nanoparticles

Photographs: stable for 
more than 30 days

Peng et al. [33]

Pure lubricant oil ZnAl2O4 OA (3, 6, and 9 wt%) SEM: mean particle diam-
eter 95 nm

FTIR: OA grafting onto the 
ZnAl2O4 surfaces

UV–vis spectrophotometer: 
better dispersibility when 
amount of OA increase 
from 3 to 9%

Song et al. [19]
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dispersion stability will negatively affects their tribological 
performance [7, 18, 106–110].

The agglomeration of the nanoparticles inhibits their free 
motion and make them easily pushed out from the rubbing 
surfaces, thus prevents the penetration of nanoparticles to 
rubbing suraces [45, 58]. The results from the experimen-
tal work carried out by Xie et al. [111] exhibited that SiO2 
nanolubricants possess better friction reduction performance 
of than MoS2 nanolubricants. They also found that the worn 
surface of flat sample lubricated by SiO2 nanolubricants 
homogenously occurred over the rubbing surfaces compared 
to MoS2 nanolubricants. They indicated that the agglom-
eration of MoS2 nanoparticles inhibits the penetration to 
contact surfaces thus resulting in worse friction reduction 
performance. Zhao et al. [107] compared the effects of dif-
ferent nanoparticles, such as layered grapheme and MoS2 
nanosheet on the tribological performance of hydraulic oil-
based lubricants. The results suggested that surface rough-
ness of the friction pairs and the temperature affects the 
tribological performance. From the observation outside of 
the wear track, they found that multilayer graphene strongly 
agglomerated and crystal defects, which results in poorer 
tribological performance than that of MoS2 nanosheet.

Research done by Hwang et  al. [109] found that the 
fibrous nanoparticles agglomerated significantly than the 
spherical nanoparticles, resulting in higher coefficient of 
friction. The agglomerated fibrous nanoparticles became 
larger than the lubricant film that make them did not appear 
to play the role of ball bearings between the rubbing sur-
faces. The agglomerated fibrous nanoparticles also produced 
deeper grooves and severe scratches on the rubbing surfaces, 
results in an increase in surface roughness. Zareh-Desari 
et al. [112] stated that the excess amounts of nanoparticles 
leads to agglomeration, which causes a reverse trend on fric-
tion reduction capability and surface roughness. Khalil et al. 
[113] also agreed that the agglomerated nanoparticles could 
act as a contaminant and increase the incidence of scratches 
on the rubbing surfaces.

3.2 � Lubrication Mechanisms

Previous researchers have reported several different mecha-
nisms which enable nanoparticles to act as a powerful addi-
tive to improve the tribological performance of a lubricant. 
These include the rolling mechanism, self-repairing or 
mending mechanism, polishing mechanism and tribo-film 
formation. These mechanisms are illustrated in Fig. 1. A 
summary of the lubrication mechanism of nanolubri-
cants and the surface analysis techniques used by previ-
ous researchers appears in Table 5. This table divides the 
reported lubrication mechanism of nanoparticles into six 
types based on their characteristic chemical elements: 
carbon and its derivatives, metals, metal oxide, sulphides, 
rare earth compounds and others. Note that the improve-
ments in the tribological performance by nanolubricants 
are not always due to just a single lubrication mechanism; 
sometimes nanoparticles perform two or more lubrication 
mechanisms. Various surface characterisation techniques 
were used by previous researchers to further confirm the 
analysis on lubrication mechanisms, such as scanning elec-
tron microscopy (SEM), (FESEM), energy dispersive x-ray 
spectroscopy (EDS/EDX), atomic force microscope (AFM), 
x-ray photoelectron spectroscopy (XPS), Raman spectros-
copy, electrical contact resistance (ECR), surface profiling 
and nano-indentation. Lubrication mechanisms that are 
responsible for improved tribological performance are dis-
cussed below.

