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Abstract: With the aim of achieving more effective friction and wear reduction in sliding bearing
applications, surface-modified graphene, which exhibits better dispersion stability than non-modified
graphene, was synthesized and applied in this study using various graphene allotropes, includ-
ing graphene nanoplatelets (GNP), multiwalled carbon nanotubes (MWCNT) and nanostructured
graphite (NSG). Friction and wear tests of each type of graphene allotrope under modified and
non-modified conditions were studied using a pin-on-ring tribo tester. In addition, the dynamic
viscosity of each synthesized nanofluid sample was measured using a falling-ball viscometer. A series
of modified graphene-oil nanofluids and non-modified graphene-oil nanofluids were prepared and
heated before their friction and wear performance was investigated at room temperature. Friction
and wear behavior, as well as the dynamic viscosity of the heated nanofluids vary insignificantly
when compared to those of the non-heated nanofluids. The results showed that the best friction
and wear reduction was achieved by modified GNP with friction and wear reduction of 60.5% and
99.4%, respectively.

Keywords: graphene-oil nanofluids; heated and non-heated; tribological properties; graphene
surface modification

1. Introduction

Journal bearings are widely used in various types of mechanical systems, such as
motors, wind turbine gearboxes and propeller shafts, especially in mechanisms with
rotating shafts [1]. The presence of friction and wear within a journal bearing must be
studied to ensure minimal friction and wear for better performance and longer bearing
life [2,3]. For instance, minimum friction and wear of journal bearings in wind turbine
gearboxes are essential to ensure maximum efficiency of the power to be delivered [4-6]
and also to minimize the maintenance cost of repairing or replacing defective bearings
of wind turbine gearboxes due to excessive friction and wear [7]. In order to minimize
the friction and wear of journal bearings, numerous studies have been conducted in the
past applying various types of advanced nano-lubrication concepts [8-10]. Among the
studies conducted, graphene is found to be able to reduce friction and wear between two
sliding surfaces effectively due to their unique self-lubricating tribo-film, whether under
dry solid lubricating conditions [11] or in the form of liquid nano-lubricants [12,13]. When
the lubricating surfaces slide over each other, the graphene layers can be sheared off easily
and distributed over the lubricating surfaces forming the unique self-lubricating tribo-film
owing to the weak Van der Waals force between the graphene layers [14,15]. Apart from
that, graphene nanoparticles also perform a mending mechanism [16] by filling up the
asperities gaps between lubricating surfaces. Furthermore, the graphene nanoparticles
can also act as tiny ball bearings [17] which aids the sliding actions between two surfaces,
lowering the friction coefficient trend.
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In the application of journal bearing, liquid lubricating oil is used as a lubricating
medium to achieve the condition of hydrodynamic lubrication [18]. Therefore, the disper-
sion stability of graphene in the base oil fluid is crucial to ensure the proper distribution
of graphene for better friction and wear reduction [19,20]. However, not all graphene is
suitable to be dispersed in base oil fluid to synthesize a stably dispersed graphene-oil
nanofluid. Therefore, various approaches, including the addition of surfactant [21,22] and
graphene surface modification processes [23], have been introduced in previous studies to
improve the dispersion stability of graphene in base oil fluid.

The depletion of natural mineral resources is alarming and worries society because
most commercial lubricating oils are made of petroleum-based mineral oil [24,25]. A new
revolution of lubricating oil promoting the concept of eco-friendly and green tribology
needs to be introduced. In this study, the method of lubrication with biodegradable
vegetable oil is implemented. It is expected that using vegetable oil as the base oil for
lubricating the journal bearings of the offshore wind turbine will help to minimize the
problem of marine pollution because the oils are easily biodegradable and non-toxic.

