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prolonging service life of mechanical components. Herein, this review systematically
describes the progress on nanocellulose (CNC) and Copper (lI) oxide (CuO) as effective
nanoparticles for developments of nanolubricant as oil additives for improving the

Keywords: anti-friction and wear resistant for piston ring-cylinder liner contact. Additionally, we
Nanocellulose; Copper (I1) oxide; point out several problems existing in the applications of CuO and CNC additives
nanolubricant; coefficient of friction; propose the possible solutions. Finally, the research prospects of CNC-CuO in the field
wear of tribology are prospected.

1. Introduction

Lubricants are essential in determining the lifespan of a mechanical system and energy saving.
Lubricants are generally used for lubrication, cooling, and sealing. It adheres to the moving surface
areas, forming fluid films that split the surfaces of moving components, carrying away wear particles
and heat from the system. Lubricants are extensively produced and contain various additives and
base oils. The base oil is commonly categorized as biological, synthetic, and mineral oils [1]. Additives
are utilized to improve overall lubrication performance, such as anti-friction, anti-wear, anti-
corrosion, viscosity stabilizer, clotting, film-forming, etc. [2]. Chemical additives, such as
phosphorous, chlorine, and sulphur enhance lubrication efficiency by creating a sacrificial chemical
layer. But, these additives lead to undesirable environmental impacts [3]. Recent studies have
revealed the capability of nanoparticles as a potential additive for lubricants [1]. Nanoparticle
additives are categorised into seven categories based on chemical component properties such as
nanocomposite, rare earth compounds, sulphide, carbon, metal, metal oxide, and many others [4].
Nanolubricant displays substantially changed tribological properties [5-8]. The primary use of
lubricants is to preserve the quality and minimize the wear of surfaces [1]. The tribological properties
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of base lubricants are enhanced with the dispersed nanoparticles the utilizing a variety of
mechanisms such as the polishing effect [8,9], tribofilm formation [10], ball-bearing effect [8,11], and
mending effect [12]. Tao and Kang [8] stated that the paraffin oil distributed with diamond
nanoparticles reaching the rubbing surfaces transforms rolling motion from sliding motion through
serving as a ball bearing. Through scanning tunnelling microscopy, Liu et al., [12] detected the wear
scar with the Cu nanoparticles deposition, which is referred to as a mending effect. Zhou et al., [10]
indicated that Cu nanoparticles interact with friction pair surfaces to create tribofilms, which mainly
improve the anti-wear capability of friction surfaces. Tang and Li [9] reported that the surface
polishing effect that creates microplates with exceptionally smooth surfaces and a nearly uniform
height reduces surface roughness. Lee et al., [13] utilized graphite nanoparticles at a 0.5% volume
fraction and recorded a 24% reduction in mineral oil friction coefficient. Chang et al., [14], using a 2%
volume fraction of graphite nanoparticles, identified a 60% decrease in the frictional coefficient of
lithium grease. Kimura et al.,, [15] recorded a 75% decrease in wear using boron nitride (BN)
nanoparticles at an 8% volume fraction paraffin mineral oils. The BN sticks to surfaces and marginally
raises friction; however substantially lowers the wear. Ma et al., [16] found adverse wear in machine
oil with ZrO; nanoparticles due to the high deposition rate relative to the wear rate. Thottackkad,
Rajendrakumar [17] recorded that CeO; nanoparticles exhibit the most prominent improvement
(17%) in coconut oil wear than engine oil with paraffin oil. The researchers also found that the specific
wear rate declines initially to a minimal point and then grows with addition in the nanoparticles
volume fraction.

2. Coefficient of Friction and Anti-Wear Properties of Nanolubricants

Nanoparticles dispersion in base lubricants creates important adjustments in anti-wear and
coefficient of friction properties. The nanoparticles lubrication mechanism as consists as mentioned
above of surface polishing, patching, mending, tribofilm formation, and rolling effect [8-12,22]. The
following segment discussed the adjustment of the nanoparticle’s dispersion with base lubricant in
anti-wear and coefficient of friction properties.

2.1 Coefficient of Friction of Nanolubricants

One of the critical factors for the lubricant's performance is the coefficient of friction. Graphite
nanoparticles at 0.5% volume fraction enriched in gear oil (super gear oil EP220) noted a 24%
reduction in coefficient of friction reported by [13]. The reduction of friction between surfaces is due
to the graphite nanoparticles functioning as ball-bearing spacers between friction surfaces. Chang et
al., [14] dispersed TiO2 nanoparticles at a 1% weight fraction with lithium grease and observed a 40%
reduction in coefficient of friction. This is due to the spherical nanoparticles that promoted rolling
action, which is the same as the micro bearing action. Mineral oil (SN650) enriched with Cu
nanoparticles of 0.15% weight fraction and observed a decrease in coefficient of friction (34%) as
reported by Wang et al., [18]. The potential cause for these decreases might be owing to the
development of self-repairing film in the base oil that splits the friction surfaces. Dispersion of 0.5 g
Cu nanoparticles in 100 ml SAE 10 mineral oil was observed with 49% lessening in the coefficient of
friction owing to the metallic nanoparticle layer formation as stated by Padgurskas et al., [19]. Wu et
al., [20] dispersed engine oil (SAE30 LB51153) with CuO nanoparticles at 0.1% volume fraction
reported 18.4% drop in the coefficient of friction, owing to the rolling effect via spherical
nanoparticles. The variant of friction coefficient for various nanolubricants is shown Figure 1. It was
found that extensive coefficient of friction property was investigated using variations of
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nanolubricants. In the majority of the situations, it is observed that there is an improvement in the
coefficient of friction. The variant of the frictional coefficient with dispersion of nanoparticles is
summarized in Table 1.
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Fig. 1. Variant in the coefficient of friction for nanolubricant. Source: [13,14,16-38]
Table 1

Frictional coefficient summary of nanolubricants

Nanoparticles Size (nm) Base lubricants Concentration Approx. variation (%) References
Ag 7 Polyethylene glycol  0.45 wt.% 20 (Decrease) [23]
Al,O3 78 Lubricating oil 0.1wt.% 23.92(Decrease for the [39]
thrust-ring test)
Al,O3 78 Lubricating oil 0.1wt.% 17.61 (Decrease for four-  [39]
ball test)
Al,O3 95 Lubricant oil 0.1wt.% 23.4* (Decrease) [30]
BN 120 SE15W40 0.1wt.% 76.9 (Decrease) [22]
Boric acid <50 SAE 15 W40 1:10 vol. 8*(Decrease) [40]
proportion
Boric acid <50 SAE 90 3:10 vol. 13*(Decrease) [40]
proportion
Carbon nano-oil - R-22 0.1wt.% 22.7* (Decrease) [37]
Cu <20 SAE 15 W40 1:10 vol. 6*(Decrease) [40]
proportion
Cu 40 SAE 20 W40 0.1 wt.% 58 (Decrease in frictional [26]
force)
Cu 3* SJ 15 W40 0.5wt.% 55 (Decrease) [28]
Cu - SAE 30 0.6 wt.% 80* (Decrease) [27]
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Cu <20 SAE 90 3:10 vol. 33*(Decrease) [40]
proportion

Cu - SN 650 0.15 wt.% 34 (Decrease) [18]

CuO 40 CMRO 0.5wt.% 49 (Lesser than CMRO) [32]

2.2 Wear for Nanolubricant

The durability of the equipment is relying on the anti-wear properties of nanolubricants. Sia et
al., [41] using mineral oil (Ecocut HSG 905) with SiO, nanoparticles of 0.5% weight fraction indicated
significant lessening in wear. This is owing to the deposition of nanoparticles in surface grooves.
Nevertheless, degradation in behaviour is detected owing to the collision of nanoparticles when using
0.8% weight fraction of SiO, nanoparticles, which contribute to fewer nanoparticles deposition.
Chang et al., [14] dispersed lithium grease with CuO nanoparticles at 2% weight fraction and noticed
a 60% reduction in wear. A protective tribofilm was formed as nanoparticles of CuO penetrated into
the rubbing surfaces asperities. Zhang et al.,, [28] dispersed SJ 15 W/40 engine oil with Cu
nanoparticles at 0.5% weight fraction, and observed 90% reduction in wear. In the beginning, it was
observed that the rubbing process lead the tribolayer of Cu nanoparticles between the rubbing
surfaces is desorbed. However, Cu becomes fastened on the shearing surface simply through melting
as well as welding owing to the sufficient energy on the new wear surface. The reduction for wear
loss of tribo-pairs is contributed by the in-situ protective layer formation.