3.2.1 � Rolling Mechanism

The spherical morphology of nanoparticles are believed to 
provide an effective rolling mechanism between two slid-
ing surfaces and changes the friction mode from sliding 
to rolling, which allows particles to reduce friction and 
wear. Stable spherical nanoparticles also improve extreme 
pressure performance and the load carrying capacity of 
lubricants [6, 122, 123]. The rolling effect of spherical 

Fig. 1   Schematic illustration 
of a rolling mechanism, b self-
repairing or mending mecha-
nism, c polishing mechanism 
and d tribo-film formation [77, 
114, 115]
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nanoparticles depends on the film thickness. When the 
nanoparticle diameter is close to the film thickness, the 
shape of the nanoparticles would be preserved and the 
ball-bearing mechanism will dominate [124, 125]. How-
ever, when the film thickness is less than the particle diam-
eter of the nanoparticles, a transfer film would be formed. 
Xie et al. [111] proposed that the lubrication mechanism 

of platelet nanoparticles is different from that of spherical 
nanoparticles. Platelet nanoparticles are unlikely to roll at 
the contact area compared with spherical nanoparticles, as 
platelet nanoparticles provide low friction and wear due 
to shearing of the weaker van der Waals bonds between 
molecular layers.

Table 5   Summary of lubrication mechanism of nanoparticles as lubricant additives

Types Nanoparticles Lubrication mechanism Surface analysis technique References

Carbon and its derivatives Graphite Nanoparticles act as ball bearing spacer SEM, AFM [56]
Graphene (GNS) Adsorption of GNS additives on the sliding 

surfaces
Formation of protective film

EDX, Raman spectroscopy [35]

MWCNT Deposition of MWCNTs on the worn 
surface

EDX [113]

Diamond Nanoparticles plowing on the worn surface SEM [104]
Metals Cu Nanoparticles fill scars and grooves

Formation of physical film
AFM, EDS [114]

Ni Formation of boundary lubricating film
Nanoparticles fill scars and grooves to form 

protective layer

XPS [116]

Ag Synergic effect of the particles and base 
lubricant

XPS [42]

Metal oxide Al2O3 Formation of self-laminating protective film
Friction mode change: from sliding to 

rolling

SEM, EDS [6]

ZnO and CuO Nanoparticle acting as rolling medium
Film formation

SEM, EDS, ECR [117]

Al2O3 and TiO2 Formation of lubricating film via chemical 
reaction and a physical mechanism

Third body rolling effect: change from slid-
ing to rolling

FESEM, EDS, 3D surface profiler [93]

Sulfides MoS2 Shear deformation of nanoparticles
Tribo-film formation

AFM, FESEM, EDS [17]

WS2 Exfoliation and squashed of nanoparticles
Formation of tribo-film

3D spacer layer imaging method 
(SLIM), 3D surface profiler, nanoin-
dentation

[118]

Rare earth compounds CeO2 Third body rolling effect AFM, SEM [16]
LaF3 Deposition of LaF3 nanoparticles on the 

wear surface under lower test temperature
Deposition of tribo-chemical reaction prod-

ucts La2O3 accompanied by LaF3 under 
higher test temperature

Formation of lubricant film

ECR, XPS [119]

CeBO3 Formation of composite boundary lubrica-
tion film that composed of B2O3, CeO2 
and FeO3

XPS [120]

Others SiO2 Nanoparticles acting as rolling particles
Shearing of nanoparticles, particles filling 

and polishing effect

SEM, EDS [121]

BN Mending effect of nanoparticles SEM, AFM, EDS [81]
ZnAl2O4 Self-repairing effect of nanoparticles

Nano-bearing
A protective film was formed through parti-

cles tribo-sintering mechanism

SEM, EDS [19]

PTFE Formation of tribo-films SEM, EDX [75]
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3.2.2 � Self‑repairing Effect

The self-repairing or mending effect has also been reported 
as a lubrication mechanism. In this case, nanoparticles are 
deposited on the friction surfaces or fill surface grooves to 
balance mass loss, and form a mono- or multi-layer film on 
the contact surfaces to reduce surface roughness and asper-
ity contact [19, 93, 96, 126, 127]. Ali et al. [93] have proved 
the self-repairing effect of Al2O3 and TiO2 nanoparticles in 
engine oil by measuring the surface roughness of the worn 
surfaces of a piston ring. They found that a nanolubricant 
significantly reduced the surface roughness of the piston ring 
compared to the effect of using engine oil without nanoparti-
cles. Celik et al. [128] indicated that the hBN nanoparticles 
in engine oil showed a self-repairing effect due to the layered 
structure and softness of the nanoparticles. Based on surface 
characterisation using SEM and EDS, they found that the 
samples exhibited the lowest wear rate when the nanoparti-
cles completely covered the asperities through the mending 
effect. They further verified this mechanism by measuring 
the surface roughness values.

