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Abstract: Lubricants are essential to machinery life, as they play a crucial role in controlling and
diminishing the friction and wear between moving parts when operated under extreme conditions.
To this end, due to tight environmental conditions, manufacturers are looking for alternative solid
lubricants to be dispersed in base liquid lubricants. MoS2 and graphene are solid lubricants that
provide low frictional properties and high thermal stability in both oxidizing and non-oxidizing
environments. This research offers a new lubricant with improved thermal conductivity that combines
the synergistic effect of graphene and MoS2 in a blend of vegetable oil (peanut) and naphthenic oil.
The ratio of peanut oil and naphthenic oil varies from 1:3–3:1. A fixed composition of 4.34 wt.%
palm oil methyl ester (POME) is added to enhance the anti-wear property further. Graphene and
MoS2 concentrations varied between 1:2–5:2, respectively. This nanoparticle additive oil blend is
physically mixed using a water bath sonication for 4 h. The stability of the blend lubricant dispersed
with MoS2 and graphene is studied using a UV-Vis spectrophotometer for 25 days. The effect of
various concentrations of graphene, MoS2, peanut oil, and naphthenic oil on the thermal conductivity
of the nanolubricant is also studied as a function of temperature (25 ◦C–55 ◦C). Artificial neural
network models were used for the parametric investigation of the nanolubricant. It is found that
the stability of the formulated nanolubricant increased with peanut oil composition above 25 wt.%.
The results show that the 3:1 blend ratio showed higher stability for hybrid MoS2-based lubricants.
Similarly, the highest thermal conductivity is observed for 100 wt.% naphthenic oil with a 1:2 ratio of
graphene–MoS2 at 55 ◦C.

Keywords: nanolubricant; MoS2; graphene; peanut oil; naphthenic oil; friction modifier; artificial
neural network (ANN)

1. Introduction

In all the existing mechanisms, including the manufacturing processes, frictional
forces are generated during relative motion, resulting in temperature increase and wear.
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As a result, lubricants are frequently used to reduce energy loss and wear on machine
components. In addition to decreasing friction and wear, lubricants operate as coolants,
removing heat and carrying away particulate matter, lowering the need for operational
maintenance in the industry [1]. Since the last century, the significance of naphthalene
in industrial domains has been recognized. Mineral oils generally do not follow precise
tribological principles, resulting in the creation of a diverse spectrum of lubricant-sized
molecules with varying tribological properties, with some mineral oils having friction
modifiers performing better in reducing the coefficient of friction [2]. Vegetable oils such as
peanut oil, on the other hand, have more advantages than petroleum-based oils. Peanut oil
is noted for its easy availability and biodegradability, making it an environmentally friendly
oil with a long shelf life [3]. Compared to petroleum-based oils, peanut oils (vegetable oils)
have a higher viscosity index, meaning viscosity changes slightly with temperature. This
makes them ideal for lubricants in various industries, including metalworking [4]. Recent
advances in metallic and carbon-nanotube-based nanofluids distributed with changing
particle size and shape have been described [4].

However, finding a stable replacement for the existing coolants remains challeng-
ing. Graphene, made up of hexagonally organized carbon atoms, has several excellent
properties, including excellent thermal conductivity and fracture strength [5–7]. Because
graphene has high thermal conductivity, it is expected to improve thermal conductivity
when dispersed in base fluids. Furthermore, graphene is recognized to be an effective
solid lubricant for minimizing friction [8–10]. Molybdenum disulfide (MoS2) is a solid
lubricant widely used in the industry for various applications, such as equipment services
and aircraft engines. It is well-known for its good lubricating characteristics, which are
caused by weak van der Waals interactions between the atoms, resulting in a low coefficient
of friction in the fluid [11,12]. Studies have shown that molybdenum disulfide (MoS2) is
gaining popularity in a variety of applications due to its lubricating qualities [13,14]. The
addition of MoS2 to the standard base fluids would dramatically reduce the coefficient of
friction. The greater the applied stress, the greater the decline in the coefficient of friction
due to the creation of a protective coating from MoS2 [15].