One of the main functions of lubricating oil is to remove unwanted heat from mechan-
ical systems [26] by absorbing the heat generated by the sliding movements between the
shaft and the bearing housing, resulting in an increase in oil temperature. Studies on the
thermophysical properties of nanofluids have also been conducted in the past to investigate
the heat transfer performance of nanofluids compared to the normal base fluid [27-29].
It is necessary to ensure that the lubricating oil can operate efficiently at different operat-
ing temperatures. Hence, the effects of temperature on the thermophysical properties of
graphene-oil nanofluids are investigated.

It is well known that multilayer graphene allotropes provide better friction and wear
reduction [30,31]. In this research work, three types of most commonly found multilayer
graphene allotropes, namely graphene nanoplatelets (GNP), multiwalled carbon nanotubes
(MWCNT) and nanostructured graphite (NSG), are used in the formation of graphene-oil
nanofluids to investigate the effects of different types of graphene nanoparticles on the
tribological performance of the lubricating base fluid. In addition, the dynamic viscosity
and tribological properties of the heated graphene-oil nanofluids are also investigated
in this work. In short, the friction and wear performance of synthesized graphene-oil
nanofluids using biodegradable vegetable oil with both unmodified and surface-modified
graphene is investigated. In order to study the effects of frequent temperature cycling in a
real application, the tribological performance of non-heated (fresh) and heated graphene-oil
nanofluids is also investigated in this work.

2. Experimental Works
2.1. Tribo Specimens Preparation

Aluminum alloy 5083 (AL-5083) was selected as the pin specimen material to be
used in this research work due to its excellent corrosive resistivity [32], which can closely
simulate the journal bearings applications around marine environments such as wind
turbines, propeller shafts of a ship and even a submarine. Moreover, aluminum alloy
is widely applied as a bearing material due to its excellent friction performance when
compared with other bearing materials such as white metal and bronze [33]. Table 1 shows
the mechanical properties and chemical composition of AL-5083. Cylindrical pin specimens
with a diameter of 5 mm and length of 20 mm were fabricated from AL-5083 rod. The
arithmetic surface roughness, R, of pin specimens, was controlled at 0.275 pm.

On the other hand, stainless steel 304 (55-304) was selected as a counter ring material
due to its strong mechanical properties [34,35], and it is commonly used as transmission
shaft material in marine environments [36,37]. Counter rings with an inner diameter of
9 mm, an outer diameter of 22 mm and a thickness of 10 mm were machined from SS-304
rods using a CNC turning machine. Meanwhile, the R, for all counter ring was controlled
at 0.300 um. The chemical composition and mechanical properties of SS-304 are shown in
Table 2. Figure 1 shows the fabricated AL-5083 pin specimens and SS-304 counter ring.
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Table 1. Chemical composition and mechanical properties of AL-5083.

Element Compositions (wt%)
Si 0.10
Fe 0.16
Cu 0.02
Mn 0.57
Mg 4.15
Cr 0.11
Zn 0.02
Al 94.87
Mechanical Properties
Tensile Strength 277 MPa
Yield Strength 130 MPa
Elongation Rate 13%

Table 2. Chemical composition and mechanical properties of SS-304.

Element Compositions (wt%)
C 0.018
Mn 1.58
Si 0.28
S 0.025
P 0.035
Cr 18.14
Ni 8.07
Cu 0.61
Mo 0.31
Co 0.18
N 0.085
Fe 70.067
Mechanical Properties
Tensile Strength 622 MPa
Yield Strength 584 MPa

a)

il

Figure 1. Photograph of (a) AL-5083 pin specimens and (b) SS-304 counter rings.

20 mm

10 mm

2.2. Modified and Non-modified Graphene-Oil Nanofluids Samples Preparation

Three types of multilayer graphene allotropes, namely, graphene nanoplatelets (GNP),
multiwalled carbon nanotubes (MWCNT) and nanostructured graphite (NSG), were used
to synthesize three types of graphene-oil nanofluids at 0.04 wt%. To improve the dispersion
stability of graphene in oil, the graphene surface was modified using sodium dodecyl
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sulfate (SDS) and oleic acid (OA) in this work. The modification of graphene started by
mixing graphene into an SDS solution. OA was then added to the sonicated mixture of SDS
and graphene solution, and another round of sonication was performed. The final mixture
of the graphene-SDS-OA solution was then heated in a furnace at 180 °C for 4 h until it
was completely dried out and only modified graphene powders remained.