3.2.3 � Polishing Effect

The abrasiveness of hard nanoparticles can act as a polishing 
agent to decrease the surface roughness of the rubbing sur-
faces [129]. In academic research, SiO2 nanoparticles were 
dispersed in mineral oil. Oxygen and silicon elements were 
confined in grooves and scars, leading to surface polishing 
and a reduction in friction temperature [130]. Gulzar et al. 
[131] investigated TiO2/SiO2 nanocomposites in palm TMP 
ester and found that the friction reduction of the nanolubri-
cant was due to surface enhancement through the mending 
and polishing effects of nanocomposites. The same findings 
were recorded by Kotia et al. [132] who dispersed Al2O3 and 
SiO2 nanoparticles in SAE15W40 engine oil and proved the 
effects by FESEM and EDS. Chu et al. [133] investigated 
the polishing mechanism during oil lubrication using dia-
mond nanoparticles as lubricant additive. It was found that 
diamond nanoparticles resist scuffing due to the ability to 
increase surface hardness and decrease friction. The surface 
hardness was increased by the polishing effect of diamond 
nanoparticles, which leads to a work hardening effect on the 
rubbing surface.

3.2.4 � Tribo‑Film Formation

Tribo-film formation is the most significant mechanism in 
the reduction of friction and wear of sliding contact. Tribo-
film can be formed either through the depositing and adsorp-
tion of nanoparticles on the sliding surfaces, or through 
tribochemical reaction of nanoparticles with the contact 
surface. It should be noted that under high contact pressure 

and shear stress, nanoparticles become mechanically unsta-
ble and delamination and exfoliation of nanoparticles will 
be dominant [134]. The exfoliation mechanism occurs 
more often on particles with a layered structure including 
graphite-like structures, and inorganic fullerenes of transi-
tion metal dichalcogenides nanoparticles, which have weak 
van der Waals bonds between the molecular layers [118, 
135–139]. Material layers of the broken nanoparticles could 
form as third body material transfer, and adhere to worn 
surface to form a tribo-film, separating contact surfaces. 
Moreover, the exfoliated nanoparticles will also fill in the 
gaps and cover the broken, patchy tribo-film to smooth the 
surface and provide frictional and wear benefits [118].

Sgroi et al. [139] showed in their work that the exfolia-
tion mechanism of nanoparticles is related to the forma-
tion of tribo-film on the contact surfaces. The hypothesis 
was confirmed by XPS analysis, and they found the pres-
ence of molybdenum and an increased quantity of sulphur 
in the tribo-film. Kalin et al. [138] proposed the involve-
ment of four sub-mechanisms for the adhesion of thin MoS2 
nanosheets on the worn surface: (1) exfoliation of individual 
nanotubes; (2) exfoliation of MoS2 nanosheets from aggre-
gates; (3) exfoliation from the smearing of the nanotubes; 
and (4) the breaking of the nanotubes and the broken smaller 
multi-layer MoS2 pieces subsequently further exfoliated. 
The evidence of this mechanism was found from optical 
micrographs, SEM, and EDS analysis on the worn surfaces. 
Ramon-Raygoza et al. [135] reported that the layered struc-
ture of multilayer graphene nanosheets and continuous exfo-
liation between them will allow easier surface sliding which 
is responsible for the formation of tribo-film.

Moreover, most researchers claimed that depositing of 
nanoparticles on the worn surfaces is responsible for the 
formation of the tribo-film, as they detected the presence of 
nanoparticles on the worn surfaces by surface characteri-
sation technique using SEM–EDS/EDX [9, 15, 33, 35, 75, 
140–142]. Sometimes, EDS/EDX could not detect deposits 
of nanoparticles on the worn surfaces since the amount of 
the deposited nanoparticles is almost negligible [143]. Thus, 
XPS is a suitable characterisation technique to detect the 
small amounts of elements on the worn surfaces. Employ-
ing XPS analysis, Chen and co-workers [116] examined the 
chemical states of elements on the worn surfaces to confirm 
the tribo-film formation. They concluded that the two major 
factors in the improvement of tribological performance of 
PAO6 base lubricant were the adsorption and depositing of a 
Ni layer, along with the formation of a boundary lubricating 
film from as-release organic surface-modifying agents and 
highly chemically active Ni nanocores.