Wang et al., [18] dispersed mineral oil (SN650) with Cu nanoparticles at 0.15% weight fraction
and led to decrease in width of the worn trace by 32% owing to the development of the self-repairing
film. Padgurskas et al., [19] performed a set of the investigation by using 100 ml of SAE 10 mineral oil
with 0.5 g of Co, Cu, and Fe nanoparticles as well as their mixtures. It was discovered that a minimum
lessening of wear about 11%, 47%, and 23% with nanoparticles of Co, Cu, and Fe, respectively Wu et
al., [20] dispersed base oil (SAE30 LB51163—11) using CuO nanoparticles at 0.1% volume fraction and
detected lessening in the depth of worn scar by 78.8%. This reduction occurred as the worn surface
is deposited with CuO nanoparticles. The anti-wear properties for various nanolubricants are shown
in Figure 2. The variant in wear with the dispersion of nanoparticles is summarized in Table 2.

63



Journal of Advanced Research in Micro and Nano Engineering

Volume 18, Issue 1 (2024) 60-77

B

£

A

<

90 - < >

s

@

* @

1 R

=]

7) 5
a%

< 604 ¢ 2 > 4

8 v

= <

S * “ @

= a
1]

. w ®

§ 304 P :
>

-]

k=]

o ¥ oY A

| - -

- e El

. N

@ * ®

0 T T T T @

0 1 - Y

*

3

=

Weight fraction (%)

Cu/CD 15W40

Cw50CC oil

CWSAE 20W40

Cu/SAE 30(WPL)

Cuw/SJ 15W40

Cuw/SN 850(WTW)

CWw'SAE 10(WSD)

CofSAE 10(WSD)
Fe/Rapesead odWSD)
Fe/SAE 10(WSD)

NVPAO

ARO3Lubricating ol(WSD)
AROS-TIOZ (hybridVSAE SW30
CuD/ICMRO

CuOISAE 20W40
CuliMneral based mulli grade engine oil
CuOiLithium grease
CuOISAE3) LB51163-11(WoSD)
CuD/PAO(WSD)
CuDISAETSWEO(WSD)
CuDISAE3) LB51153(WoSD)
Ce02/Coconut oll
CeD2/Paraffn oll
CeO2/Engne oll

Fe304/140 Base od(WoSD)
SIO2/Lquad parafin
TIO2110W 30
ZnAlI20&/Lubricant od(WSD)
ZnOIPAO(WSD)
ZnOiLubricant oill(WSD)
ZrO2/IPAD(WSD)

ZrO27208 Machine odWSD)
BNISE15W4(SR)
BN®araffinic mineral ol

Fig. 2. Variant in wear for various nanolubricants. where SR-Surface roughness,
WoSD-worn scar depth, WSD-wear scar diameter, WTW-wear trace width, and
WPL-wear path length. Source: [14-22,24-30,32-35,39,42-45]

Table 2

Wear summary of nanolubricants

Nanoparticles Size (nm) Base lubricants Concentration  Approx. variation (%) References

CeO, 30-150 Engine oil 0.63 wt.% 8.7(Decrease) [17]

CeO, 30- 150 Paraffin oil 0.46 wt.% 8.5(Decrease) [17]

Co 50- 80 SAE 10 0.25 wt.% 19*(Decrease in wear scar [19]
dia)

Cu 20 50CC oil 0.2 wt.% 28 (Decrease) [25]

Cu 50 CD 15 W40 7.5wt.% 35 (Decrease) [24]

Cu 50-80 SAE 10 0.25 wt.% 47 (Decrease in wear scar dia)  [19]

Cu 40 SAE 20 W40 0.1wt.% 67 (Decrease) [26]

Cu - SAE 30 0.6 wt.% 19* (wear path length [27]
decrease)

Cu - SJ 15 W40 0.5wt.% 90(Decrease) [28]

Cu 3* SN 650 0.15 wt.% 32(Decrease in wear trace [18]
width)

CuO 40 CMRO 0.5 wt.% 39 (lesser than CMRO) [32]

Ag 7 Polyethylene glycol 0.45 wt.% *(Decrease) [23]

Al,O3 95 Lubricant oil 0.1wt.% 7* (Decrease in wear scar dia)  [30]

Al,O3 78 Lubricating oil 0.1wt.% 41.75 (Decrease for four ball-  [39]
test)

BN 2.85um Paraffinic mineral oil 8 wt.% 75 (Decrease) [15]

BN 120 SE15W40 0.1 wt.% 63.5(Decrease in surface [22]
roughness)

CeF; 25 500SN 0.5vol. % 6.5 (Decrease in wear scar [46]
dia)

CeO, 30- 150 Coconut oil 0.51 wt.% 17 (Decrease) [17]

Ag 7 Polyethylene glycol 0.45 wt.% *(Decrease) [23]
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According to the widely available literature studies, the research fraction for various
nanolubricants properties is presented in Figure 3. It has been discovered that anti-wear properties
and friction coefficient of nanolubricants are broadly explored, which also shows the optimistic
approach of research society towards potential nanoparticle additives. On the other hand, there is a
limited experimental finding for specific heat and density of nanolubricants has been reported.
Moreover, well recognized mathematical models are extensively utilized for estimation invariant of
these by variable volume fraction of nanoparticles.

Viscosity

Thermal conductivity
Density

Specific heat

Frction coefficient 28-9%__ —
Anti-wear T

—

27.75%

16.76% 15.61%

Fig. 3. Research fractions for various properties of nanolubricant. Source: [47]

3. Addition of Copper (Cu) and Copper Oxide (CuO) and Nanocellulose (CNC) Nanoparticle Additives
in Engine Oil
3.1 Addition of Copper (Cu) and Copper Oxide (CuO)

Suryawanshi et al., [48] have examined the tribological properties effect of engine oil 20W40 with
copper oxide (CuO) nanoparticles. In the tests, the spherical shape with the grain size of 25-55 nm
of CuO nanoparticles had been utilized. The engine oil with various concentrations of 0.2, 0.5, 0.75,
and 1 wt. % CuO nanoparticles have been prepared as samples. The investigation produced very
stable CuO nanoparticles dispersibility in organic solvents which synthesized with an oleic acid
surface modifier. The observed findings revealed that engine oil dispersed with CuO nanoparticles
help in the reduction of coefficient of friction by 24% and 53% at 0.5 wt. % concentrations,
respectively than the standard engine oil without CuO nanoparticles addition. It also resulted in anti-
wear properties and a good friction reduction. The investigational testing was performed by Battez
et al., [49] for the reduction of wear and friction using dispersion samples of ZnO, ZrO,, and CuO
nanoparticles with engine oil. Experiments were prepared through a total distance of 3.066 m,
reciprocating the sliding speed of 2 m/s, and under a load of 165 N. Once completing the wear testing,
scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) were utilized for
analysis of wear surfaces. The ultrasonic mixing with duration of 2 min has been utilized to prepare
0.5-2.0 wt. % concentration of nanoparticle. The grain sizes of nanoparticle were constant at 20-30
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nm for ZrO,, 30-50 nm for CuO, and 20 nm for ZnO, respectively. The overall best tribological
behaviour indicates a concentration of 0.5% of ZrO, and ZnO presenting wear reduction and high
friction values. However, the 2.0 wt. % concentration of CuO nanoparticle suspensions had the lowest
wear and the highest friction coefficient.