High oleic palm oil-based methyl ester (high oleic POME) was selected as the base oil
for the synthesis of graphene-oil nanofluids throughout the research because the high oleic
acid content improves the oxidative properties of the base oil when used at high operating
temperatures [38]. Both non-modified graphene and modified graphene were separately
added to high oleic POME and sonicated with a probe sonicator, Fisher Scientific, Model:
FB 705, as shown in Figure 2, for two hours to synthesize non-modified graphene-oil
nanofluids and modified graphene-oil nanofluids. The synthesized GNP-oil nanofluid is
referred to as GNON, while the modified GNP-oil nanofluid is referred to as mGNON in
the following. MWCNT-oil nanofluid is referred to as MWON, while modified MWCNT-oil
nanofluid is referred to as mMMWON hereafter. NSG-oil nanofluid is referred to as NSON,
while modified NSG-oil nanofluid is referred to as mNSON in the following.

Figure 2. Sonication process of a graphene-oil nanofluid sample with a probe sonicator, Fisher
Scientific, Model: FB 705.

2.3. Heating of Non-modified Graphene-Oil Nanofluids and Modified Graphene-Oil Nanofluids

Each synthesized nanofluid sample was placed in a beaker and heated with a hot
plate, Faithful, model: SH-II-4C. The nanofluid in the beaker was heated from 30 °C to
85 °Cin 5 °C steps, and each temperature interval was kept constant for five minutes. The
heating process of the nanofluids was carried out up to 85 °C to simulate the real operating
temperature of journal bearings in wind turbine gearboxes [33]. The nanofluids were then
cooled naturally to room temperature. The non-heated nanofluid will be termed as “fresh”
(F) in the following, while the heated and then cooled to room temperature will be referred
to as “heated” (H).

2.4. Friction and Wear Test

A pin-on-ring (POR) tribo tester was used to conduct friction and wear tests in this
research work via standard ASTM G-77 to simulate the real-life counter-formal contact [39]
between the journal-bearing housing and transmission shaft. A schematic diagram of the
POR tribo tester is shown in Figure 3. A stationary AL-5083 cylindrical pin was inserted into
the specimen adaptor and tested against a rotating S5-304 counter ring, which was partially
immersed into the oil container. As the counter ring started to revolve in a clockwise
direction, it tended to pick up the graphene-oil nanofluids in the container and provide
lubrication to the pin and ring contact surfaces. All sliding tests under boundary lubrication
conditions were carried out at an ambient temperature and humidity environment with
constant speed and a normal load of 1.36 m/s and 44.15 N, respectively. Modified and non-
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modified graphene-oil nanofluids subjected to heated and non-heated (fresh) conditions
were used as lubricating oil in sliding tests. Prior to the sliding test, both pins and counter
rings were cleaned using acetone.

Load
Placement Bar

Pin
Dead Weights adaptor

st Balancing
Gauge
Counter Ring -
Pivot

Pin-On-Ring
Technigue

Counter Ring = /
=

Nanofluids in Ve ™~
container
Line contact/counterformal
contact between pin and ring

Figure 3. Schematic diagram of pin-on-ring tribo tester.

Speed
@// Control

The magnitude of the tangential force Fr (N) on the sliding surface was measured
with a pre-calibrated strain gauge mounted on the load level holding the pin specimen.
The coefficient of friction (CoF) for the contact pair lubricated with different graphene-oil
nanofluid samples was calculated using the ratio between the tangential force Ft (N) and
the applied normal load Fy (N).