The tribo-film formation can also be characterised using 
Raman spectroscopy. Raman peaks (‘G’ and ‘D’ peaks) 
can be used to determine the sp3/sp2 bonding ratio carbon 
in the films, which is also closely related to the tribo-film 
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formation [117]. Zheng et al. [35] performed EDX and 
Raman spectrum analysis inside the wear scars to further 
confirm the formation of tribo-film. The adsorption of GNP 
additives on the sliding surfaces forming a tribo-film was 
demonstrated. Alves et al. [117] performed Raman spectrum 
analysis after EDX identified only chemical elements and 
not compounds. Gulzar et al. [7] confirmed formation of the 
tribo-film by the Raman peaks produced by the cylinder liner 
specimen treated with the CuO and MoS2 nanolubricant.

On the other hand, some researchers used ECR to verify 
the film formation generated by lubricant additives where 
it was a good indicator for qualitative analysis of the con-
tact surfaces [30, 117, 133, 144, 145]. Zhang et al. [144] 
showed that the ECR value decrease when Cu nanoparti-
cles was added during the friction process. The formation of 
tribo-film was also verified through surface characterisation 
techniques using SEM, EDS and XPS. Zin et al. [30] found 
that the addition of nanohorns reduced the COF value while 
increased the ECR value, indicating the formation of tribo-
film. The same findings were also observed by Alves et al. 
[117] who used CuO and ZnO nanoparticles as EP additives 
in the mineral oil and synthetic oil.

On top of that, some researchers evaluate the mechanical 
properties of the tribo-film to further understand the ori-
gin of the tribological performance [118, 146, 147]. Instru-
mented imaging nano-indentation can be used to estimate 
the mechanical properties (hardness, H, and reduced elas-
tic modulus, E′) of the tribo-films. Hardness is reflected by 
penetration depth of the indentation when a fixed load is 
applied, where a higher value represents a softer surface 
[146]. Ratoi et al. [118] performed nano-indentation to study 
the mechanical properties of the generated tribo-film on a 
steel surface lubricated with PAO oil containing WS2 nano-
particles, and compared it with traditional anti-wear additive 
(ZDDP) and the ZDDP-FM additive mixture. They found 
that the tribological performances of PAO oil containing 
WS2 nanoparticles was excellent due to the formation of 
WS2 tribo-film, with a higher hardness and elastic modulus 
than that of ZDDP and ZDDP + OFM. They found that the 
layered structure of the WS2, with exfoliated nanoparticles 
that filled the gaps and covered the reacted tribo-film, was 
responsible for the significant reduction of friction. A study 
by Zhao et al. [146] found that the excellent tribological 
performance of sunflower oil containing zinc borate ultrafine 
powder (ZBUP) was attributed to the increased hardness of 
the substrate and the formation of tribo-film on the worn 
surface due to the tribochemical reactions occurring on the 
worn surfaces. They suggested that the tribo-film composed 
of Fe, O, C, Zn and B elements have a lower hardness than 
the steel substrate.

Xie et al. [111] used XPS to ascertain the formation of 
tribo-film on the contact surface. They indicated that the tri-
bochemical reaction of nano-MoS2 platelets was responsible 