On the other hand, because graphene is recognized for its excellent thermal conductiv-
ity and relatively stable atomic structure, this study intends to evaluate the properties of
the graphene–MoS2 combination. Based on earlier studies, graphene and MoS2, considered
separately, have good lubricating qualities that make them appropriate for various indus-
trial applications [16]. As a result, the physical mixing of graphene and MoS2 is expected
to aid in synthesizing and characterizing a superior additive for a liquid lubricant in terms
of tribological characteristics and dispersion stability. Several studies have shown that the
hydrothermal approach was used to include the development of MoS2 on graphene oxide
and the MoS2/GO composites, outperforming pristine MoS2 in terms of electrocatalytic
performance [17–19]. Therefore, it is envisaged that the beneficial properties of combining
both MoS2 and graphene would be revealed to help in industrial applications. Base oils
with relatively high chemical stability play major roles as lubricants in lowering coeffi-
cients of friction. Palm oil methyl ester (POME), a type of vegetable oil, is created via the
transesterification of palm oil. POME is mostly composed of triglycerides, glycerides, fatty
acids, and non-glyceride components. POME’s fatty acid composition is recognized to have
effective boundary lubrication characteristics, making it suitable for use as an anti-wear
additive in most lubricants [20,21]. Another recent study indicated that POME functions as
a good anti-wear lubricant additive, with fewer wear scars detected in tribological tests.
Because of their lower viscosities, naphthenic oils offer greater cooling characteristics than
paraffinic oils [22]. The temperature is inversely related to viscosity: viscosity decreases
with the increase in temperature. Hence, lubricating oils with better cooling and lubrication
effects would be highly efficient, for example, in metal-cutting tasks [4,23].

The current study focuses on using hybrid graphene–MoS2 nanoparticles dispersed in
naphthalene oil and peanut oil, as well as the effect of the hybrid nanoparticles on fluid
characteristics. Furthermore, to explore the influence of the parameters on the physic-
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ochemical features of the suggested blend, novel soft computation methodologies such
as artificial neural network (ANN) models were used [24]. This work will be extremely
valuable to the metalworking and lubricant industries in generating more environmentally
friendly metal-cutting fluids with improved physico-chemical characteristics.

2. Materials and Methods

This work focuses on the study of graphene and MoS2, which act as solid lubricants to
enhance the lubricity of naphthalene and peanut oils used as base fluids in this study.

2.1. Materials

Graphene powdered nanoparticles (diameter: 12 nm, purity: 99.2%) from Graphene
Supermarket USA, molybdenum disulphide (MoS2) (100 nm) from Sigma Aldrich, Malaysia,
naphthalene oil (refined grade with 95% purity) from Nynas, Sweden, peanut oil (refined
grade) from Cold Storage, as well as palm oil methyl ester (POME) (0.1% of free fatty acid)
from Excelvite, Malaysia, were used in the preparation of hybrid nanolubricants.

2.2. Synthesis of Hybrid Graphene–MoS2 Nanoparticles

The physical mixing of graphene with MoS2 forms the graphene–MoS2 composite.
The mass of graphene and molybdenum disulfide were varied between 1:2 and 5:2 to
determine the optimum concentration of graphene–MoS2, which would help to enhance
the thermophysical properties of base fluids.

2.3. Sample Preparation

The preparation of the test samples was categorized into a few levels, whereby dif-
ferent solutions were prepared at each level. In the first level of the sample preparation,
peanut oil and naphthalene base oil were prepared individually. The second level of sample
preparation involved blending peanut and naphthenic oils in different ratios, with a con-
stant concentration of POME (4.34 wt.%). The blending ratios of naphthalene oil and peanut
oil are summarized in Table 1. The base fluid samples from the second-level preparation
were then brought forward to the third level, where each blending ratio of the base fluids
was added with 9 different combinations of graphene–MoS2 concentration, illustrated in
Tables 2 and 3. The nanolubricants prepared were sonicated for 4 h in a water sonication
bath at a constant temperature (~25 ◦C). NL and PL served as base fluids for benchmarking.

Table 1. Composition of Base Fluid Samples for Second-Level Sample Preparation.