Ahmadi et al., [50] aims to investigate the effects of SAE 20W50 engine oil dispersed with CuO
nanoparticles on tribology properties such as thermal conductivity coefficient, flash point, pour point,
and viscosity. The copper oxide nanoparticles with grain sizes of smaller than 100 nm are used to
different prepared concentrations of samples at 0.1, 0.2, and 0.5 wt.%. These factors were examined
since it has a significant influence on the performance of the engine oil. Figure 4 shows the flash
point, and viscosity of engine oil has a linear connection with the concentration of nanoparticles.
Figure 5 indicates the flash point and thermal conductivity of 0.1 wt. % concentrations increased by
5% and 3%, respectively. The value of pour point had reduced by about 7.4% in other concentrations
but had a 3.7% improvement at 0.2 wt. % concentration as compared with the base fluid. According
to the following findings, the finest sample of CuO/oil is observed with 0.2 wt. % concentrations of
nanolubricant. This sample indicates small changes of viscosity, while improvement is observed with
flash point and pour point, as shown in Figure 6.
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Fig. 4. Influence on kinematic viscosity of lubricants at (A) 100 °C and at (B) 40 °C due to
concentration of CuO. Under experimental conditions: grain sizes of CuO were smaller than 100
nm, SAE 20W50 engine oil. Source: [50]
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Fig. 6. Influence on flash point (A) and pour point (B) due to CuO concentration. Source: [50]

Simulation of nanoparticles friction properties has been performed by Hu et al, [51] The
researchers also examined the influence of copper (Cu) nanoparticles on the solid contact between
the friction surfaces by implemented a molecular dynamics technique to expose the mechanisms
responsible for the favourable friction properties of nanoparticles. Two models were made, namely,
model A (without Cu) and model B (with Cu). The prediction findings revealed that the enhancement
in friction properties due to Cu nanoparticles was more significant at low speed than at high speed
due to the Cu nanoparticle developing a nano-film on the friction surfaces, as shown in Figure 7.
Padgurskas et al., [19] studied the influenced of SAE10 mineral oil dispersed with CuO, Cu, and Fe
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nanoparticles. A tribological investigation indicated that up to 1.5 times are decreasing in the wear
and friction coefficient of friction pairs. Tribological findings show that almost 47% decrease in wear
was observed when using the copper nanoparticles.

A4 B 204
- Without Cu
Without Cu

With Cu

With Cu

"W\W M Bt "hanana S
j A e TRVt R YA YW W\ ¥

Friction force/area (GPa)
Friction force/area (GPa)
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Fig. 7. Influence of Cu nanoparticles on friction force/area with respect to sliding time at (A)
high speed and (B) low speed by molecular dynamics mechanism. Source: [51]

Tribological behaviour effect of CuO and ZnO nanoparticles dispersed in synthetic oil and mineral
oil has been studied by Alves et al., [52]. The CuO and ZnO nanoparticles have an average grain size
of around 4.35 and 11.71 nm, respectively. An ultrasonic probe is used for about 30 min to mixed 0.5
wt.% concentration of individual ZnO and CuO nanoparticles dispersed in the lubricant. The
tribological properties findings show significant enhancement, the dispersion of CuO in synthetic oil
slightly improved its tribological properties, but greater performance in decreasing wear and friction
was observed with the combination of mineral oil and ZnO owing to good film formation. As compare
to ZDDP as oil additive, Cu nanoparticles have superior anti-wear and friction-reduction properties,
especially at high loads application. Furthermore, the base oil also enhanced its load-carrying capacity
[53]. The presence of nanoparticles for concentrations lower than 0.34% lead promoted to decrease
in friction. This is due to the adjustment of contact configuration to more on rolling rather than from
the initial sliding mechanism. As soon as the concentration was further increased, the contact
configuration returned back to more on a sliding mechanism; therefore, the friction coefficient
becomes increased. Dispersion of oil with nanoparticle additives also lead to slightly increased
viscosity [3].

Choi et al., [54] inspected the influence of nanoparticles in the oil as a friction reducer. The copper
nanoparticles have the average sizes of 25 nm and 60 nm, respectively. The copper nanoparticles
added in oil for 0.1 vol.% concentration. The findings exposed that under a load of 3000 N, the
average friction coefficient for nanolubricants reduces by 39% and 44% with 60 nm and 25 nm copper
nanoparticles, respectively. The copper nanolubricant produces tribo-film, which separates two
friction surfaces prevents direct contacts between them. Furthermore, the decrease of friction is
contributed by the low hardness of the tribo-film, while the rises in the elastic deformation of the
contact surface and reduces wear especially at the higher temperature of the oil is owing to its low
elastic modulus. Lastly, the presence of the soft film on the worn surface may increase the contact
area and offer fast relaxation and decrease contact stress [25]. Huang et al., [55] performed an
investigation using a four-ball machine to explore the influence on tribological properties of engine
oil with combined additives. The finest interaction influence was observed under the combination of
0.25 wt.% nano-silica with 0.3 wt.%; nano-Cu. A lowest wear scar diameter and friction coefficient
were found with optimum nanolubricant of N32 oil enriched with 0.5% concentrations of Cu
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nanoparticles. The nanoparticles might lead in rolling effect between the rubbing surfaces, and the
friction condition is transformed from sliding to rolling. Thus, the decreasing coefficient of friction
has been observed [56].

Wu et al., [20] investigate the tribological properties of diamond, TiO,, and CuO nanoparticles as
additives dispersed in two standard oils, namely, a base oil (SAE30 LB51163-11) and API-SF engine oil
(SAE30 LB51153). All the tested nanoparticles used are sphere-like shape with average grain sizes
around 10, 80, and 5 nm for the diamond, TiO;, and CuO nanoparticles, respectively. The TiO, and
CuO nanoparticles were used with glycol as the solvent. Both nanolubricants consist of 10% additive
solution (0.1% nanoparticles and 9.9% glycol) and 90% standard oil. The observation findings indicate
that the coefficients of friction were decreased by 5.8% and 18.4% for the CuO nanoparticles enriched
in and the base oil and the SF oil than that of oil without nanoparticles. Peiia-Paras et al., [57] also
studied the influence of tribological properties at different concentrations of CuO. The findings
exposed that at a concentration of 0.01 wt. %, 86% decreased in wear scar diameter had been
recorded.

3.2 Application of Cellulose Nanocrystal (CNC) in Nanofluid

Over a century ago, cellulose was used as an energy source, for building materials and clothing in
the form of wood and plant fibers. However, these fibers can undergo further mechanical and
chemical treatments to produce a more efficient class ofnanocellulose materials. Nanocellulose can
be divided into three main subcategories; cellulose nanocrystals, nanofibrillated cellulose, and
bacterial nanocellulose. In this study, the focus will be on the cellulose nanocrystal. Numerous
research results have shown that nanofluids have outstanding thermophysical properties and are an
interesting candidate for applications of heat transfer. Such nanofluids usually contain metal oxide
particles likes TiO; and SiO3, but these metal oxides can lead to significant pollution issues. Therefore,
a study focuses on introducing the potential of using a plant-based material such as CNC to develop
an enhanced and environmentally friendly material for heat transfer applications. Ramachandran
measured the thermal conductivity and viscosity of nanocellulose with the weight concentration of
40/60% (EG-water) volume ratio [58]. Experiments were conducted in the temperature range from
30 °Cto 70 °C and in the volume, concentration range from 0.1% to 1.3%. Results indicated that the
thermal conductivity increases with the increase of mixture temperature and volume of the
nanofluid. The enhancement ratio was 1.104 times at 1.3%. Meanwhile, they also found that the
viscosity decreases exponentially with temperature and increases as the volume fraction increases.
The enhancement ratio was 4.16 times at 1.3%. The author also proposed a new correlation to
predict the thermal properties of CNC.

The same author [59] carried out combined experimental-statistical approach for effective
thermal conductivity and relative viscosity determination in (EG-water) mixture. CNC were prepared
by two different ways, firstly, nanoparticles dispersed in ethylene glycol and water in the ratio of 40:
60, and secondly nanoparticles dispersed in ethylene glycol and water in the ratio of 50:50 by weight.
The maximum effective thermal conductivity was 1.127 which is recorded at volume concentration
0.9%, temperature of 70 °C and base ratio of 0.5. Observations showed that effective thermal
conductivity depends on the particle volumetric concentration and the temperature. The maximum
relative viscosity recorded was 4.521 at volume concentration of 0.9%, 70 °C and base ratio 0.5.
Relative viscosity had proportional relation with volume z the density and specific heat capacity for
CNC nanoparticles suspended in 40: 60 (by weight) EG and water mixture [58]. Experiments were
performed using nanofluids with particle volume percentage from 0.1% to 0.9% and temperatures
30°C to 90 °C. The value of density was found to be highest at a temperature of 30°C and volume
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concentration of 0.9%. Their result also recorded maximum specific heat capacity is 3972J/kg.°C at a
temperature of 90°C and volume concentration of 0.1%. The author also proposed empirical model
for relative specific density and relative specific heat capacity.