The weight loss of each pin specimen was determined by measuring the difference in
weight after completion of the friction test using 0.1 mg electronic balance, SHIMADZU,
Model: AW-220 (Shimadzu, Kyoto, Japan). The tribological performance of modified
and non-modified graphene-oil nanofluids exposed to heated and non-heated conditions
was compared. The worn surfaces of pin specimens were examined by a metallurgical
microscope, Meiji, Model: MT7100 (Meiji Techno, San Jose, CA, USA).

2.5. Thermophysical Test—Dynamic Viscosity Measurement

The viscosity of the synthesized graphene-oil nanofluids was measured using a falling
ball viscometer, HOPPLER®, Model: KF 3.2, (Rheotest, Ottendorf-Okrilla, Germany), in the
temperature range from 30 °C to 80 °C corresponding to the usual operating temperature of
journal bearings in wind turbines [33]. The temperature range was measured and controlled
using a water bath, Julabo®, Model: TW-12 (Julabo, PA, USA). Both the viscosity of non-
heated (fresh) and heated graphene-oil nanofluids under non-modified and modified
conditions were measured and compared.

3. Results and Discussions
3.1. Dispersion Stability

The dispersion stability of graphene-oil nanofluids is determined by observing how
long it takes to observe the deposition of graphene in the sample bottles. In Figure 4, by
comparing the fresh non-modified graphene-oil nanofluids, it was found that the worst
dispersion stability was shown by F-MWON, where the deposition was already observed
within an hour after the sonication process due to the tubular structural entanglements of
the MWCNTs in the oil, which formed larger bulk clumps, as shown in the micrograph
in Figure 5c. Due to the smaller nanoparticle size of NSG compared to GNP, as shown
in the microscopic images in Figure 5a,b, respectively, F-NSON was observed to have
better dispersion stability than F-GNON, with half of F-NSON still in black intensity, while
F-GNON was already pale-gray in color on Day-7.
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Figure 4. Dispersion stability test of fresh graphene-oil nanofluids after (a) completion of sonication,
(b) one hour, (c) day-1, (d) day-3, (e) day-5 and (f) day-7 (arrangement from left: F-GNON, F-NSON
and F-MWON) (Notes: F = fresh; H = heated) [40].

010 mm
—

Figure 5. Micrographs of (a) F-GNON, (b) F-NSON and (c¢) FF-MWON under 10x magnification
(Notes: ETG = entanglement; F = fresh; H = heated).

For the fresh modified graphene-oil nanofluids (F-rmGNON, F-mNSON and F-mMWON),
it was observed that the dispersion stability improved significantly compared to the non-
modified graphene-oil nanofluids, with the nanofluids still showing a completely dark-black
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intensity after 60 days, as shown in Figure 6. Figure 7 shows the microscopic images of
fresh modified graphene-oil nanofluids under 10x magnification. The dispersion stability
of modified graphene in high oleic POME has greatly improved, mainly due to the increase
in hydrophobicity of graphene itself after it was surface modified with sodium dodecyl
sulfate (SDS) and oleic acid (OA). Due to the mixing of SDS and graphene during the first
modification step, clumps of SDS adhered to the graphene surface [23], leaving the sodium ion
(Na*) exposed on the outer graphene surface. Subsequent mixing of OA into the graphene—
SDS solution leads to the association of the OH™ group of OA with the Na* ion of the
SDS compound, exposing the long hydrophobic carbon chain on the graphene surface, as
illustrated in Figure 8.

n I F-manon [F-mnson  F-mmwon (BF e cvon [F-mNson  F-mmwon

F-mGNON [F-mNSON F-mMWO

F-mGNON | F-mNSON  F-mMWON

Figure 6. Dispersion stability test of fresh modified graphene-oil nanofluids after (a) completion
of sonication, (b) day-1, (c) day-10, (d) day-20, (e) day-40 and (f) day-60 (arrangement from left:
F-mGNON, F-mNSON and F-mMWON) (Notes: F = fresh; H = heated).