Weight Percentage, %

Base Fluids Naphthalene Oil Peanut Oil Ratio

NL 100 0 1:0
NPL1 75 25 3:1
NPL2 50 50 1:1
NPL3 25 75 1:3

PL 0 100 0:1

Table 2. Composition of Samples (MoS2 only) for Third-Level Sample Preparation.

Weight (%)

Samples Naphthenic Oil Peanut Oil POME MoS2

NL1 95.66 0 4.34 0.05
NL2 95.66 0 4.34 0.10
NL3 95.66 0 4.34 0.15

NPL1 71.75 23.92 4.34 0.05
NPL2 71.75 23.92 4.34 0.10
NPL3 71.75 23.92 4.34 0.15
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Table 2. Cont.

Weight (%)

Samples Naphthenic Oil Peanut Oil POME MoS2

NPL4 47.83 47.83 4.34 0.05
NPL5 47.83 47.83 4.34 0.10
NPL6 47.83 47.83 4.34 0.15
NPL7 23.92 71.75 4.34 0.05
NPL8 23.92 71.75 4.34 0.10
NPL9 23.92 71.75 4.34 0.15
PL1 0 95.66 4.34 0.05
PL2 0 95.66 4.34 0.10
PL3 0 95.66 4.34 0.15

Table 3. Composition of Samples (graphene and MoS2) for Third-Level Sample Preparation.

Weight (%)

Samples Naphthenic
Oil Peanut Oil POME MoS2 Graphene

NGL1 95.66 0 4.34 0.05 0.075
NGL2 95.66 0 4.34 0.10 0.075
NGL3 95.66 0 4.34 0.15 0.075
NGL4 95.66 0 4.34 0.05 0.010
NGL5 95.66 0 4.34 0.10 0.010
NGL6 95.66 0 4.34 0.15 0.010
NGL7 95.66 0 4.34 0.05 0.015
NGL8 95.66 0 4.34 0.10 0.015
NGL9 95.66 0 4.34 0.15 0.015

NPGL1 71.75 23.92 4.34 0.05 0.075
NPGL2 71.75 23.92 4.34 0.10 0.075
NPGL3 71.75 23.92 4.34 0.15 0.075
NPGL4 71.75 23.92 4.34 0.05 0.010
NPGL5 71.75 23.92 4.34 0.10 0.010
NPGL6 71.75 23.92 4.34 0.15 0.010
NPGL7 71.75 23.92 4.34 0.05 0.015
NPGL8 71.75 23.92 4.34 0.10 0.015
NPGL9 71.75 23.92 4.34 0.15 0.015

NPGL10 47.83 47.83 4.34 0.05 0.075
NPGL11 47.83 47.83 4.34 0.10 0.075
NPGL12 47.83 47.83 4.34 0.15 0.075
NPGL13 47.83 47.83 4.34 0.05 0.010
NPGL14 47.83 47.83 4.34 0.10 0.010
NPGL15 47.83 47.83 4.34 0.15 0.010
NPGL16 47.83 47.83 4.34 0.05 0.015
NPGL17 47.83 47.83 4.34 0.10 0.015
NPGL18 47.83 47.83 4.34 0.15 0.015
NPGL19 23.92 71.75 4.34 0.05 0.075
NPGL20 23.92 71.75 4.34 0.10 0.075
NPGL21 23.92 71.75 4.34 0.15 0.075
NPGL22 23.92 71.75 4.34 0.05 0.010
NPGL23 23.92 71.75 4.34 0.10 0.010
NPGL24 23.92 71.75 4.34 0.15 0.010
NPGL25 23.92 71.75 4.34 0.05 0.015
NPGL26 23.92 71.75 4.34 0.10 0.015
NPGL27 23.92 71.75 4.34 0.15 0.015
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Table 3. Cont.