Meanwhile, a number of studies on CNC in heat transfer application were carried out by some
researchers. [60] investigated the thermophysical properties of cellulose nanocrystal (CNC)-
ethylene glycol (EG) + Water (W) based nanofluid and the capable to improve the thermal transport
and machining performance. Their results prove that the nanofluid capable of reducing the heat
generated by the cutting tool which leads for improved tool life. Also, CNC based nanofluid evidently
proved to be superior heat transfer fluid compared to MWF to be used in machining operation in
conjunction with MQL technique. In another study, [61] conducted a research to evaluated ethylene
glycol/nanocellulose-based nanofluid in terms of its thermo-physical properties and its effectiveness
in machining performances which is temperature distribution in cutting tool and compare its
effectiveness with MWF. They found out that ethylene glycol/nanocellulose-based nanofluid coolant
better than the conventional machining coolant which is MWF in MQL cooling system due to a lower
percentage of Aluminum of 7.14 wt% cutting tool and more carbon 45.06 wt% with less continuous
chips formed.

[62] proposed a Cellulose Nanocrystals (CNC) as green additives for improving tribological
properties of lubricants in engine oil. It emerged nano lubricant of CNC particles at 0.1 wt%
concentration was the most suitable concentration for improving properties of SAE 40 engine oil. In
addition, best results were obtained for nano lubricants with 0.1 wt% of CNC nanoparticles for the
reduction of COF. Meanwhile, for the wear rate value, the reduction was observed maximum, up to
69% when the concentration of 0.1% CNC. Also, it shows that the addition of CNC nanoparticles
exhibited improved wear behavior compared to the base oil SAE 40. [63,64] numerically and
experimentally investigated convection heat transfer coefficients of CNC and Al;03/CNC nanofluilds
for different base mixture at concentration of 0.1%, 0.5%, and 0.9% and working temperature of 30,
50,70°Cin 40:60 (EG:W) base mixture fluid with volume concentration of 0.1%, 0.5%, 0.9% and 1.3%
in radiator coolant. Their result revealed addition of CNC provides a better heat transfer efficiency
compared to usage of distilled water as radiator coolant. [65] studied the performance characteristics
and effectiveness of the radiator with addition of nanoparticles (CNC). It was found that 0.5% of
volume concentration nanofluid of ratio 60:40 (EG:W) displays a better rate of heat transfer
compared to distilled water. Also, thermal conductivity test showed cellulose nanofluids have better
thermal conductivity compared to Ethylene Glycol and the highest thermal conductivity possessed
by 0.5% cellulose nanofluids was 0.519 W/m.°C.

4. Optimization of Nanofluid using Response Surface Methodology

Evolution of productions in the area of development and optimization of systems relying on heat
transfer causes growing need of designing and introducing optimum lubricant and coolant fluids with
high efficiency. Hence, researchers have done abundant endeavors in their empirical, numerical
studies and analytical in order to introduce optimized working fluids used in heat transfer systems
[66-69]. One of the factors of energy damping in various industries is friction between moving
elements, that lubricants are used in order to decrease this friction. Today, because of the impact of
lubricants in industries, studies on their properties in order to increase efficiency and decrease costs
are highly inevitable.

Response surface methodology (RSM) is the most preferred statistical tool to optimize the
significant parameters of any real-time manufacturing process, as it requires a minimum set of
experiments and provide optimum condition settings for maximum vyield [70]. As RSM formulates a
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mathematical matrix and considers multiple variables and their interactions it required a lower
number of experimental trails as compared to ANN [71]. Therefore, using RSM various studies
successfully validated the experimental results without any assumptions. In one of such studies,
Nasirzadehroshenin et al., [72] synthesized Al,03-TiO; (10%) nano composite in three sizes and
dispersed them in water to synthesize hybrid nanofluid with 0-0.5% volume fraction at 20-50 °C and
successfully predicted thermal conductivity and viscosity using RSM and ANN. Analysis of variance
(ANOVA) table confirmed that, temperature (A), concentration (B), particle size(C) and interaction
term (AB) showed significant impact on the model with lower P-value. Peng et al., [73] predicted and
optimized the thermal conductivity of CuO/water nanofluid using RSM at ¢ = 0.1-0.4 vol% and 25—
40 °C. Authors claimed that for CuO/water nanofluid the proposed model can extrapolate and
interpolate the data with less than 2% accuracy. Salehnezha et al., [45] studied the rheological
properties of starch-ZnO/water nanofluid in the application of water based drilling fluid using RSM.
Here, the effect of ultrasonication time, Starch and ZnO nanoparticles percentage on thermal
conductivity, flow behaviour, yield point and plastic point were analysed, and their concerning
correlations were proposed.

Optimization of thermal systems has inspired researchers because an optimized energy system
results in reduced operating cost, reduction in harmful effects on the environment, and sparing in
fossil energy sources. [74] applied multi-objective optimization techniques for modeling and
optimizing properties of nanofluids. The optimization of viscosity for MWCNTs-ZnO (10-90%)/5W50
nanolubricant was performed by [75]. They used shear rates, temperature, and volume fraction as
input variables for optimizing viscosity. The minimum and maximum modes of viscosity were
obtained with respect to the input variables. [76] optimized the operating parameters for an
automotive air conditioning system with SiO2/PAG nanolubricant as a refrigerant. The design of
experiment was carried out by using RSM which significantly reduced the computational time by
reducing the number of experiments. It was concluded that the desirability method of RSM was the
easiest and efficient optimization strategy for the work. [77] modeled and optimized thermophysical
properties of graphene nanolubricants using RSM. Optimization was performed for each case of
individual and multiple responses and it was evident that all the cases inspected favor the content of
pure groundnut oil. [78] recasted and optimized the viscosity of ZnO/SAE 50 nanolubricant by using
response surface methodology and sensitivity analysis. A novel regression model was used to predict
the experimental value of viscosity with R? and adj-R? being 0.9966 and 0.9965, respectively, showing
better estimation with a standard deviation of 3%.

5. Summary and Research Gap

As concluding remark, this section described the significance of recent developments in
lubrication science and nanotechnology shows the addition of nanoparticles to engine oils can fill
scars and grooves of the friction zone. At the same time, nanoparticles chemically react with engine
oil to form a tribo-film above the nanoparticles when the contact pressure and temperature are
enough to cause a reaction between the nanoparticles in the lubricating oil and friction surfaces. The
deposition of nanoparticles makes the worn surface flat and smooth, which can result in an
improvement in the tribological characteristics of internal combustion engines. The results show that
the tribological characteristics are affected by composition, shape, concentration, grain size, and
dispersion stabilization of nanoparticles in base engine oils. Although the current study investigated
ways of improving the tribological behaviour of internal combustion engines via the addition of
nanoparticles to engine oils, the use of nanoparticles poses a serious technical challenge of a capping
layer structure and the nature of its interaction with friction surfaces under high temperatures, to
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match with quality standards established. This study involving the structure of tribo-film and the
nature of its interaction is important and might assist in bridging the gap between conventional
macrotribology and advanced nanotribology. This would significantly lower the cost of the process
and will make it commercially more viable than at present. There is still plenty of work for further
development.

This chapter also summarizes the effect of nanoparticle additives on tribological properties of
base lubricants. Coefficient of friction and anti-wear properties of nanolubricant is significantly
enhanced as compared to base lubricant due to various mechanisms such as ball bearing, mending,
tribofilm formation and surface polishing effects. Metal and metal oxide nanoparticles are most
widely used as additives to produce an enhancement in the properties of lubricants. Thus, the
prospect of using nanolubricants as an alternative to conventional lubricants appears to be very
promising. According to the literature review, it is observed that the experimental work on a piston
ring and cylinder liner contact is important to investigate the influence of nanolubricants, especially
the CNC-CuO nanoparticles on the of thermophysical properties and tribological behaviour.
Furthermore, there are limited studies conducted to investigate the effect nanolubricant, especially
from the CNC-CuO nanoparticles on the piston ring and cylinder liner contact. Therefore, due to the
huge gap available, nanolubricant from CNC-CuO nanoparticles had been used in this study to
investigate its potential as nanolubricant especially in the aspect of the tribological behaviour of CNC-
CuO nanolubricants for piston ring and cylinder liner contact, and predict the suitable regression
correlation using regression method and optimize the thermophysical properties and tribological
factor of nanolubricant using RSM method. Table 3 below shows the research gap and summary
finding.