Entanglements

Figure 7. Micrographs of (a) FmGNON, (b) F-mNSON and (¢) FmMWON under 10 x magnification
(Notes: F = fresh; H = heated).
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Figure 8. Reaction between sodium dodecyl sulfate (SDS) and oleic acid (OA), which adheres to the
graphene surface and exposes the long hydrophobic carbon chain on the graphene surface to increase
the hydrophobicity of graphene.

On the other hand, it was observed that the heated unmodified and heated modified
graphene-oil nanofluids exhibited exactly the same dispersion stability as the fresh ones, as
shown in Figure 9.

‘——“—T—— g
Bl
| \

Figure 9. Dispersion stability test of heated graphene oil nanofluids and heated modified graphene-
oil nanofluids after (a) completion of sonication, (b) one hour, (¢) day-1, (d) day-3, (e) day-5 and
(f) day-7 (arrangement from left: H-GNON, H-NSON, H-MWON, H-mGNON, H-mNSON and
H-mMWON) (Notes: F = fresh; H = heated).

3.2. Dynamic Viscosity

All unmodified graphene-oil nanofluids have slightly higher dynamic viscosity than
pure high oleic POME and show a decreasing tendency when the temperature gradually
increases from 30 °C to 80 °C, as shown in Figure 10, mainly due to the thermal energy
absorbed by the base oil molecules. This resulted in the base oil molecules having sufficient
energy to overcome the intermolecular bonding between the molecules [41].
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Average Dynamic Viscosity of Graphene-oil Nanofluids
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Figure 10. The average dynamic viscosity of non-heated (fresh) and heated non-modified graphene-
oil nanofluids exposed to different temperatures ranges from 30 °C to 80 °C (Notes: F = fresh;
H = heated).

The dynamic viscosity of non-modified graphene-oil nanofluids is closely related to the
concept of solid fraction hindering the motions of liquid molecules [42], with MWON hav-
ing the highest dynamic viscosity due to the fractured fragments of MWCNT formed [43]
during sonication (largest solid fraction), followed by GNON and finally NSON, where
GNP is slightly larger than NSG (solid fraction in GNON larger than NSON) as evidenced
in Figure 5a,b. Figure 11 shows the presence of broken MWCNT fragments after the son-
ication process, leading to a significant increase in the solid fraction in MWON. When
compared with heated non-modified graphene-oil nanofluids, no significant changes in
dynamic viscosity were observed, as shown in Figure 10.

Figure 11. Equal amount of MWCNTs as solid fraction (a) before and (b) after sonication at com-
plete sedimentation.

Meanwhile, all modified graphene-oil nanofluids show a significant increase in dy-
namic viscosity compared to the non-modified nanofluids, as shown in Figure 12. This
is mainly due to the presence of SDS and OA compounds in the nanofluids, with both
compounds also present as part of the solid fraction in the base oil. This higher viscosity
trend indicates that the liquid film thickness of the modified graphene-oil nanofluids is
thicker than that of the non-modified ones, which can effectively minimize the direct contact
between two sliding surfaces and further reduce friction and wear [44]. Similarly, a trend of
decreasing viscosity with increasing temperature was observed for all modified graphene
allotropes, with the viscosity of mMWON being the highest, followed by mGNON and
mNSON. When compared with heated modified graphene-oil nanofluids, no significant
changes in viscosity were observed, as shown in Figure 12.
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Average Dynamic Viscosity of Graphene-oil Nanofluids
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Figure 12. The average dynamic viscosity of fresh and heated modified graphene-oil nanofluids
exposed to different temperature ranges from 30 °C to 80 °C (Notes: F = fresh; H = heated).