Weight (%)

Samples Naphthenic
Oil Peanut Oil POME MoS2 Graphene

PGL1 0 95.66 4.34 0.05 0.075
PGL2 0 95.66 4.34 0.10 0.075
PGL3 0 95.66 4.34 0.15 0.075
PGL4 0 95.66 4.34 0.05 0.010
PGL5 0 95.66 4.34 0.10 0.010
PGL6 0 95.66 4.34 0.15 0.010
PGL7 0 95.66 4.34 0.05 0.015
PGL8 0 95.66 4.34 0.10 0.015
PGL9 0 95.66 4.34 0.15 0.015

2.4. Stability Studies of Graphene–MoS2-Based Hybrid Nanolubricant

A UV spectrophotometer (GENESYS 10S UV-VIS, Waltham, MA, USA) was used to
study the dispersion stability of the test samples by observing the absorbance on their wave-
length. Visual observation was also performed by monitoring the samples by capturing
digital images over 25 days to determine the sedimentation of nanoparticles.

2.5. Thermophysical Property Analysis

A thermal conductivity meter (KD2Pro, Decagon device, Pullman, WA, USA) was
utilized to measure the thermal conductivity properties, with a 5–10% accuracy range. KD2
Pro comes with a controller and a sensor inserted into the testing mediums during the
experiment. Standard glycerin was used as the reference solution for the experiments. The
KS-1 single-needle sensor (diameter: 1.3 mm, length: 60 mm), connected to a micropro-
cessor, was used to measure the thermal conductivity of the fluids. The sensor consists
of a heating element and a thermo-resistor on its internal surface and has an accuracy of
±5%. Each sample of 16 mL was placed in a glass vial and held in a water-jacketed glass
vessel. The needle probe was placed in the sample bottle to test its thermal conductivity.
The samples were tested at 25 ◦C, 40 ◦C, and 55 ◦C.

2.6. Using Artificial Neural Network Models for Parametric Investigation

The experimental data generated were used to develop the artificial neural network
models consisting of the input, hidden, and output layers [25]. The parameters were
normalized between -1 to 1 (Equation (1)).

zn =
2(z − zmin)

zmax − zmin
− 1 (1)

where zn is the normalized value of z, zmin and zmax are the minimum and maximum
values of z, and the values of the hidden nodes were computed using a tangent hyperbolic
function (Equation (2)):

Cj = tanh
(
∑ gabzN

a + vb

)
(2)

The output was calculated by summing up the weighted values from the hidden layer
(Equation (3)).

Output = ∑ GbCj + v (3)

where gab, Gb are the weights and v is the bias which governs the prediction of output.
Error minimization was carried out by comparing the predicted and actual outputs. The
model with the highest regression value was chosen, and the influence of the parameters
was identified using sensitivity analysis.
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3. Results and Discussions
3.1. Stability Analysis of Nanofluids
Effect of MoS2

Visual observations of the test samples were carried out over 25 days. The samples
were well-sonicated before observing the occurrence of the sedimentation process. Figure 1
shows the samples of sedimentation of various nanofluid concentrations after four weeks of
observation. Figure 1a shows that the sedimentation of nanoparticles is significant, where
nanoparticles and base oils started to separate into two complete layers, indicating that the
nanoparticles are dispersed poorly in this combination of base oil concentration [26]. In
the samples from Figure 1b, no pristine nanoparticles were observed in the base oils. It
could be said that the nanoparticles are relatively well dispersed and have high suspension
stability [27]. It can be seen in Figure 1c–e that the nanoparticles are gradually sedimenting
to the bottom of the cuvettes, forming relatively clear base oil solution layers at the top.
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A UV spectrophotometer was used to test the absorbance values of the samples
throughout a period of 25 days. The samples could be categorized into two main sets,
where the first set only consists of MoS2 nanoparticles and the second set consists of both
graphene and MoS2. These samples were measured at different wavelengths as the peak
wavelength, λmax, obtained for each set of samples varies due to the presence of different
nanoparticles (MoS2 only: 276 nm, MoS2 and graphene: 308 nm).