Table 3

Research gap and summary finding

References  Topic of study Key Findings (Gaps)

[79,80] Tribological performance e Limited researches on the effect of hybrid CNC-CuO nanoparticles

on tribological performance and using sliding wear test

[81,82] Optimization of operating e Limited study which employing BBD and RSM to optimize
parameters for tribological tribological performance.
performance e None of research has yet published for thermophysical and

tribological performance optimization for the use of CNC-CuO
nanoparticle in engine oil

Acknowldegment

The authors would like to thanks Universiti Malaysia Pahang (UMP) for providing grant under No.
RDU and “Sakinah  binti Muhamad Hisham” is the recipient of the UMP
Post-Doctoral Fellowship in Research.

References

[1] Shahnazar, Sheida, Samira Bagheri, and Sharifah Bee Abd Hamid. "Enhancing lubricant properties by nanoparticle
additives." International journal of hydrogen energy 41, no. 4 (2016): 3153-3170.
https://doi.org/10.1016/j.ijhydene.2015.12.040

[2]  Fox, Malcolm F. Chemistry and technology of lubricants. Edited by Roy M. Mortier, and Stefan T. Orszulik. Vol.
107115. Dordrecht: Springer, 2010.

[3] Thottackkad, Manu Varghese, Rajendrakumar Krishnan Perikinalil, and Prabhakaran Nair Kumarapillai.
"Experimental evaluation on the tribological properties of coconut oil by the addition of CuO
nanoparticles." International journal of precision engineering and manufacturing 13 (2012): 111-116.
https://doi.org/10.1007/s12541-012-0015-5

72


https://doi.org/10.1016/j.ijhydene.2015.12.040
https://doi.org/10.1007/s12541-012-0015-5

Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 60-77

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

(15]
(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

[24]

Dai, Wei, Bassem Kheireddin, Hong Gao, and Hong Liang. "Roles of nanoparticles in oil lubrication." Tribology
international 102 (2016): 88-98. https://doi.org/10.1016/].triboint.2016.05.020

Kole, Madhusree, and T. K. Dey. "Effect of aggregation on the viscosity of copper oxide—gear oil
nanofluids." International Journal of Thermal Sciences 50, no. 9 (2011): 1741-1747.
https://doi.org/10.1016/j.ijthermalsci.2011.03.027

Kole, Madhusree, and T. K. Dey. "Role of interfacial layer and clustering on the effective thermal conductivity of
CuO-gear oil nanofluids." Experimental thermal and fluid science 35, no. 7 (2011): 1490-1495.
https://doi.org/10.1016/j.expthermflusci.2011.06.010

Kotia, Ankit, and Subrata Kumar Ghosh. "Experimental analysis for rheological properties of aluminium oxide
(Al203)/gear oil (SAE EP-90) nanolubricant used in HEMM." Industrial Lubrication and Tribology 67, no. 6 (2015):
600-605. https://doi.org/10.1108/ILT-03-2015-0029

Tao, Xu, Zhao Jiazheng, and Xu Kang. "The ball-bearing effect of diamond nanoparticles as an oil additive." Journal
of Physics D: Applied Physics 29, no. 11 (1996): 2932. https://doi.org/10.1088/0022-3727/29/11/029

Tang, Zhenglin, and Shaohui Li. "A review of recent developments of friction modifiers for liquid lubricants (2007—
present)." Current opinion in solid state and materials science 18, no. 3 (2014): 119-139.
https://doi.org/10.1016/j.cossms.2014.02.002

Zhou, Jingfang, Jianjun Yang, Zhijun Zhang, Weimin Liu, and Qunji Xue. "Study on the structure and tribological
properties of surface-modified Cu nanoparticles." Materials Research Bulletin 34, no. 9 (1999): 1361-1367.
https://doi.org/10.1016/50025-5408(99)00150-6

Rapoport, L., V. Leshchinsky, M. Lvovsky, O. Nepomnyashchy, Yu Volovik, and Reshef Tenne. "Mechanism of friction
of fullerenes." Industrial lubrication and tribology 54, no. 4 (2002): 171-176.
https://doi.org/10.1108/00368790210431727

Liu, Gang, X. Li, B. Qin, D. Xing, Y. Guo, and R. Fan. "Investigation of the mending effect and mechanism of copper
nano-particles on a tribologically stressed  surface." Tribology  Letters 17  (2004): 961-966.
https://doi.org/10.1007/s11249-004-8109-6

Lee, Chang-Gun, Yu-Jin Hwang, Young-Min Choi, Jae-Keun Lee, Cheol Choi, and Je-Myung Oh. "A study on the
tribological characteristics of graphite nano lubricants." International journal of precision engineering and
manufacturing 10 (2009): 85-90. https://doi.org/10.1007/s12541-009-0013-4

Chang, Ho, Chou-Wei Lan, Chih-Hao Chen, Mu-Jung Kao, and Jia-Bin Guo. "Anti-wear and friction properties of
nanoparticles as additives in the lithium grease." International journal of precision engineering and
manufacturing 15 (2014): 2059-2063. https://doi.org/10.1007/s12541-014-0563-y

Kimura, Yoshitsugu, Toshiaki Wakabayashi, Kazumi Okada, Tetsuya Wada, and Hiroshi Nishikawa. "Boron nitride as
a lubricant additive." Wear 232, no. 2 (1999): 199-206. https://doi.org/10.1016/50043-1648(99)00146-5

Ma, Shiyu, Shaohua Zheng, Duxia Cao, and Hongna Guo. "Anti-wear and friction performance of ZrO2 nanoparticles
as lubricant additive." Particuology 8, no. 5 (2010): 468-472. https://doi.org/10.1016/].partic.2009.06.007
Thottackkad, Manu V., P. K. Rajendrakumar, and N. K. Prabhakaran. "Tribological analysis of surfactant modified
nanolubricants containing CeO2 nanoparticles." Tribology-Materials, Surfaces & Interfaces 8, no. 3 (2014): 125-130.
https://doi.org/10.1179/1751584X13Y.0000000051

Wang, X. L., Y. L. Yin, G. N. Zhang, W. Y. Wang, and K. K. Zhao. "Study on antiwear and repairing performances about
mass of nano-copper lubricating additives to 45 steel." Physics Procedia 50 (2013): 466-472.
https://doi.org/10.1016/j.phpro.2013.11.073

Padgurskas, Juozas, Raimundas Rukuiza, Igoris Prosycevas, and Raimondas Kreivaitis. "Tribological properties of
lubricant additives of Fe, Cu and Co nanoparticles." Tribology International 60 (2013): 224-232.
ttps://doi.org/10.1016/j.triboint.2012.10.024

Wu, Y. Y., W. C. Tsui, and T. C. Liu. "Experimental analysis of tribological properties of lubricating oils with
nanoparticle additives." Wear 262, no. 7-8 (2007): 819-825. https://doi.org/10.1016/j.wear.2006.08.021

Jatti, Vijaykumar S., and T. P. Singh. "Copper oxide nano-particles as friction-reduction and anti-wear additives in
lubricating oil." Journal of  Mechanical Science and Technology 29 (2015): 793-798.
https://doi.org/10.1007/s12206-015-0141-y

Wan, Qingming, Yi Jin, Pengcheng Sun, and Yulong Ding. "Tribological behaviour of a lubricant oil containing boron
nitride nanoparticles." Procedia Engineering 102 (2015): 1038-1045.
https://doi.org/10.1016/j.proeng.2015.01.226

Neuffer, Hannah, Hamed Ghaednia, and Robert Jackson. "Wear volume analysis using a nano-lubricant for ball-on-
disk testing." Tribology & Lubrication Technology 2 (2014): 1-3.