3.3. Friction and Wear Test Results

Comparing fresh and heated non-modified graphene-oil nanofluids as shown in
Figure 13a,ce, it was found that each graphene oil nanofluid, regardless of whether it is
non-heated (fresh) or heated, shows no significant changes in the coefficient of friction
(CoF) trend. NSON shows the largest CoF trend reduction, followed by GNON and finally
MWON. Inconsistent fluctuations are also observed in the MWON trend, which may be
due to the tubular structure of MWCNTs performing various lubrication mechanisms. In
addition, MWCNTs may also break off and form sharp fragments, resulting in inconsistent
roughness of the lubricating surfaces and contributing to a higher CoF trend. This was later
confirmed by the microscopic images of the worn surfaces of the pins in Figure 17c. On the
other hand, for GNON and NSON, due to the smaller size of the NSG nanoparticles, NSON
tends to slip the NSG nanoparticles into the gap between the asperities more effectively than
GNP, which is slightly larger, thus performing the mending mechanism more effectively and
bringing significant reduction in friction and wear [16]. This is confirmed in Figure 17b,d
by the micrographs of the worn surface of the pin with GNON and NSON lubrication,
respectively, where the deep grooves of the pin with NSON lubrication are relatively
smaller than those of the pin with GNON lubrication. The highest friction reduction of
52.03% was observed with NSON lubrication compared to plain high oleic POME (average
CoF reduction from 0.12 to 0.06). Apart from this, NSON also shows the best reduction in
pin weight loss of 59.27% compared to plain high oleic POME (reduction in pin weight
loss from 32.9 mg to 13.4 mg). Figure 14 shows the results of pin weight loss reduction by
different graphene-oil nanofluids in non-heated (fresh) and heated conditions.

Moreover, no significant changes are observed in the modified graphene-oil nanofluids
in terms of CoF trend when comparing the non-heated (fresh) and heated conditions (see
Figure 13b,d,f). This time, mGNON shows the best CoF trend reduction, followed by
mNSON and, finally, mMWON. The lowest CoF trend is no longer achieved by NSG, as in
the case of the non-modified category, which is mainly due to the nature of graphite, which
is a compact stacked structure of graphene layers, giving it a relatively small surface area
compared to graphene structures [45]. Thus, NSG provides less space for SDS to adhere to
the surface of NSG. Similar observations were made in another study in which the authors
investigated the adsorption of antibiotics on graphite and graphene structures. Later, it was
found that graphene structures have better antibiotic adhesion than graphite structures
because the surface area of the graphene layer is larger than that of graphite [46]. Thus,
the increase of hydrophobicity in NSG compared to GNP during surface modification
by SDS and OA is not significant. The structure of GNP is completely platelet-shaped,
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which provides a larger space for the adhesion of SDS on the GNP surface. Since part of
SDS cannot adhere to the NSG surface, some parts remain in the solution of NSG-SDS-
OA. When dried in the furnace, SDS tends to dry out and form crystallized solids, which
lead to higher friction and wear due to abrasion of the third body [47,48] during sliding
operations. Figure 15 shows the crystallized SDS observed in mNSON with a 400 mesh
filter screen. Inconsistent fluctuations can still be observed in the mMWON trend because
the modification of MWCNT does not change the tubular structure of MWCNT or prevent
fragments from breaking.

All non-modified and modified graphene-oil nanofluids show a reduction CoF trend
compared to pure high oleic POME, which is mainly due to the formation of a self-
lubricating graphene tribo-film on the lubricating surfaces [23,49,50]. The best friction
and wear reduction was found for mGNON, which exhibits an average CoF reduction of
60.5% compared to pure high oleic POME (average CoF reduction from 0.12 to 0.047). At
the same time, as described in Section 3.2, mGNON, with its excellent fluid film thickness,
also shows an excellent 99.4% reduction in pin weight loss compared to pure high oleic
POME (pin weight loss reduction from 32.9 mg to 0.2 mg). Figure 16 shows the reduction
in weight loss of pins by different modified graphene-oil nanofluids in non-heated (fresh)
and heated conditions.
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Figure 13. Friction coefficient for non-heated (fresh) and heated (a) GNON, (b) mGNON, (c) MWON,
(d) mMWON, (e) NSON and (f) mNSON lubrication as compared to pure oil at constant normal load
of 44.15 N and sliding speed of 1.36 m/s for 3600 s (Notes: F = fresh; H = heated).
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Figure 14. Pin weight loss for non-heated (fresh) and heated graphene-oil nanofluids as compared to
high oleic POME at constant normal load of 44.15 N and sliding speed of 1.36 m/s for 3600 s (Notes:
F = fresh; H = heated).