Due to the sedimentation process, the absorbance value of the nanofluids decreases
over time. The percentage of the absorbance reduction is illustrated in Figure 2. Figure 2a
shows that the MoS2 nanoparticles blended with 100 wt% of naphthalene oil are the least
stable, as the reduction in the absorbance value hits up to 90%. From Figure 2b–d, it can be
clearly observed that the stability of MoS2 nanoparticles in the oil blend increases with the
increase in the peanut oil percentage in the blend. This is due to the steric repulsion force
of MoS2 nanoparticles being higher in peanut oil than in naphthenic oil, as the peanut oil is
more viscous than the peanut oil. It causes the nanolubricant to be more stable, resulting in
a decrease in the absorbance reduction percentage. It is seen that the MoS2 nanoparticle is
most stable in 100 wt% of peanut oil and least stable in 100% naphthenic oil.
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3.2. Thermophysical Property Analysis of Nanofluids

Figure 3 shows the percentage thermal conductivity enhancement of the MoS2 nanolu-
bricant at 40 ◦C. Based on Figure 3, it can be seen that the higher the concentration of MoS2,
the more conducive it is in enhancing the thermal conductivity of the nanolubricant. This
trend could be well explained by the Brownian motion, where the nanoparticles tend to
collide with each other more frequently at higher concentrations due to the kinetic energy
possessed by the elevated temperature [28]. However, the results portrayed in Figure 3
(PL1-3) did not follow the trend mentioned earlier. This was due to the natural behavior of
the peanut oil, where the nanoparticles could not be completely mixed in the peanut oil as
compared to naphthalene oil. Additionally, it was noticed that the higher concentration of
MoS2 contributed to a better thermal conductivity enhancement.
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4. Understanding the Influencing Parameters from Experimental Data Using Artificial
Neural Network

The ANN models were developed using experimental data in order to understand the
role played by the constituents of the lubricants in controlling the performance. Several
ANN models (multi-layered perceptron) were trained. A single hidden layer was used in
the models. Suitable models were finalized by varying the nodes in the hidden layer, and
the model with the highest regression coefficient (R) was chosen, as shown in Figure 4.
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5. Sensitivity Analysis and Surface Plots

Figure 5 shows the sensitivity analysis of the thermal conductivity at various tempera-
tures. In the case of models which are derived from data, it is important to determine the
influential parameters affecting the outputs. However, due to the complex hidden relation-
ships in artificial neural networks, it is not easy to determine the relative importance of the
parameters. However, this is made possible using sensitivity analysis. There are several
methods of sensitivity analysis; here, the connection weight method was chosen [29,30].
It can be seen that naphthenic oil content exhibits a negative trend at all temperatures,
which means the higher the content of naphthenic oil, the lower the thermal conductivity
will be. However, the other factors, such as peanut, POME, and MoS2, have a positive
Influence, i.e., the higher the content of peanut oil, POME, and MoS2, the higher the thermal
conductivity will be. At 25 ◦C, the peanut oil seems to be more influential than POME and
MoS2 (Figure 5a). At 40 ◦C and 55 ◦C, MoS2 appears to have a more significant effect than
peanut oil and POME. At each temperature, thermal conductivity increases with increasing
MoS2 concentration (Figure 5b,c).
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At 25 ◦C, the thermal conductivity decreased with increased naphthenic content
(Figure 6a). In comparison, MoS2 and peanut oil seemed to have very marginal changes
in thermal conductivity when combined with naphthenic oil at 25 ◦C (Figure 6b). The
presence of peanut oil seems to increase the thermal conductivity at 25 ◦C (Figure 6c) in
the presence of MoS2. Furthermore, at 25 ◦C, the thermal conductivity increased with
the increasing concentration of both MoS2 and peanut oil. Therefore, a combination of
MoS2 and peanut oil favors the enhancement of thermal conductivity (Figure 6c). At 40 ◦C
as well as 55 ◦C, naphthenic oil tends to decrease the thermal conductivity (Figure 6e,g),
while peanut oil increases the thermal conductivity at higher concentrations at 40 ◦C and
55 ◦C (Figure 6f,i). At 40 ◦C, an increase in thermal conductivity may be noticed when the
concentration of MoS2 is less than 0.1 wt% and the naphthenic oil is less than 50%, but
there appears to be an almost negligible change in thermal conductivity until it reaches
about 0.1 wt% MoS2 and 50% naphthenic oil (Figure 6d). When both MoS2 and naphthenic
oil are high, the thermal conductivity is low. Thus, combining high concentrations of
MoS2 and naphthenic oil will deteriorate thermal conductivity. Similar to 25 ◦C, at 55 ◦C,
a combination of peanut oil and MoS2 would favor thermal conductivity enhancement
compared to a combination of MoS2 and naphthenic oil. Since the concentration of POME
was constant, the interaction could not be identified accurately. Thus, it can be seen that
naphthenic oil acts as a barrier in enhancing thermal conductivity at all temperatures, while
MoS2 and POME tend to improve thermal conductivity.
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Figure 7 exhibits the sensitivity of the samples which contained graphene and MoS2.
Similar to Figure 6, the naphthenic content shows a decreasing trend in thermal conductivity
(Figure 7). The profound effect of graphene and MoS2 can be seen at 55 ◦C, which was
not observed at 25 ◦C and 40 ◦C. The presence of peanut oil, POME, graphene, and MoS2
increases the thermal conductivity.