for the formation of tribo-film, thus providing excellent tri-
bological performance. XPS is a tool that can detect the 
bond between nanoparticles and other surface elements 
and can be used to measure the tribochemical reaction of 
nanoparticles. These tribochemical reactions of nano-MoS2 
platelets occur either via the native oxide layer or via the 
metal Mg atoms, which form MoO3 and MgS. Moreover, 
the tribochemical reaction of nano-MoS2 platelets with the 
contact surface becomes easier under a high load appli-
cation and flash temperature, thus increasing the rate of 
formation of the tribo-film. Hu et al. [110] reported that 
both physical adsorption and the tribochemical reaction of 
MoS2 nanosheets were responsible for the formation of the 
tribo-film. It starts with the adsorption of the nanosheets 
on the sliding surface to prevent direct contact. When the 
adsorbed nanosheets were worn out and oxidised, a complex 
film composed of MoO3 and FeSO4 formed on the sliding 
surface, which provided better wear resistance. Using XPS, 
Boshui et al. [120] characterised the worn surfaces of steel 
balls to understand the outstanding ability to reduce friction 
and wear of steric acid-capped cerium borate nanoparticles 
(SA/CeBO3) in rapeseed oil. They suggested that both SA/
CeBO3 and rapeseed oil adsorbed and tribo-reacted to form 
tribochemical species of B2O3, CeO2 and FeO3 on the slid-
ing surfaces. The interactions among SA/CeBO3, rapeseed 
oil, tribochemical species and tribomates resulted in the for-
mation of a composite boundary lubrication film that was 
responsible to reduce friction and wear.

4 � Challenges of Nanolubricants

In the literature, nanolubricants promise excellent tribologi-
cal performance, but there are still challenges to solve. The 
first challenge is to produce homogeneous nanolubricants 
without agglomeration, which are stable for long periods. 
Characteristics such as particle size, shape, volume frac-
tions and the properties of both the particles and the base oil 
strongly affect the stability of nanolubricants. Physical treat-
ment alone will not improve the stability of nanolubricants; 
it should be combined with chemical treatments such as the 
use of surfactants and the surface modification of nanopar-
ticles. However, some surfactants may not function at high 
temperatures, and thus the selection and functionality of sur-
factants at different temperature must be taken into account. 
Moreover, it is necessary to select the optimum concentra-
tion of surfactant/surface modifying agent since an excess 
may lead to instability of the nanolubricants.

The second challenge is the lack of understanding of 
the lubrication mechanisms responsible for the excellent 
tribological performance of nanolubricants. More experi-
mental work and theoretical explanations are necessary 
to comprehend the interaction between nanoparticles and 
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contact surfaces. The tribo-film formation mechanism of 
nanolubricants should be comprehensively understood, 
including their tribochemical reactions and the properties 
of the tribo-film it forms.

The other challenge is the high production cost of nano-
lubricants. When we solve the challenges associated with 
the stability of nanolubricants, theoretical understanding 
and production cost of nanolubricants, we can realise the 
facilitation of nanolubricants in many applications.

5 � Conclusions

This paper presents an inclusive review of the recent 
developments in the study of nanolubricants, including 
preparation methods, factors affecting their stability, 
techniques to enhance their stability, dispersion stability 
analysis of nanolubricants and the lubrication mechanisms 
of nanoparticles as an additive to lubricants. Based on a 
study of the literature, it is still challenging to produce 
homogeneous and long-term stable nanolubricants without 
agglomeration. The two-step method to prepare nanolu-
bricants is the most widely used by previous researchers. 
Homogeneous and long-term stable nanolubricants can be 
prepared by combining physical and chemical treatment 
(use of surfactant or surface modification).

There are no recommended standard tests to assess the 
stability of nanolubricants. Optical absorbance spectrum, 
dynamic light scattering and zeta potential are the tech-
niques used to obtain a quantitative assessment of stabil-
ity. The sedimentation method can provide a quantitative 
assessment of stability, where the sedimentation ratio can 
be calculated based on photographic evidence. Although 
the sedimentation method is time consuming, it is the most 
convenient and cost effective method.

Several lubrication mechanisms have been reported 
in the literature as being responsible for improved tribo-
logical performance, but there is still a lack of theoretical 
understanding of these mechanisms. Further theoretical 
and experimental research investigations are necessary 
to fully understand the lubrication mechanism of nano-
lubricants. More characterisation is needed using SEM, 
EDS, XPS, AFM, etc. to further understand the interaction 
between nanoparticles and contact surfaces. As tribo-film 
formation is the key mechanism in improving tribological 
performance, further discussion on these matters should be 
pursued, including chemical characterisation and proper-
ties of the tribo-film formed.

We should not lose the sight of the fact that high produc-
tion cost is the main challenge to the general use of nano-
lubricants. Hence, these obstacles should be considered to 
facilitate the use of nanolubricants in many applications.
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