Crystallized
SDS

1 mm
H

Figure 15. Crystallized SDS formed observed in mNSON after being filtered using 400 mesh fil-
ter screen.

Pin Specimen Weight Loss

w
=4
o

Pin Weight Loss (mg)
S
o

10.0
5.0 é

High Oleic POME F-mNSON H-mNSON FFmMWON  H-mMWON F-mGNON H-mGNON

Figure 16. Pin weight loss for fresh and heated modified graphene-oil nanofluids as compared to
high oleic POME at constant normal load of 44.15 N and constant sliding speed of 1.36 m/s for 3600 s
(Notes: F = fresh; H = heated).
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3.4. Pin Worn Surface Micrographs

Figure 17 shows the microscopic images of the worn surface of the pin for heated non-
modified graphene-oil nanofluid lubrications, while Figure 18 shows microscopic images of
the worn surface of the pin for heated modified graphene-oil nanofluid lubrications. Fewer
scratches and grooves are observed in the modified graphene-oil nanofluid lubricated pin
specimens, which can be attributed to the thicker fluid film thickness due to the higher
dynamic viscosity of the modified graphene-oil nanofluid. This thicker fluid film thickness
helps to minimize the probability of direct contact between the pin and the ring during the
lubrication process [44].

Figure 17. Micrographs of pin specimen worn surfaces tested with (a) high oleic POME, (b) GNON,
(c) MWON and (d) NSON lubrication at constant normal load of 44.15 N and constant sliding speed
of 1.36 m/s for 3600 s under 10x magnification (Notes: Green arrow = sliding direction; DG = deep
groove; mP = micro-pits; WSG = wide-shallow groove; FT = fracture).

It can be observed that the worn surfaces of the pins in MWON lubrication in Figure 17c
have several areas of pitting and severe scratches, which are mainly due to the scratching of
MWCNT agglomerations formed after the sonication process [43]. Since modified MWCNTs
in mMWON still tend to break off and form sharp fragments, some deep grooves can be
observed on the worn surface of the pin (see Figure 18c), but they are not as pronounced
as those on the non-modified one in Figure 17c due to the effective thickness of the fluid
film in mMWON [44]. Some deep grooves can also be observed on the worn surface of the
pin in mNSON lubrication (see Figure 18d), which is mainly due to the crystallized SDS
in mNSON.
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Figure 18. Micrographs of pin specimen worn surfaces tested with (a) high oleic POME, (b) mGNON,
(¢) mMWON and (d) mNSON lubrication at constant normal load of 44.15 N and constant sliding
speed of 1.36 m/s for 3600 s under 101 x magnification (Notes: Green arrow = sliding direction;
DG = deep groove; mP = micro-pits; SG = shallow groove; FT = fracture).

4. Conclusions

This work proves that the synthesized graphene-oil nanofluids can significantly re-
duce friction and wear compared to pure base oil. Moreover, the modified graphene-oil
nanofluids with excellent dispersion stability further reduce friction and wear in contact
pairs. In addition, modified graphene-oil nanofluids with better dynamic viscosity have
improved the wear resistance of sliding surfaces. mGNON shows an average friction
reduction of 60.5% and a 99.4% reduction in the weight loss of pins.

Furthermore, the heated and non-heated synthesized (non-modified and modified)
graphene-oil nanofluids show no drastic changes in dynamic viscosity, friction and wear
performance. This proves that the thermophysical and tribological properties of graphene-
oil nanofluids are not affected when they are heated and cooled back to room temperature.
This suggests that the synthesized graphene-oil nanofluids have a longer lifetime and can
be used in journal bearings applications without the need for frequent replacement.
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