Zhang, Bao-Sen, Bin-Shi Xu, Yi Xu, Fei Gao, Pei-Jing Shi, and Yi-Xiong Wu. "Cu nanoparticles effect on the tribological
properties of hydrosilicate powders as lubricant additive for steel-steel contacts." Tribology International 44, no.
7-8 (2011): 878-886. https://doi.org/10.1016/].triboint.2011.03.002

73


https://doi.org/10.1016/j.triboint.2016.05.020
https://doi.org/10.1016/j.ijthermalsci.2011.03.027
https://doi.org/10.1016/j.expthermflusci.2011.06.010
https://doi.org/10.1108/ILT-03-2015-0029
https://doi.org/10.1088/0022-3727/29/11/029
https://doi.org/10.1016/j.cossms.2014.02.002
https://doi.org/10.1016/S0025-5408(99)00150-6
https://doi.org/10.1108/00368790210431727
https://doi.org/10.1007/s11249-004-8109-6
https://doi.org/10.1007/s12541-009-0013-4
https://doi.org/10.1007/s12541-014-0563-y
https://doi.org/10.1016/S0043-1648(99)00146-5
https://doi.org/10.1016/j.partic.2009.06.007
https://doi.org/10.1179/1751584X13Y.0000000051
https://doi.org/10.1016/j.phpro.2013.11.073
https://doi.org/10.1016/j.triboint.2012.10.024
https://doi.org/10.1016/j.wear.2006.08.021
https://doi.org/10.1007/s12206-015-0141-y
https://doi.org/10.1016/j.proeng.2015.01.226
https://doi.org/10.1016/j.triboint.2011.03.002

Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 60-77

[25]

(26]
(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

Yu, He-long, X. U.Yi, Pei-jing Shi, Bin-shi Xu, Xiao-li Wang, and L. I. U. Qian. "Tribological properties and lubricating
mechanisms of Cu nanoparticles in lubricant." Transactions of nonferrous metals Society of China 18, no. 3 (2008):
636-641. https://doi.org/10.1016/51003-6326(08)60111-9

Kaviyarasu, T., and B. Vasanthan. "Improvement of tribological and thermal properties of engine lubricant by using
nano-materials." J Chem Pharm Sci (JCHPS) 7 (2015): 208-211.

Tarasov, Sergei, A. Kolubaev, S. Belyaev, M. Lerner, and F. Tepper. "Study of friction reduction by nanocopper
additives to motor oil." Wear 252, no. 1-2 (2002): 63-69. https://doi.org/10.1016/S0043-1648(01)00860-2

Zhang, Ming, Xiaobo Wang, Weimin Liu, and Xisheng Fu. "Performance and anti-wear mechanism of Cu
nanoparticles as lubricating oil additives." Industrial Lubrication and Tribology 61, no. 6 (2009): 311-318.
https://doi.org/10.1108/00368790910988426

Maliar, Tatjana, Satish Achanta, Henrikas Cesiulis, and Dirk Drees. "Tribological behaviour of mineral and rapeseed
oils containing iron particles." Industrial Lubrication and Tribology 67, no. 4 (2015): 308-314.
https://doi.org/10.1108/ILT-05-2013-0058

Song, Xiaoyun, Shaohua Zheng, Jun Zhang, Wei Li, Qiang Chen, and Binggiang Cao. "Synthesis of monodispersed
ZnAl204 nanoparticles and their tribology properties as lubricant additives." Materials Research Bulletin 47, no. 12
(2012): 4305-4310. https://doi.org/10.1016/j.materresbull.2012.09.013

Liu, Hao, Yujuan Zhang, Shengmao Zhang, Yanfen Chen, Pingyu Zhang, and Zhijun Zhang. "Preparation and
evaluation of tribological properties of oil-soluble rice-like CuO nanoparticles." Industrial Lubrication and
Tribology 67, no. 3 (2015): 276-283. https://doi.org/10.1108/ILT-08-2013-0092

Baskar, S., and G. Sriram. "Tribological Behavior of Journal Bearing Material under Different Lubricants." Tribology
in Industry 36, no. 2 (2014).

Xiang, Longhua, Chuanping Gao, Yanmin Wang, Zhidong Pan, and Dawei Hu. "Tribological and tribochemical
properties of magnetite nanoflakes as additives in oil lubricants." Particuology 17 (2014): 136-144.
https://doi.org/10.1016/].partic.2013.09.004

Peng, De-Xing, and Yuan Kang. "Preparation of SiO2 nanoparticles and investigation of its tribological behavior as
additive in liquid paraffin." Industrial ~ Lubrication and Tribology 66, no. 6 (2014): 662-670.
https://doi.org/10.1108/ILT-08-2012-0075

Chang, H., Z. Y. Li, M. J. Kao, K. D. Huang, and H. M. Wu. "Tribological property of TiO2 nanolubricant on piston and
cylinder surfaces." Journal of  Alloys and Compounds 495, no. 2 (2010): 481-484.
https://doi.org/10.1016/j.jallcom.2009.10.017

Ingole, Sudeep, Archana Charanpahari, Amol Kakade, Suresh S. Umare, Dhananjay V. Bhatt, and Jyoti Menghani.
"Tribological behavior of nano TiO2 as an additive in base oil." Wear301, no. 1-2 (2013): 776-785.
https://doi.org/10.1016/j.wear.2013.01.037

Lee, Jaekeun, Hongseok Kim, Byeongchul Lee, and Jinsung Park. "Performance evaluation of nano-lubricants at
thrust slide-bearing of scroll compressors." (2006).

Lee, Jaekeun, Sangwon Cho, Yujin Hwang, Han-Jong Cho, Changgun Lee, Youngmin Choi, Bon-Chul Ku et al.
"Application of fullerene-added nano-oil for lubrication enhancement in friction surfaces." Tribology
International 42, no. 3 (2009): 440-447. https://doi.org/10.1016/].triboint.2008.08.003

Luo, Ting, Xiaowei Wei, Xiong Huang, Ling Huang, and Fan Yang. "Tribological properties of AI203 nanoparticles as
lubricating oil additives." Ceramics International 40, no. 5 (2014): 7143-7149.
https://doi.org/10.1016/j.ceramint.2013.12.050

Vadiraj, A., G. Manivasagam, K. Kamani, and V. S. Sreenivasan. "Effect of nano oil additive proportions on friction
and wear performance of automotive materials." Tribology in Industry 34, no. 1 (2012): 3.

Sia, S. Y., Eman Z. Bassyony, and Ahmed AD Sarhan. "Development of SiO 2 nanolubrication system to be used in
sliding bearings." The International Journal of Advanced Manufacturing Technology 71 (2014): 1277-1284.
https://doi.org/10.1007/s00170-013-5566-9

Ali, Mohamed Kamal Ahmed, Hou Xianjun, Ligiang Mai, Chen Bicheng, Richard Fiifi Turkson, and Cai Qingping.
"Reducing frictional power losses and improving the scuffing resistance in automotive engines using hybrid
nanomaterials as nano-lubricant additives." Wear 364 (2016): 270-281.
https://doi.org/10.1016/j.wear.2016.08.005

Chou, R., A. Hernandez Battez, J. J. Cabello, J. L. Viesca, A. Osorio, and A. Sagastume. "Tribological behavior of
polyalphaolefin with the addition of nickel nanoparticles." Tribology International 43, no. 12 (2010): 2327-2332.
https://doi.org/10.1016/j.triboint.2010.08.006

Battez, A. Herndndez, R. Gonzalez, D. Felgueroso, J. E. Ferndndez, Ma del Rocio Fernandez, M. A. Garcia, and I.
Penuelas. "Wear prevention behaviour of nanoparticle suspension under extreme pressure conditions." Wear 263,
no. 7-12 (2007): 1568-1574. https://doi.org/10.1016/j.wear.2007.01.093

74


https://doi.org/10.1016/S1003-6326(08)60111-9
https://doi.org/10.1016/S0043-1648(01)00860-2
https://doi.org/10.1108/00368790910988426
https://doi.org/10.1108/ILT-05-2013-0058
https://doi.org/10.1016/j.materresbull.2012.09.013
https://doi.org/10.1108/ILT-08-2013-0092
https://doi.org/10.1016/j.partic.2013.09.004
https://doi.org/10.1108/ILT-08-2012-0075
https://doi.org/10.1016/j.jallcom.2009.10.017
https://doi.org/10.1016/j.wear.2013.01.037
https://doi.org/10.1016/j.triboint.2008.08.003
https://doi.org/10.1016/j.ceramint.2013.12.050
https://doi.org/10.1007/s00170-013-5566-9
https://doi.org/10.1016/j.wear.2016.08.005
https://doi.org/10.1016/j.triboint.2010.08.006
https://doi.org/10.1016/j.wear.2007.01.093

Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 60-77

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

Pefia-Pards, Laura, Jaime Taha-Tijerina, Lorena Garza, Demdfilo Maldonado-Cortés, Remigiusz Michalczewski, and
Carolina Lapray. "Effect of CuO and Al203 nanoparticle additives on the tribological behavior of fully formulated
oils." Wear 332 (2015): 1256-1261. https://doi.org/10.1016/j.wear.2015.02.038

Sunqging, Qiu, Dong Junxiu, and Chen Guoxu. "Tribological properties of CeF3 nanoparticles as additives in
lubricating oils." Wear 230, no. 1 (1999): 35-38. https://doi.org/10.1016/50043-1648(99)00084-8

Kotia, Ankit, Pranami Rajkhowa, Gogineni Satyanarayana Rao, and Subrata Kumar Ghosh. "Thermophysical and
tribological properties of nanolubricants: A review." Heat and mass transfer 54 (2018): 3493-3508.
https://doi.org/10.1007/s00231-018-2351-1

Suryawanshi, Abhijeet, Ajinkya Pisal, Dr Durgeshkumar S. Chavan, and Swapnil J. Patil. "Experimental Investigation
of Tribological Properties of Engine oil with CuO Nanoparticles Under Varying Loading Conditions." In An
International Conference on Tribology, TRIBOINDIA-2018, 13th-15th, December. 2018.
https://doi.org/10.2139/ssrn.3349057

Battez, A. Hernandez, Rubén Gonzalez, J. L. Viesca, J. E. Fernandez, JM Diaz Fernandez, A. Machado, R. Chou, and
J. Riba. "Cu0, ZrO2 and ZnO nanoparticles as antiwear additive in oil lubricants." Wear 265, no. 3-4 (2008): 422-
428. https://doi.org/10.1016/j.wear.2007.11.013

Ettefaghi, Ehsan-o-llah, Hojjat Ahmadi, Alimorad Rashidi, Seyed Saeid Mohtasebi, and Mahshad Alaei.
"Experimental evaluation of engine oil properties containing copper oxide nanoparticles as a
nanoadditive." International Journal of Industrial Chemistry 4 (2013): 1-6. https://doi.org/10.1186/2228-5547-4-28
Hu, Chengzhi, Minli Bai, Jizu Lv, Hao Liu, and Xiaojie Li. "Molecular dynamics investigation of the effect of copper
nanoparticle on the solid contact between friction surfaces." Applied surface science 321 (2014): 302-309.
https://doi.org/10.1016/j.apsusc.2014.10.006

Alves, Salete Martins, Braulio Silva Barros, Marinalva Ferreira Trajano, Kandice Suane Barros Ribeiro, and E. J. T. I.
Moura. "Tribological behavior of vegetable oil-based lubricants with nanoparticles of oxides in boundary lubrication
conditions." Tribology international 65 (2013): 28-36. https://doi.org/10.1016/].triboint.2013.03.027

Zhou, lJingfang, Zhishen Wu, Zhijun Zhang, Weimin Liu, and Qunji Xue. "Tribological behavior and lubricating
mechanism of Cu nanoparticles in oil." Tribology letters 8 (2000): 213-218.
https://doi.org/10.1023/A:1019151721801

Choi, Y., C. Lee, Y. Hwang, M. Park, J. Lee, C. Choi, and M. Jung. "Tribological behavior of copper nanoparticles as
additives in oil." Current Applied Physics 9, no. 2 (2009): e124-e127. https://doi.org/10.1016/j.cap.2008.12.050
Huang, Jingjing, Xiaohong Li, and Zhijun Zhang. "The Tribological Properties of Qil-Soluble Nano-Copper and Nano-
Silica Particles as Additives of Lubricating Oils." In Advanced Tribology: Proceedings of CIST2008 & ITS-IFToMM2008,
pp. 890-891. Springer Berlin Heidelberg, 2010. https://doi.org/10.1007/978-3-642-03653-8 303

He, Qiang, Jun Ye, Hongzhao Liu, and Jinling Li. "Application of Cu nanoparticles as N32 base oil additives." Frontiers
of Mechanical Engineering in China 5 (2010): 93-97. https://doi.org/10.1007/s11465-009-0083-0

Pefia-Pards, Laura, Jaime Taha-Tijerina, Andrés Garcia, Demofilo Maldonado, Jests A. Gonzalez, David Molina,
Eduardo Palacios, and Pablo Cantd. "Antiwear and extreme pressure properties of nanofluids for industrial
applications." Tribology Transactions 57, no. 6 (2014): 1072-1076.
https://doi.org/10.1080/10402004.2014.933937

Ramachandran, Kaaliarasan, A. M. Hussein, K. Kadirgama, D. Ramasamy, W. H. Azmi, F. Tarlochan, and G.
Kadirgama. "Thermophysical properties measurement of nano cellulose in ethylene glycol/water." Applied Thermal
Engineering 123 (2017): 1158-1165. https://doi.org/10.1016/j.applthermaleng.2017.05.067

Ramachandran, K., K. Kadirgama, D. Ramasamy, W. H. Azmi, and F. Tarlochan. "Investigation on effective thermal
conductivity and relative viscosity of cellulose nanocrystal as a nanofluidic thermal transport through a combined
experimental-Statistical approach by using Response Surface Methodology." Applied Thermal Engineering 122
(2017): 473-483. https://doi.org/10.1016/j.applthermaleng.2017.04.049

Samylingam, L., K. Anamalai, K. Kadirgama, M. Samykano, D. Ramasamy, M. M. Noor, G. Najafi, M. M. Rahman,
Hong Wei Xian, and Nor Azwadi Che Sidik. "Thermal analysis of cellulose nanocrystal-ethylene glycol nanofluid
coolant." International Journal of Heat and Mass Transfer 127 (2018): 173-181.
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.080

Kadirgama, K., K. Anamalai, K. Ramachandran, D. Ramasamy, M. Samykano, A. Kottasamy, Lingenthiran, and M. M.
Rahman. "Thermal analysis of SUS 304 stainless steel using ethylene glycol/nanocellulose-based nanofluid
coolant." The International Journal of Advanced Manufacturing Technology 97 (2018): 2061-2076.
https://doi.org/10.1007/s00170-018-2061-3

Awang, N. W., D. Ramasamy, K. Kadirgama, M. Samykano, G. Najafi, and Nor Azwadi Che Sidik. "An experimental
study on characterization and properties of nano lubricant containing Cellulose Nanocrystal (CNC)." International
Journal of Heat and Mass Transfer 130 (2019): 1163-1169.
https://doi.org/10.1016/j.ijheatmasstransfer.2018.11.041

75


https://doi.org/10.1016/j.wear.2015.02.038
https://doi.org/10.1016/S0043-1648(99)00084-8
https://doi.org/10.1007/s00231-018-2351-1
https://doi.org/10.2139/ssrn.3349057
https://doi.org/10.1016/j.wear.2007.11.013
https://doi.org/10.1186/2228-5547-4-28
https://doi.org/10.1016/j.apsusc.2014.10.006
https://doi.org/10.1016/j.triboint.2013.03.027
https://doi.org/10.1023/A:1019151721801
https://doi.org/10.1016/j.cap.2008.12.050
https://doi.org/10.1007/978-3-642-03653-8_303
https://doi.org/10.1007/s11465-009-0083-0
https://doi.org/10.1080/10402004.2014.933937
https://doi.org/10.1016/j.applthermaleng.2017.05.067
https://doi.org/10.1016/j.applthermaleng.2017.04.049
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.080
https://doi.org/10.1007/s00170-018-2061-3
https://doi.org/10.1016/j.ijheatmasstransfer.2018.11.041

Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 60-77

(63]

(64]

(65]

(66]

(67]

(68]

(69]

(70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Benedict, F., K. Kadirgama, D. Ramasamy, M. M. Noor, M. Samykano, M. M. Rahman, Z. Ghazali, and B. Sagmesh.
"Nanocellulose as heat transfer liquid in heat exchanger." In AIP Conference Proceedings, vol. 2059, no. 1. AIP
Publishing, 2019. https://doi.org/10.1063/1.5085987

Benedict, F., K. Kadirgama, D. Ramasamy, M. M. Noor, M. Kumar, M. M. Rahman, Z. Ghazali, and B. Sagmesh.
"Thermal management of vehicle radiator by nanocellulose with one-dimensional analysis." In AIP Conference
Proceedings, vol. 2059, no. 1. AIP Publishing, 2019. https://doi.org/10.1063/1.5085986