Lubricants 2023, 11, 71 13 of 17 
 

 

 
Figure 6. Surface plots of thermal conductivity at (a–c) 25 °C, (d–f) 40 °C, and (g–i) 55 °C. 

Figure 7 exhibits the sensitivity of the samples which contained graphene and MoS2. 
Similar to Figure 6, the naphthenic content shows a decreasing trend in thermal conduc-
tivity (Figure 7). The profound effect of graphene and MoS2 can be seen at 55 °C, which 
was not observed at 25 °C and 40 °C. The presence of peanut oil, POME, graphene, and 
MoS2 increases the thermal conductivity.  

  

 
Figure 7. Sensitivity of thermal conductivity at (a) 25 °C, (b) 40 °C, and (c) 55 °C. 

As seen in Figure 8a-d, the thermal conductivity also increases with increasing con-
centrations of MoS2, graphene, and peanut oil. It can further be seen that MoS2 and gra-
phene, when combined, do not affect thermal conductivity after a particular concentra-
tion. In this case, no profound effect was observed after MoS2, and graphene concentration 

Figure 7. Sensitivity of thermal conductivity at (a) 25 ◦C, (b) 40 ◦C, and (c) 55 ◦C.

As seen in Figure 8a-d, the thermal conductivity also increases with increasing concen-
trations of MoS2, graphene, and peanut oil. It can further be seen that MoS2 and graphene,
when combined, do not affect thermal conductivity after a particular concentration. In
this case, no profound effect was observed after MoS2, and graphene concentration was
0.1 wt% (Figure 8a). Similar to Figure 7, naphthenic oil seems to deteriorate the thermal
conductivity (Figure 8b). The situation with graphene and peanut oil is similar (Figure 8c).
A combination of higher concentrations of graphene–peanut oil and MoS2–peanut oil
enhances the thermal conductivity, as seen in Figure 8c,d. The interactions at 40 ◦C and
55 ◦C, as seen from Figure 8e–i, exhibit similar patterns as those observed at 25 ◦C, where
naphthenic oil decreases the thermal conductivity and peanut oil, graphene, and MoS2
enhance the thermal conductivity. Thus, it can be seen that the interaction of naphthenic oil
and graphene–MoS2 nanoparticle content showed an enhancement in thermal conductivity.
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6. Conclusions

In this study, the hybrid graphene–MoS2 was synthesized to enhance the stability and
thermal conductivity of the nanolubricant. It is found that the stability of the formulated
nanolubricant increased with peanut oil composition above 23.92 wt.%. The results show
that the 3:1 blend ratio showed higher stability for hybrid MoS2-based lubricants. Similarly,
the thermal conductivity of the nanolubricant at 40 ◦C increased with increasing MoS2
concentration by up to 35%. The stability analysis also proved that 75 wt% of naphthalene
oil works best with graphene and MoS2 nanoparticles. It proves that the synergetic effect
of adding graphene and MoS2 in the above-mentioned ratio significantly improves the
stability and thermal conductivity. The usage of advanced soft computational methods,
such as artificial neural networks, indicated that the presence of graphene–MoS2 enhances
the thermal conductivity of the lubricant. With these improved lubricating characteristics
of the nanofluids, metalworking machines may be well maintained by significantly min-
imizing the occurrence of wearing and tearing component parts. Hence, this research is
economically viable for implementation in the industrial sectors.
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