Naiman, I., D. Ramasamy, and K. Kadirgama. "Experimental and one dimensional investigation on nanocellulose
and aluminium oxide hybrid nanofluid as a new coolant for radiator." In IOP Conference Series: Materials Science
and Engineering, vol. 469, no. 1, p. 012096. IOP Publishing, 2019. https://doi.org/10.1088/1757-
899X/469/1/012096

Said, Z., S. M. A. Rahman, M. El Haj Assad, and Abdul Hai Alami. "Heat transfer enhancement and life cycle analysis
of a Shell-and-Tube Heat Exchanger using stable CuO/water nanofluid." Sustainable Energy technologies and
assessments 31 (2019): 306-317. https://doi.org/10.1016/j.seta.2018.12.020

Habibi, Hamed, Mohammad Zoghi, Ata Chitsaz, Koroush Javaherdeh, and Mojtaba Ayazpour. "Thermo-economic
performance comparison of two configurations of combined steam and organic Rankine cycle with steam Rankine
cycle driven by AI203-therminol VP-1  based PTSC." Solar Energy 180  (2019): 116-132.
https://doi.org/10.1016/j.solener.2019.01.011

Mousavi, Seyede Bahare, and Mohammad Mahdi Heyhat. "Numerical study of heat transfer enhancement from a
heated circular cylinder by using nanofluid and transverse oscillation: A comparative study." Journal of Thermal
Analysis and Calorimetry 135 (2019): 935-945. https://doi.org/10.1007/s10973-018-7343-3

Mahian, Omid, Lioua Kolsi, Mohammad Amani, Patrice Estellé, Goodarz Ahmadi, Clement Kleinstreuer, Jeffrey S.
Marshall et al. "Recent advances in modeling and simulation of nanofluid flows-Part I: Fundamentals and
theory." Physics reports 790 (2019): 1-48. https://doi.org/10.1016/j.physrep.2018.11.004

Arjmandi, Hamed, Pezhman Amiri, and Mohsen Saffari Pour. "Geometric optimization of a double pipe heat
exchanger with combined vortex generator and twisted tape: A CFD and response surface methodology (RSM)
study." Thermal Science and Engineering Progress 18 (2020): 100514. https://doi.org/10.1016/].tsep.2020.100514
Shankar, B. Ravi, D. Nageswara Rao, and Ch Srinivasa Rao. "Experimental investigation on stability of Al203-Water
Nanofluid using response surface methodology." International Journal of NanoScience and Nanotechnology 3, no.
2 (2012): 149-60.

Nasirzadehroshenin, Fatemeh, Alireza Pourmozafari, Heydar Maddah, and Hossein Sakhaeinia. "Experimental and
theoretical investigation of thermophysical properties of synthesized hybrid nanofluid developed by modeling
approaches." Arabian  Journal  for  Science and  Engineering 45, no. 9 (2020): 7205-7218.
https://doi.org/10.1007/s13369-020-04352-6

Peng, Yeping, Usama Khaled, Abdullah AAA Al-Rashed, Rashid Meer, Marjan Goodarzi, and M. M. Sarafraz.
"Potential application of Response Surface Methodology (RSM) for the prediction and optimization of thermal
conductivity of aqueous CuO (Il) nanofluid: A statistical approach and experimental validation." Physica A:
Statistical Mechanics and its Applications 554 (2020): 124353. https://doi.org/10.1016/j.physa.2020.124353
Amani, Mohammad, Pouria Amani, Omid Mahian, and Patrice Estellé. "Multi-objective optimization of
thermophysical properties of eco-friendly organic nanofluids." Journal of Cleaner Production 166 (2017): 350-359.
https://doi.org/10.1016/j.jclepro.2017.08.014

Samsudin, Mohamad Fakhrul Ridhwan, Nurfatien Bacho, Suriati Sufian, and Yun Hau Ng. "Photocatalytic
degradation of phenol wastewater over Z-scheme g-C3N4/CNT/BiVO4 heterostructure photocatalyst under solar
light irradiation." Journal of Molecular Liquids 277 (2019): 977-988. https://doi.org/10.1016/j.molliq.2018.10.160
Redhwan, A. A. M., W. H. Azmi, M. Z. Sharif, N. N. M. Zawawi, and S. Zainal Ariffin. "Utilization of Response Surface
Method (RSM) in Optimizing Automotive Air Conditioning (AAC) Performance Exerting AI203/PAG Nanolubricant."
InJournal of Physics: Conference Series, vol. 1532, no. 1, p. 012003. IOP Publishing, 2020.
https://doi.org/10.1088/1742-6596/1532/1/012003

Osama, Mohamed, Rashmi Walvekar, Mohammad Khalid, Abdul Khaliq Rasheed, Wai Yin Wong, and Thummalapalli
Chandra Sekhara Manikyam Gupta. "Physical properties optimization of POME-groundnut-naphthenic based
graphene nanolubricant using response surface methodology." Journal of cleaner production 193 (2018): 277-289.
https://doi.org/10.1016/j.jclepro.2018.05.070

Zheng, Yuanzhou, Shuaigi Wang, Annunziata D’Orazio, Arash Karimipour, and Masoud Afrand. "Forecasting and
optimization of the viscosity of nano-oil containing zinc oxide nanoparticles using the response surface method and
sensitivity  analysis." Journal of Energy Resources Technology 142, no. 11 (2020): 113004.
https://doi.org/10.1115/1.4047257

Kamarulzaman, Mohd Kamal, Sakinah Hisham, K. Kadirgama, D. Ramasamy, M. Samykano, R. Saidur, and Talal
Yusaf. "Improving the thermophysical properties of hybrid nanocellulose-copper (IlI) oxide (CNC-CuO) as a lubricant

76


https://doi.org/10.1063/1.5085987
https://doi.org/10.1063/1.5085986
https://doi.org/10.1088/1757-899X/469/1/012096
https://doi.org/10.1088/1757-899X/469/1/012096
https://doi.org/10.1016/j.seta.2018.12.020
https://doi.org/10.1016/j.solener.2019.01.011
https://doi.org/10.1007/s10973-018-7343-3
https://doi.org/10.1016/j.physrep.2018.11.004
https://doi.org/10.1016/j.tsep.2020.100514
https://doi.org/10.1007/s13369-020-04352-6
https://doi.org/10.1016/j.physa.2020.124353
https://doi.org/10.1016/j.jclepro.2017.08.014
https://doi.org/10.1016/j.molliq.2018.10.160
https://doi.org/10.1088/1742-6596/1532/1/012003
https://doi.org/10.1016/j.jclepro.2018.05.070
https://doi.org/10.1115/1.4047257

Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 60-77

(80]

(81]

(82]

additives: A novel nanolubricant for tribology application." Fuel 332 (2023): 126229.
https://doi.org/10.1016/j.fuel.2022.126229

Ren, Yilong, Lin Zhang, Guoxin Xie, Zhanbo Li, Hao Chen, Hanjun Gong, Wenhu Xu, Dan Guo, and Jianbin Luo. "A
review on tribology of polymer composite coatings." Friction 9 (2021): 429-470. https://doi.org/10.1007/s40544-
020-0446-4

Hisham, Sakinah, K. Kadirgama, D. Ramasamy, M. M. Noor, A. K. Amirruddin, G. Najafi, and M. M. Rahman. "Waste
cooking oil blended with the engine oil for reduction of friction and wear on piston skirt." Fuel 205 (2017): 247-261.
https://doi.org/10.1016/j.fuel.2017.05.068

Asnida, M., S. Hisham, N. W. Awang, A. K. Amirruddin, M. M. Noor, K. Kadirgama, D. Ramasamy, G. Najafi, and F.
Tarlochan. "Copper (ll) oxide nanoparticles as additve in engine oil to increase the durability of piston-liner
contact." Fuel 212 (2018): 656-667. https://doi.org/10.1016/j.fuel.2017.10.002

77


https://doi.org/10.1016/j.fuel.2022.126229
https://doi.org/10.1007/s40544-020-0446-4
https://doi.org/10.1007/s40544-020-0446-4
https://doi.org/10.1016/j.fuel.2017.05.068
https://doi.org/10.1016/j.fuel.2017.10.002

